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Abstract. Fundamental limitations, with respect to nano-
crystalline materials, of the traditional elaboration of pow-
der diffraction data like the Rietveld method are discussed.
A tentative method of the analysis of powder diffraction
patterns of nanocrystals based on the examination of the
variation of lattice parameters calculated from individual
Bragg lines (named the “apparent lattice parameter”, alp)
is introduced. We examine the application of our methodol-
ogy using theoretical diffraction patterns computed for
models of nanocrystals with a perfect crystal lattice and for
grains with a two-phase, core-shell structure. We use the
method for the analysis of X-ray and neutron experimental
diffraction data of nanocrystalline diamond powders of 4, 6
and 12 nm in diameter. The effects of an internal pressure
and strain at the grain surface are discussed. The results are
based on the dependence of the alp values on the diffrac-
tion vector Q and on the PDF analysis. It is shown, that the
experimental results lend a strong support to the concept of
a two-phase structure of nanocrystalline diamond.

1. Introduction

In conventional polycrystalline materials with micrometer
size grains the surface contains only an insignificant frac-
tion of the total number of atoms and its effect on the
overall properties of the material can be ignored. The si-
tuation is different in small, nano-size particles where, due
to their size, a considerable fraction of the atoms forms
the surface of the grain. An abrupt termination of a perfect
crystal lattice leaves the outmost atoms without some of
their neighbors which leads either to a reconstruction of
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the surface or to generation of strains through changes in
the lengths of interatomic bonds. In very small objects (a
few nm in diameter) the number of surface-related atoms
can exceed the number of the “bulk” atoms.

So far, in basic characterization of nanocrystalline pow-
ders reported in the literature, a presence of distinct sur-
face layer is usually acknowledged but largely ignored
[1-6]. The reason for this negligence is very simple: no
information on the specific arrangement of atoms at the
surface of nanograins is available and, so far, no experi-
mental methods have been developed for the structural
analysis of the surface of such small objects. This work
presents an analysis of the applicability of powder diffrac-
tion techniques for elucidation of the atomic structure of
nanocrystals, particularly that of the surface shell.

Although there is a general understanding that the sur-
face has a significant effect on the physical properties of
nanocrystals, the unique properties of these materials are
being related to the size of the grains without regard to a
specific atomic structure, particularly that of their surface.
A number of literature reports on the dependence of differ-
ent physical properties on the size of nanoparticles exist
[7-15]. The observed changes of physical properties of
materials in general, and crystals in particular are always
related to changes of local and/or overall atomic arrange-
ments and are usually accompanied by changes in the
structure symmetry. While the specific atomic structures of
nanocrystals have not been a subject of extended studies
yet, different properties of the materials relative to those
of the bulk crystals are often related to changes of their
lattice parameters. A dependence of the lattice parameters
on the grain size have been reported for a variety of nano-
materials, like metals (Au [16, 17], Al [18], Cu [19)),
semiconductors (CdSe [20], GaN [21]), ionic crystals
(NaCl, KCl, NaBr, LiF [22], Se [23], Y,0s3 [24]), and
others. Those results are often attributed to the presence of
a strong (homogeneous) “internal pressure” caused by the
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surface stresses analogous to the surface tension in liquids
[25-34]. This “straightforward” interpretation of the ex-
perimental findings ignores the fact, that the structure of a
nanocrystal is not uniform and should be considered as
composed of two distinctive, grain core and shell phases
or (if this concept, for whatever reason, is not acceptable)
one has to take into account at least the fact that a large
fraction of the atoms at the grain surface is displaced rela-
tive to their regular lattice positions. In none of these
cases should only one set of the lattice parameters be used
for a unique characterization of the crystal.

Surface tension always develops at the surfaces separat-
ing different phases, bulk, liquid, or gaseous [26]. This
phenomenon plays a significant role in determining the
physico-chemical state of the system. The layer separating
the phases is called an interface, interphase, or surface
phase. In the literature it is common to refer to the model
of surface tension introduced in 1805 by Young for a con-
venient description of all mechanical phenomena related to
the presence of interphases, i.e. to situations where the sys-
tem behaves as if consisting of two homogenous phases
separated by a uniformly stretched membrane of infinitesi-
mal thickness (representing the surface under tension). This
is a rough simplification, which is quite satisfactory for a
description of large volume materials but not adequate for
an analysis of the atomic structure of interfaces.

In solids, the variation in the magnitude of the tension
between the bulk and the surface can manifest itself macro-
scopically by a phenomenon analogous to the surface ten-
sion in liquids. In a uniform crystal lattice the chemical
potential at the surface is greater than that in the bulk,
therefore the surface atoms tend to diffuse towards the in-
terior leaving vacancies at the surface. In a solid an ex-
change of particles between the surface and the bulk is very
limited. The tendency for the atoms to diffuse in is demon-
strated/realized through changes in the spacings, normal to
the surface, between the last few layers of molecules, or
through changes in the polarization state of the molecules.
This is equivalent to a presence of strain in the vicinity of
the surface, and may lead to an increase in the surface
tension and to a reduction in its chemical potential. The
strain may be expected to extend over several interatomic
distances in the direction normal to the surface [35-38].

A nanocrystalline sample constitutes a polycrystalline
material, thus the appropriate technique for determination
of its atomic structure is powder diffraction. The present,
well established standard of elaboration of powder diffrac-
tion data is based on the Rietveld method that is closely
related to Bragg-type scattering [39, 40]. This method is
also recommended and often used for structural analysis
of nanocrystals. It is somehow overlooked by many re-
searchers that this methodology has been developed and is
dedicated to examination of long-range atomic order. Na-
nocrystals show a long-range order that is, however, lim-
ited by the size of the grains and, therefore, application of
methods that are derived for infinite lattices may be inade-
quate [41, 42]. In this paper we show, that routine meth-
ods of powder diffraction data elaboration may lead to
erroneous interpretation of the experimental results. We
show that the description of the crystallographic structure
of such materials based on the unit cell concept is defi-

nitely insufficient if based on one set of lattice parameters
alone: an interpretation of powder diffraction data of nano-
crystals based on one unique set of lattice parameters is
not possible. Accordingly, application of the lattice para-
meters concept, which is well defined only for one-phase
perfect crystalline materials, has to be used with a special
care when applied to characterization of the structure of
nanocrystals. Recently we discussed applicability of a con-
ventional powder diffractometry to structural studies of na-
nocrystals and suggested a replacement of the lattice para-
meters, which describe the dimensions (and shape) of the
unit cell, by a set of values of the lattice parameters, each
associated with (determined from) an individual Bragg re-
flection [41]. In other words, we suggest to link each lat-
tice parameter calculated from a given powder diffraction
pattern with the related diffraction vector Q. In this paper
we present the results of the application of our concept,
the “apparent lattice parameters” (alp) methodology, to
elaboration of powder diffraction data of nanodiamond
and for verification of the core-shell concept of nanocrys-
tals. We applied also a complementary, alternate elabora-
tion of the experimental diffraction data, the PDF analysis,
and obtained the Atomic Pair Distribution Functions
(G(r)) from neutron diffraction data. The results on long-
range order obtained with the alp analysis were compared
with those obtained for short-range order with the PDF
method.

2. Powder diffraction

The analysis of a powder diffraction data is routinely per-
formed using the Bragg equation and elaboration methods
like that of the Rietveld program based on the concept of
the unit cell [39, 40]. Although possible in principle, it is
impossible in practice to derive information on the local
atomic arrangements using the Rietveld or similar pro-
grams. An alternate method of elaboration of powder dif-
fraction data, developed for materials showing a short
range order (like liquids and glasses) is the PDF analysis
leading to determination of the Atomic Pair Distribution
Function, G(r) [43-46]. Although PDF method is dedi-
cated to the analysis of short-range order, it can also pro-
vide information on long-range atomic order as well.

Nanocrystals, although very small are, by definition,
single crystals. As such, they belong to the class of mate-
rials with a long-range atomic order. However, this classi-
fication is not that obvious and may even be ambiguous
because, in nano-sized grains, the long-range order is lim-
ited by the size of the crystallite that can be smaller than
the coherence length of the scattered beam. Moreover, any
atoms at the surface, which do not contribute to the coher-
ent scattering of the atoms in the grain volume, do not
contribute to the Bragg-type but to diffuse scattering. In
PDF analysis this problem does not exists, since all scat-
tered intensities are analyzed and contribution from all
atoms is accounted for [44].

Both methods of elaboration of powder diffraction data
have their advantages and disadvantages. Some of them
are particularly important for structural analysis of nano-
crystals. As we discuss in the following sections, for very
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small crystallites the Bragg-type scattering is very sensi-
tive to the grain size and shape and, thus, can provide
information on these parameters of the material. On the
other hand, a strong influence of the grains size and shape
on Bragg scattering makes the analysis of the atomic
structure particularly difficult. PDF analysis is insensitive
to the grain size and shape and, therefore, provides
straightforward information on the interatomic distances in
the structure. Another difference between Bragg and PDF
methods is, that while the analysis of Bragg scattering can
be performed using any range of the diffraction vector Q,
the resolution of PDF is very strongly dependent on the
analyzed Q-range and requires collecting the diffraction
data in a large Q-range. That cannot be accomplished
using standard laboratory radiation sources. In this work
we present the results of examination of nanocrystalline
diamond powders using both elaboration methods and syn-
chrotron and neutron powder diffraction data.

3. Bragg approach: examination of long-range
order in nanocrystals

The simplest information that can be derived from a dif-
fraction pattern is the lattice parameters. They are deter-
mined routinely based on the Bragg equation that relates
lattice parameters to the positions of the intensity maxima
of the diffraction patterns. According to Bragg, if a unit
cell represents a given structure, the locations of the inten-
sity maxima are determined uniquely by the specific inter-
planar spacings djy. Determination of several Bragg re-
flections is sufficient to determine the symmetry, shape,
and dimensions of the unit cell. This approach requires
that the fundamental underlying assumptions of a perfect
lattice be met, i.e.,

(1), the unit cell of the lattice is identical throughout

the entire volume of the sample, and,

(ii), the lattice is an array of points in space in which

the environment of each point is identical.

These conditions are never strictly met but, for larger
crystallites, the deviations from the ideal model are negli-
gible. For nanocrystals with sizes within the range of sev-
eral nanometers the number of atoms associated with the
surface and having the coordination number different than
those in the bulk is significant and assumption (ii) is defi-
nitely not fulfilled. Therefore, for fundamental reasons, the
methods of the structural analysis developed for crystalline
materials with unique structures cannot yield satisfactory
results for nanocrystals.

3.1 Elaboration of a perfect powder diffraction
experiment: limits of applicability of the Bragg
equation

Relatively small number of atoms forming a nanocrystal
provides a unique opportunity to build complete, atom-by-
atom, models of small crystals. For such models one can
calculate directly the Atomic Pair Distribution Function
G(r) and, using the Debye equations, get the correspond-
ing diffraction patterns. For technical reasons, direct calcu-
lations of the diffraction effects can be achieved for rela-

tively small arrays of atoms only. A moderate CPU time,
on the order of hours, is sufficient to complete one calcu-
lation of the diffraction pattern only for nanoparticles
smaller that 20 nm in diameter [47, 48].

To verify the applicability of the Bragg approach to
nanoparticles, we calculated theoretical diffraction patterns
of crystallographically perfect diamond nanocrystals. In
other words, we simulated a perfect diffraction experiment
where, (i), the beam is strictly parallel, (ii), no instrumen-
tal line broadening is present, and, (iii), the diffraction
vector is known with ultimate accuracy. Our virtual “per-
fect experiment” does not require any instrument- and
sample-related corrections. In principle, to elaborate the
data and obtain the lattice parameters with absolute accu-
racy it is sufficient to read the positions of the Bragg
lines. To determine the positions we fitted the line shapes
using the pseudo-Voigt function (PeakFit 4.0 for Windows
from SPSS Science).

We calculated the Atomic Pair Distribution Functions
for diamond nanocrystals with different shapes and sizes
(Fig. 1) and then, using the Debye equations, we com-
puted the corresponding diffraction patterns from which
we determined the positions of the Bragg lines used to
calculate the corresponding parameter a of the cubic dia-
mond unit cell. In Fig. 2 the values of a calculated from
the first (111) Bragg reflection for crystallites with differ-
ent shapes (Fig. 1) and dimensions are plotted versus the
grain size. (In Fig. 2 the results for non-spherical crys-
tallites are given at the Equivalent Sphere Diameter va-
lues, D, which correspond to the diameter of a spherical
crystal with the same number of atoms in the grain.) As
seen in the graph, despite the fact that for all our models
the same value of the lattice parameter (ap = 3.5668 A)
was used, very large differences between the calculated
lattice parameter values obtained for different models ex-
ist. Therefore, the calculated values of the “lattice para-
meter” are marked not as “a” but “alp” (the “apparent
lattice parameter”, [41]). The deviation of the calculated
alp values from the real value a increases both with a
decrease of the number of atoms in the grain and with an
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Fig. 1. Atomic Pair Distribution Function, G(r) (the number of atom-
ic pairs, C—C, being at a distance r) calculated for three different
shapes of diamond nano-grains containing 1,500 atoms.
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Fig. 2. Lattice parameter of cubic diamond as a function of the grain
size determined from (111) Bragg reflection of theoretical diffraction
patterns calculated for nanocrystals with different grain shapes shown
in Fig.1. Note that the calculated values of the lattice parameters are
denoted as the apparent lattice parameter, alp.

increase in the shape anisotropy of the grains. As seen
from the plot, a determination of the lattice parameters
from a single reflection (111) is meaningless, unless the
number of atoms in the grain is sufficiently large. Accord-
ing to Fig. 2, accurate value of a from a single reflection
can be obtained if the grain is spherical and has the dia-
meter larger than 8 nm; for anisotropic grains their size, in
terms of the total volume, must be much larger.
Examination of the calculated patterns in a large dif-
fraction vector range shows, that the position of not only
(111) but of all Bragg-type reflections is affected by the
grain size and shape. Fig. 3 shows alp values calculated
from individual diffraction peaks of the theoretical patterns
of grains with three different shapes. (For very broad max-
ima of the smallest grains, 2—3 nm, the accuracy of deter-
mination of the peak positions corresponds to uncertainty
in alp of about 0.002 A. For larger grains this uncertainty
is 0.001 A or less.) The individual alp values are plotted
versus the diffraction vector Q of the Bragg reflections
(We call them Bragg-like reflections, since they do not
correspond to the real value of the unit cell parameters).
As seen in the figure, for small crystals (at least up to the
8 nm grain examined in this work) no single Bragg-like
reflection is in the position corresponding to that of the
unit cell of the diamond lattice. The deviations of the alp
values from the a, parameter are smallest for spherical
grains and increase with an increase in the anisotropy of
the grain shape. In all cases the deviations of alp values
calculated for individual Bragg-like reflections decrease
with an increase in the diffraction vector Q. One should
notice that in a routine powder diffraction experiment per-
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Fig. 3. Alp-Q plots determined for individual Bragg reflections from
the theoretical diffraction patterns of diamond with a perfect crystal
lattice but different number of atoms in the grain, calculated for dif-
ferent grain shapes. (a), sphere; (b), cube; (c), parallelpoid.

formed using CuK or MoK radiation the available Q-range
is only several A~!. From our analysis it is obvious, that
the lattice parameters calculated from such patterns for
nanocrystalline materials with sizes smaller than 10 nm are
unavoidably incorrect.

Determination of alp values for individual reflections
that, for small crystallites, are broad and overlap is not
always unambiguous and often impossible. Therefore, we
suggest an alternate elaboration of powder diffraction pat-
terns of nanocrystals based on refinement of the lattice
parameters for selected ranges of the diffraction pattern,
i.e. calculation of lattice parameters not for individual but
for groups of reflections. Fig. 4 shows two kinds of alp-Q
plots obtained from theoretical diffraction patterns of a
cube-shaped diamond nanocrystal containing 1,500 atoms.
The top graph (Fig. 4a) shows the alp values calculated
for individual reflections, the bottom one (Fig. 4b) shows
the alp values obtained for selected groups of reflections
(and drawn in the middle of a given Q-range). The dotted
lines, connecting alp values of individual reflections
(Fig. 4a), emphasize the non-monotonic relation of alp
and the diffraction vector. The (averaged) alp values in
Fig. 4b are the basis for the solid curve that emphasizes
the general trend of alp with changing Q value. The same
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Fig. 4. Illustration of two methods of elaboration of theoretical pow-
der diffraction data of a nanocrystalline powder, with a cube-like
shape grains, using the alp methodology: (a), alp values calculated
from d-values of individual ikl Bragg reflections; (b), alp values cal-
culated for groups of reflections for selected Q-ranges (the alp values
were ‘“refined”, for a given Q-range, with the Rietveld program
DBWS-9807).

visualization convention is used in other graphs of this
paper. Alp-Q plots obtained for grouped reflections for
cubic grains of different size are shown in Fig. 5. As seen
from this figure, the differences between the calculated alp
values and the lattice parameter of the model decrease
with an increase in the grain size.
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Fig. 5. Alp-Q plots with alp’s determined from the theoretical diffrac-
tion patterns for groups of Bragg reflections in several Q-ranges, cal-

culated for diamond grains with a perfect crystal lattice for different
grain sizes.

3.2 Nanocrystals with non-uniform structure

3.2.1 Origin of surface strain and internal pressure

The surface of a crystal is a region where the stress
tensor differs from that in the bulk of the solid; the sur-
face shell can be considered as a separate phase with its
specific structural and physical properties. Equilibrium
spacings between atoms are different for two- than for
three-dimensional, relaxed lattices. Therefore, the two-di-
mensional layer of molecules on the surface of a crystal
must be either extended or compressed if its intermole-
cular spacings are to match those of the underlying 3-D
lattice.

Following the general concept of the surface tension,
the surfaces of a single crystal are in a state of tension (its
magnitude specific for each face) that subjects the interior
of the crystal to stresses. As a result, the developed stres-
ses may be expected to lead to an internal pressure that
manifests itself by a compression of the crystal lattice [3,
26, 31, 32, 34]. This effect can, in principle, be measured
experimentally as a change of the lattice parameters of the
interior of the crystallite (the grain core). As shown in
Section 3.1, for very small crystals determination of the
lattice parameters is not a trivial problem. The problem
becomes even more complex when internal strains and
stresses exist in the surface shell of the grains. In a diffrac-
tion experiment it is practically impossible to separate the
signals from the grain core and those from the surface
shell: the beam scattered by the core atoms interferes with
that scattered by the surface atoms. As we will show in
this work, an appropriate analysis of powder diffraction
data allows gaining an insight into the real structure of
nanocrystalline powders.

3.2.2 Effect of surface strain on alp values
of nanocrystals

We applied the alp concept of the analysis of powder dif-
fractograms described above for nanocrystals with a per-
fect crystal lattice, to a core-shell model of small crystals.
We assumed that a nanocrystal is composed of a core and
of the surface shell that has a slightly different structure.
In this work we used the model of a spherically shaped
nanocrystal where the grain core has a uniform crystallo-
graphic structure and is unambiguously characterized by
the lattice parameter ay (we used ay = 3.5667 of the re-
laxed diamond lattice). We assumed that the atomic struc-
ture of the surface layer is strongly correlated with the
parent structure of the grain: it is basically the structure of
the core but centro-symmetrically deformed, as shown
schematically (for compressed surface layer) in Fig. 6. To
simplify the description of the model, we introduced the
parameter a; which corresponds to the lattice parameter a
at the outmost atomic layer of the particle (Fig. 6). Assum-
ing that the arrangement of atoms in the surface shell is
similar to that in the grain core, the value of a; is a frac-
tion of the lattice parameter ay. Without compression the
width of the surface layer would be sy. The actual values
of the interatomic distances within the surface shell can be
expressed as a function of the distance from the particle
center and vary between ag in the grain core (at distances
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Aa=a,-a,

surface shell strain = Aa/a,

Fig. 6. Tentative model of a nanocrystal with strained (here: com-
pressed) surface layer. Sy, thickness of the surface shell without com-
pression; ao, lattice parameter of the grain core (relaxed lattice); aj,
lattice parameter at the outmost atomic plane of the (strained) surface.

r = Ry) and a; = ag + Aa (for r = R). The ratio Aa/ag is
quantifying the surface strain. (Note: in a complete physi-
cal model of a crystallite the real shape and different prop-
erties of the atomic planes confining the crystal should be
accounted for. The properties of diamond surfaces were
discussed by Lurie and Wilson [49].)

It was found that, for our simple model of the crystal
grain, the effect of the dependence of strains in the surface
layer on radius could be ignored. Therefore, to simplify
the modeling, the alp values were calculated assuming
uniform compression of the surface shell lattice. The alp-
QO plots discussed below were calculated for 5 nm dia-
meter diamond crystallites with the surface shells 0.5 and
0.7 nm in thickness and all interatomic distances within
the shell compressed by 3 (5)%. (For a spherical crystal-
lite of 5 nm in diameter, the surface shell 0.5 and 0.7 nm
thick contains about 50% and 60%, respectively, of all
atoms in the grain.) The alp values were calculated by
refinement of the alp values for selected Q-ranges (c.f.
Fig. 4). The results of the calculations are shown in Fig. 7.
Figure 7a shows that, for the surface layer compressed by
3%, the decrease of the calculated alp values in the whole
Q-range relative to that of a relaxed lattice is approxi-
mately —0.3%, i.e. 10 times less than the strain implemen-
ted in the surface shell. Proportionally larger shift in the
alp positions is observed for the model with the surface
shell compressed by 5% (Fig. 7a). As expected, larger de-
viations are observed for the grain with a thicker surface
shell (Fig. 7b). The general shape of alp-Q plots for crys-
tallites with a strain present in the surface shell is basi-
cally the same as that calculated for similar crystallites
with a relaxed crystal lattice (Figs. 5 and 7). (Note: a pre-
sence of strain in the surface shell leads to some asymme-
try of the Bragg lines and, subsequently, to a larger error
in determination of the specific alp values; we estimate
that the error increases by 0.001A relative to that for a
perfect lattice, c.f. Section 3.1 and Figs. 2-5.) The alp-Q
plots calculated for our simple core-shell model analyzed
in this work were used for an estimation of the magnitude
of strains present in the surface shell of diamond nano-
crystals studied experimentally (c.f. Section 3.3.2). Note

.58 4 s,=0.5nm
— Nsl:r_-l‘er'.u:a R 500/0
<L, 3.57 | a,
S 356 | Aalag=-003
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Fig. 7. Alp-Q plots calculated for models of d =5 nm diameter dia-
mond nanocrystals for different degrees of compression of the shell
lattice relative to that of the core. (a), so = 0.5 nm; (b), so = 0.7 nm.

that a presence of internal strains alone would lead to a
change of all alp values by the same amount without
changing the shape of the dependence of alp on Q.

3.3 Experimental
3.3.1 Experimental procedures

We examined four diamond polycrystalline powders, each
having a different average grain diameter. The powders A
and B were synthesized from graphite using the high
shock blow method: powder A is “ultradiamond 90”
supplied by Ultradiamond Technologies Inc. (373 High-
land Avenue, Suite 201, Somerville, MA 02144, USA,
www.ultradiamondtech.com), powder B was supplied by
Nanodiamond and Nanotechnologies ALITEX (ul. Vernad-
skogo 35, Kiev, Ukraine, www.alitex.com.ua). Powder C
was a commercial DP 1-2 Micron Polycrystalline Dia-
mond Powder synthesized by an exclusive compaction
process, manufactured by Mypodiamond Inc. and supplied
by Microdiamant Rudolf Spring Inc. (Kreuzlinger Strasse,
CH-8574 Lengwil, Switzerland, www.microdiamant.com).
This powder is composed of nanocrystallites with the
average diameter of 12 nm agglomerated into 1-2 micron
particles.

We performed a number of powder diffraction ex-
periments using synchrotron sources and collecting data in
a large Q-range. We used Stations ID11 at ESRF and
BWS5 at HASYLAB (wavelength 0.1-0.2 A), and SNBL
Station at ESRF (wavelength 0.5-0.7 A) approaching
Omax = 10—15 A~'. For each X-ray diffraction experiment
the specific alp values were determined with reference to
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Fig. 8. Low-Q part of X-ray diffraction patterns measured experi-
mentally for four diamond polycrystalline samples with different
grain diameters: 4 nm, 6 nm, 12 nm, and 5-15 um. The small peak
that can be discerned on the left shoulder of the (111) reflection of
powder C is due to one-dimensional disordering.

Si microcrystalline powder used as a standard and mea-
sured in the same experimental set-up before and after the
sample scan.

Neutron diffraction measurements were done using the
HIPD diffractometer at LANSCE in Los Alamos National
Laboratory, in the diffraction vector range approaching
Qmax =26 A_l

3.3.2 Alp-Q relations

Fig. 8 shows X-ray diffraction patterns of the samples. All
samples show the cubic diamond structure except for pow-
der C that exhibits a pronounced one-dimensional disor-
dering and, as a result, shows a trigonal, non-cubic sym-
metry.

Figs. 9 and 10 present experimental alp-Q plots of as-
synthesized (and stored in air) samples (powders A and B,
respectively), Figs. 11 and 12 show alp-Q plots of 4 and
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Fig. 9. Experimental alp-Q results determined from X-ray (synchro-
tron) diffraction experiments with raw (untreated) powder A. Open
squares and solid squares, alp values calculated from individual and
groups of reflections, respectively. ag is the lattice parameter of mi-
cro-size powder.
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Fig. 10. Experimental alp-Q results determined from X-ray (syn-
chrotron) diffraction experiments with raw (untreated) powder B.
Open squares and solid squares, alp values calculated from individual
and groups of reflections, respectively. ao is the lattice parameter of
micro-size powder.

12 nm diamond powder samples after their annealing in
vacuum at 400 °C for 4 hrs (powders A and C, respec-
tively). The alp values were determined using the two
methods presented in Fig. 4: calculation of alp for indivi-
dual Bragg lines and for specific Q-ranges. All experimen-
tal alp-Q plots show clear similarities to the theoretical alp
values calculated for models of diamond nanocrystals
shown in Figs. 3 and 5, both for individual and group alp-
O results.

From Fig. 3 it follows that, in principle, from the mag-
nitude and distribution of the alp values (calculated for
individual reflections) the shape of the crystallites can be
deduced. However, all our nanopowders show a distribu-
tion of grain sizes and have, most likely, non-uniform and
various shapes. Accounting for such parameters of the ma-
terials would be a very complex and difficult task. For
practical reasons we focused on the general, and most
meaningful (at this moment) features of the experimental
alp-Q plots obtained by refining alp values for specific Q
ranges.

The alp-Q plots presented in Figs. 9 to 12 have shapes
consistent with those calculated theoretically and shown in
Fig. 5: the largest alp is at the smallest Q followed by a
minimum occurring within the range 6 A~ < 0 < 8 A~!
and the next maximum at about Q =10 A~!'. The span
between the minimum and the second maximum is larger
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Fig. 11. Experimental alp-Q results determined from X-ray (syn-
chrotron) diffraction experiments with outgassed powder A. Open
squares and solid squares, alp values calculated from individual and
groups of reflections, respectively. ag is the lattice parameter of mi-
cro-size powder.
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Fig. 12. Experimental alp-Q results determined from X-ray (syn-
chrotron) diffraction experiments with outgassed powder C. Open
squares and solid squares, alp values calculated from individual and
groups of reflections, respectively. ag is the lattice parameter of mi-
cro-size powder.

for the experimental than theoretical results. This is prob-
ably due to non-uniform, specific shapes of the diamond
crystallites, the subject that is not investigated in the pre-
sent work. It should be noticed that the alp-Q plots ob-
tained for individual Bragg lines give a clear evidence that
small diamond crystals of our samples are not spherical in
shape.

We focused our attention on the position of the mini-
mum of alp-Q plots that varies from sample to sample. In
the theoretical plots the first minimum in alp is close to
the lattice parameter of a relaxed diamond lattice, ag
(Fig. 5). In Figs. 9 and 10 the minimum alp value is smal-
ler than ay by 0.004 A (-0.11%) and 0.002 A (-0.06%),
for raw powders A and B, respectively. The question is,
what is the origin and location of the apparent compres-
sive strain in the grain that affects the alp value. If, fol-
lowing a general concept of surface tension, it is assumed
that the grain surface is infinitely thin then the compres-
sion of the diamond lattice would be associated with a
presence of an internal pressure in the particles [26] and/
or with a presence of surface shell with the diamond lat-
tice compressed relative to the interior of the crystallite
(the core-shell model, Fig. 6, discussed in Section 3.2).
Fig. 7 shows that a presence of compressed surface shell
leads to a decrease of all alp values in the entire Q-range,
but the decrease is greater at low than at large Q vectors;
that means that the nature of the alp-Q relation changes.
Assuming that the core-shell model is appropriate for dia-
mond nanocrystals, and that no internal pressure is present
in the bulk (i.e. that the lattice parameters of the grain
core are equal to that of the relaxed diamond lattice) we
can evaluate the strain in the surface shell by comparing
our experimental results to those shown in Fig. 7. Assum-
ing the thickness of the surface shell at 0.5 nm, the esti-
mated strain is —1% (approximately 1/3 of the decrease in
the alp values calculated for the 3% strain in the surface
shell, Fig. 7a), and even lower assuming that the surface
shell is thicker (0.7 nm, Fig. 7b). (We discuss these results
again in Section 4.2 in connection with the PDF analysis
of our neutron diffraction data.)

Our estimates of the magnitude of strains in the lattice
depend on the assumed thickness of the surface layer. The
analysis of our modeling results showed, that the thickness

of the layer affects the shape of the alp-Q curves; for
greater strains the alp values approach the lattice para-
meter of the core at lower Q values [41]. Based on that,
we estimated that the thickness of the surface layer in our
samples is on the order of 0.5-0.7 nm, and used these
values for our calculations and discussions presented in
this paper.

The minimum alp values for the vacuum annealed
powders A and C (Figs. 11 and 12, respectively) are much
smaller than those observed for raw (as-supplied, un-trea-
ted) powders (Figs.9 and 10): the minimum alp is at
0.006 A (-0.18%) and 0.008 A (-0.25%) below ay.
Again, referring to the core-shell model and Fig. 7 we es-
timated the surface strains at —2% and —3% for samples
A and C, respectively. A comparison of the alp-Q plots of
as-synthesized and vacuum-annealed powder A (Figs.9
and 11, respectively) shows a strong decrease of the alp
values after outgassing. The same procedure of outgassing
applied to powder C did not lead to any changes in the
alp values: the alp-Q plots of vacuum cleaned and raw
(not shown) samples are identical. The difference between
the powders A and C is that in powder A the grains are
basically loose and well separated, while in samples C
they form relatively large, several micrometer in size ag-
glomerates. As a result, the (effective) specific surface of
powder C is 3 orders of magnitude smaller that that of
powder A (1-2 vs. 300 m%g, respectively). The strong
effect of outgassing of powder A on the experimentally
determined alp values is a clear indication that the strain
develops in the surface shell of the grains. Obviously the
adsorption of foreign atoms at the surface leads to relaxa-
tion of the strains present in the surface shell and, in the
case of diamond samples, to a decrease in the alp values.

Powder diffraction experiments performed using X-ray
sources were duplicated using neutron scattering techni-
que. Due to a very complex shape of individual Bragg
reflections measured in TOF experiments with the HIPD
diffractometer, determination of the positions of individual
reflections is practically impossible. Therefore we calcu-
lated the alp values for specific Q-ranges only using the
GSAS refinement program of Larson and Von Dreele [50]
and its graphical interface by Toby [51]. The alp-Q plots
determined for the annealed powders A and C are shown
in Fig. 13. A very close agreement between these results
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Fig. 13. Alp-Q results determined from neutron diffraction experi-
ments (HIPD, LANSCE, Los Alamos) obtained with four outgassed
diamond powders of different grain size. The alp values were cal-
culated for groups of reflections.
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and those obtained for X-ray sources (Figs. 9 to 12) exists.
Some differences between the absolute alp values deter-
mined from X-ray and neutron data were observed. They
are apparently due to differences in the instruments cali-
brations and/or the software used for the data elaboration.
For our studies, which are focused on differences between
samples of different grain size, those differences are insig-
nificant.

4. Atomic Pair Distribution Function approach:
examination of short-range order in
nano-crystals

4.1 Theoretical PDF results

We calculated theoretical G(r) functions for models of na-
nocrystals discussed in previous sections. In the calcula-
tions we accounted for thermal motions of the atoms by
assuming the amplitude of isotropic, harmonic oscillations
of 0.1 A. The presence of thermal motion, implemented in
the models as a positional static disorder of all atoms,
leads to broadening of the lines on the G(r) plots and
makes the theoretical plots more compatible with those
obtained experimentally.

In this work we examined only the first seven shortest
interatomic distances in the diamond lattice (these dis-
tances are shown schematically on the cross-sections
through the cubic diamond lattice, c.f. Fig. 18a).

Fig. 14 shows G(r) functions calculated for models of
a diamond crystal with cubic (ABC) and hexagonal (AB)
type layer stackings. The only difference between the
G(r)’s of the cubic and hexagonal structures are different
populations (peak intensities) for distances corresponding
to r4 and r; spacings, and an appearance of one more
maximum just beyond r; (Fig. 14). The G(r) function
presented in Fig. 14 was calculated for a perfect diamond
lattice with lattice parameter ag = 3.5667 A. (Note that a
hydrostatic (i.e. isotropic) compression of diamond would
lead to a proportional decrease of all interatomic dis-
tances.)

In close-packed structures built of hexagonal layers, a
change of the lattice symmetry from cubic to trigonal is
usually accompanied by a change in some inter-atomic

cubic stacking (ABCABC...) \

---- hexagonal stacking (ABABAB...)

0.1 0.2 0.3 0.4 0.5
Interatomic Distance, r [nm]

Fig. 14. Theoretical Atomic Pair Distribution Function, G(r), of a
perfect diamond lattice with cubic (solid line) and hexagonal (dashed
line) layer stackings.

G(r)

0.1 0.2 0.3

Interatomic Distance, r [nm]

Fig. 15. Theoretical Atomic Pair Distribution Function, G(r), of a
diamond lattice with cubic layer stacking and different u parameters.

distances in the lattice. The spacing that is sensitive to
such change is the distance between two hexagonal layers
lying in the lattice one above another and stacked along
trigonal axis c; this distance corresponds to r; in G(r)
plots (Fig. 15). This change in the structure is quantified
by the parameter u. Fig. 15 shows theoretical G(r) func-
tions calculated for cubic layer stackings with the para-
meter u = 0.75 (which corresponds to the perfect cubic
lattice) and a structure with somewhat different u value
(assumed as 0.73) consistent with trigonal lattice symme-
try. The important result of this calculation is, that a de-
crease in the u value leads to a change in only three out
of the seven analyzed distances: r3, rg, and r; shift to-
wards smaller values, while other spacings remain un-
changed.

Fig. 16 presents theoretical G(r) functions computed
for models of spherical 5 nm diameter diamond crystals
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Fig. 16. Atomic Pair Distribution Functions, G(r), calculated for

models of spherical (5 nm in diameter) diamond nanocrystals with

different degree of compression of the surface shell lattice relative to
that in the core. (a), so = 0.5 nm; (b), so = 0.7 nm.
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with strained surface shell; the same models were used to
calculate the alp-Q data shown in Fig.7. A presence of
strains in the surface shell leads to shifts of individual
peaks on the G(r) plot, a different shift for each atomic
pair. For the surface shell 0.5 nm thick, the positions of the
peaks r and r4 remain unchanged while, for a given strain
in the surface, other peaks decrease by a similar value.

4.2 Experimental results

We have done the PDF analysis of powder diffraction re-
sults of diamond samples with the same raw data used to
obtain the alp-Q plots shown in Fig. 13. The diffraction
data were collected in the Q-range up to 30 A~' and
above. Due to a very large broadening and increasing
overlap of the Bragg lines with an increase in Q, we were
able to obtain alp-Q plots only up to Q =15 A~!. The
useful part of the patterns used for PDF analysis extended
to Q =26 A~!. PDF analysis was made using PDFgetN
program of Peterson et al. [52].

Fig. 17 presents the experimental G(r) functions deter-
mined for our four diamond powders. To resolve the posi-
tions of individual peaks we fitted (refined) the peak
shapes using the Gaussian function taking the positions of
the peak maxima. The character of the G(r) function of
powder C shows some differences relative to the others:
an apparent increase in G(r) around 0.48 nm (marked by
an asterisk) and a change in the relative intensity of peaks
at r4 and rs. As shown above in Fig. 14, this behavior of
G(r) may be associated with a presence of hexagonal-type
stackings in the diamond lattice. This observation coin-
cides with a presence of diffuse scattering preceding the
(111) diamond reflection that indicates a presence of one-
dimensional disordering in the sample (Fig. 8).

The results of elaboration of the experimental G(r)
functions, interatomic distances r;—r; for different (aver-
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Fig. 17. Experimentally determined G(r) functions of four polycrys-
talline diamond powders of different grain diameters: 4 nm, 6 nm,
12nm, and 5-15 pm. Notice an increase in G(r) at 4.85 A and a
change of relative intensities of the maxima at r4 and rs in sample C.

age) grain sizes of the samples, are shown in Fig. 18b.
The interatomic distances obtained from our measurements
of microcrystalline diamond differ from the well estab-
lished literature data, i.e. the experimental value of r4
(3.5918 A), which corresponds to the cubic lattice para-
meter ag, is slightly different than the literature data of
3.5668 A. The discrepancy is apparently the result of not
fully accurate calibration of the instrumental parameters
used by the computer program for data reduction and cal-
culation of G(r). The most important features of the ex-
perimental G(r) functions of nanocrystalline diamonds are
as follows:

(1) The shifts of r-distances are diversified; they are
not proportional to the r-values, and are even of
different directions (sign). This is a clear indication
that the shifts are not the result of a hydrostatic-
type compression of the diamond lattice, and sug-
gests that the structure of the material is heteroge-
neous. The relative change of individual r-values of
the powder with the smallest grains (A) is between
—0.3% and +0.08%. These values are similar to
those obtained from alp method: the minimum alp
value measured for this sample is 0.2% below the
lattice parameter ag of the relaxed diamond lattice
(Fig. 13).

(2) The changes of r-values for powders A and B, rela-
tive to the microcrystalline sample, show similar
tendencies. However, for powder A (smaller grains)
these changes are always larger than those mea-
sured for powder B (larger grains). This suggests
that the origin of these shifts is similar and consis-
tent with the core-shell model. Those changes can
be explained assuming that the surface shell in
both samples has similar thickness and similar lat-
tice strain irrespective of the crystallite size. The
relative number of surface-to-core atoms increases
with a decrease of the grain size (approximately 50
and 30% of the total number of atoms in 4 and
6 nm diameter grains, respectively) what is consis-
tent with larger shifts of (averaged) r-values in
powder A than B.

(3) Powder C behaves quite differently than A and B
(in Fig. 18 the r-values of sample C are placed in
circles). The largest differences between the r-va-
lues determined for powders A and B and for pow-
der C are observed for distances r3, rg, and r;. This
can be explained by deformation of the diamond
lattice associated with one-dimensional disordering
and a trigonal not cubic symmetry of the lattice in
strongly agglomerated powder C. The reason for
strong shifts of only three r values is explained in
Fig. 15 which shows, that a change of the para-
meter u from 0.75 to 0.73 leads to shortening of
only these three interatomic distances. This small
effect, clearly visible in the G(r) plot, is practically
impossible to detect with the Bragg-type analysis
of nanocrystalline materials (due to very broad dif-
fraction lines).

(4) For powders A and B, the distances rj, r,, and r4
change much less with a change in the grain size
than r3, rg and r;. It is highly unlikely that the cu-



Analysis of short and long range atomic order

507

bic lattice of diamond could be compressed aniso-
tropically. Therefore, a reasonable explanation of
the diverse changes of different r-distances is, that
these differences are associated with an anisotropic
nature of the strains present at the surfaces termi-
nating the nanocrystals. The very simple model ap-
plied in the current work, which assumes spherical
grain shape and radial symmetry of the surface

r

I

r e o o o
3 e e

o = o

r,

Fs

I

Fig. 18. Interatomic distances deter-

mined from experimentally obtained

G(r) functions of different polycrys- [
talline diamond powders. (a), sche- £
matic presentation of interatomic
distances r; (b), experimentally de-
termined inter-atomic distances in

the powders.

®)

strain, is insufficient for a more detailed interpreta-
tion of our experimental results at this moment.

Of the seven r distances r4 behaves differently that
the others. This distance corresponds to the edge of
the cubic unit cell of diamond and increases with a
decrease in the grain size. This is an important sign
that a reference to only one lattice distance, like r4
which can be identified with the lattice parameter
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ap of the diamond structure, may easily lead to
non-unique or even erroneous conclusions: as
shown above, while most of the interatomic dis-
tances become shorter (compressed), the lattice
parameter seems to get larger.

Differences between shifts of interatomic distances
show very clearly that changes in the distances in small
size crystallites do not relate in a simple, straightforward
manner to hydrostatic compression of the diamond lattice
which, according to the general theory of surface tension,
should lead to a presence of internal pressure in the crys-
tallite interior and to a hydrostatic-like compression of the
diamond lattice. However, all the above observations do
not mean that an internal pressure is not present in small
diamond crystals. On the contrary, it may be expected
that, consistent with the concept of the surface tension, a
generation of strains in the surface layer is associated with
generation of an internal pressure in the grain interior. The
observed increase of the (average) distance r4 in diamond
nanocrystallites suggests, that in response to compression
of the surface shell the cores of the diamond crystallites
expand in size.

5. Summary and conclusions

The methodology of the structural analysis of micrometer-
size polycrystals is well established and approximations
made for description of the structure of such materials and
for the analysis of their diffraction data provide satis-
factory results. However, the conventional tools developed
for elaboration of powder diffraction data are not directly
applicable to nanocrystals:

(i) Conventional powder diffraction techniques and ap-
propriate methods of their elaboration have been
developed for materials showing a perfect, three-
dimensional, periodic order in an infinite crystal
lattice. In nanocrystals, due to their small size, the
structural and other properties of the surface atoms
are different and can dominate over the effects de-
termined by the bulk atoms. This effect is clearly
observed in our diffraction experiments.

(ii) Nanoparticles have a complex structure that re-
sembles rather a two-phase than a uniform, one-
phase material. Therefore the definitions and para-
meters used for characterization of the atomic struc-
ture of simple, crystallographically uniform phases
are insufficient for a description of the complex
structure of nanocrystals;

This work shows limitations of a conventional structur-

al analysis approach, and demonstrates an application of a
new method of evaluation of diffraction data of nano-size
polycrystalline materials. The applicability and usefulness
of the method has been tested using our experimental
powder diffraction data of several different diamond pow-
der samples. We have demonstrated a qualitative agree-
ment between the experimental results and those obtained
by numerical modeling using our alp concept methodol-
ogy. The alp analysis of the experimental results, com-
bined with the PDF method, provides a strong support to
the concept of a two-phase structure of nanocrystalline

grains. The model of a spherical crystallite with radial
symmetry of strain in the surface shell is a very rough
approximation of strains present in real crystals. A more
complete evaluation of powder diffraction data of specific
nanocrystalline materials requires a wider spectrum of
structural models. In an advanced physical model of real
materials one should account for anisotropic strain field in
the planes terminating real crystallites as well as for the
shape and size distribution of nanocrystals in the samples.
The work on these issues is in progress.
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