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I. The capabilities and limitations of conventional powder diffractometry.
The concept of alp. The applicability of standard methods of elaboration of powder
diffraction data of nanosize crystallites is analysed. Based on theoretical calculations of
powder diffraction data it is shown, that the assumption of the infinite crystal lattice for
small particles is not justified, leads to significant changes of the diffraction patterns, and
may lead to erroneous interpretation of the experimental results. An alternate evaluation
of diffraction data of nanoparticles, based on the so-called “apparent lattice parameter”,
alp, is proposed. Based on this new methodology it is shown that real nano-crystals
constitute a complex, more than a one-uniform-phase structure.

II. High-pressure studies of nanocrystalline materials. High-pressure X-ray
diffraction techniques were applied to study the structural properties of nanocrystalline
ceramic powders of SiC and GaN. Limitations and capabilities of this investigative tool
due to the nature of the sample itself (non-uniform atomic structure) and the experimen-
tal technique (which gives information averaged over the entire volume of the sample)
are discussed. We show that due to their complex structure (a two-phase, core/surface
shell system) no unique value of compressibility can satisfactorily describe the behavior
of such materials under pressure. We offer a tentative interpretation of the distribution of
macro- and micro-strains in nanoparticles of different grain size. For the interpretation
of high-pressure diffraction data we apply a concept of the apparent lattice parameter
and its dependence on the diffraction vector Q. The alp-Q plots are characteristic for
nanopowders with different grain sizes and depend on pressure. This work gives an ex-
perimental evidence of the existence of the core/shell model of nanocrystalline SiC and
GaN.
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I. The capabilities and limitations of conventional powder dif-
fractometry. The concept of alp.

1. Introduction

The atomic structure of materials is determined by the sum of long-range forces
irrespective of the size of the object. The actual structure of a particle is, however,
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dependent on its size. This dependence can be ignored for large particles - crys-
tallites, but it must be taken into account when the characteristic dimension of an
assemble of atoms is comparable to the effective radius of the long-range interac-
tions. This applies in particular to nanocrystals which can be as small as a few
nanometers only.

Nanocrystals belong to a general class of polycrystalline materials and are dis-
tinguished as a separate class due to their small size and related unique properties.
The occurrence of nanoparticles with a well-defined crystallographic structure can
be predicted directly from the concept of formation and stability of atomic clusters
(AC) [1-3]. Based on the general considerations of mutual interactions, an array
of randomly arranged atoms tends, under certain conditions, to transform to well
ordered aggregates — atomic clusters. This process is observed during crystallization
of solids from an amorphous condensed matrix (e.g., a melt) or the gas phase. The
atomic clusters existing under various environment conditions have different surface
energies: the energy of an isolated particle (in vacuum) is larger than that “embed-
ded” in a matrix material. Based on direct Ultra-High Voltage Electron Microscope
(HVEM) observations of formation of crystalline particles of different materials, the
so-called “magic sizes”, dpr, were measured [1, 2|. Above the “magic size” (critical
size), which is the material property, the atomic clusters show a strong tendency
to long-range ordering of the constituent atoms. The “magic size” values were de-
termined for a number of metals and ceramics directly from the observations of
amorphization and/or recrystallization occurring under HVEM conditions. The ac-
tual value of dps is a function of the bonding mode, binding force, and depends
on the surrounding media (1, 2]. Different properties (and behavior) of surface and
interior atoms can be deduced and characterized based on the concept of atomic
clusters.

Obvious differences between binding energies of the atoms arranged in molecules,
small clusters, or bulk solids exist. The force behind ordering of atoms in a periodic
lattice is the presence of a many-body-potential (mbp). Each specific atomic struc-
ture is associated with an mbp, which is necessary for the creation of hybrid orbitals
between the individual constituent atoms. The hybrid orbitals, in turn, are able to

Ficure 1. Schematic diagram of an atomic cluster. r¢ is the radius of the grain core, sp is the
thickness of the buffer zone.
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form periodic hybrid orbitals and to arrange the individual atoms into a three di-
mensional lattice. There is a minimum number of atoms required for the formation
of “complete” hybrid orbitals. In a finite object there is always a discontinuity of
the atomic structure at the surface, what leads to the presence of a surface energy.
The hybrid orbitals at the surface of an isolated particle are different than those in
the bulk, therefore the atomic structure of the surface is different than that in the
grain core. In other words, the mbp has a different effect on the relative positions
of the surface and interior atoms, so the atomic structure of the surface of a solid is
different than that of the corresponding relaxed crystal lattice. It is demonstrated
schematically in Fig.1 for an atomic cluster with atoms having complete hybrid
orbitals and a perfect crystal lattice forming the particle center (r < r.) and the
outer buffer zone of thickness sq.
The “magic size” dps of an isolated particle can be expressed as:

dy =20 =2(rc+712)+a= (4P + 1)a, (1.1)

where A is the effective radius of long-range forces (LRF), r. is the minimum radius
of a sphere where the hybrid orbital can be established, r} is the thickness of the
“buffer zone” surrounding the particle core, r; ~ r., P = r./a, and a is the atom
diameter.

A presence of the “buffer zone” with thickness r} (here: sq in Fig. 1), is necessary
to relax the effect of the surface on the formation of hybrid orbitals in the interior
of the particle. One can say that the “buffer zone” constitutes the nanoparticle sur-
face shell. The positions of the atoms in the shell are determined by the “parent
structure” (i.e. that of the interior of the grain, the core) and by the atoms sur-
rounding the particle. It was estimated that the thickness of the “buffer zone” of a
particle embedded in a disordered medium of the parent material (e.g., a crystallite
embedded in an amorphous matrix) is two times thinner than that of an isolated
particle [2].

Based on HVEM observations it was found that the critical size of an atomic
cluster required for periodic ordering decreases with an increase of the degree of
covalency and with a decrease in the coordination number. Consequently, assuming
that the thickness of the layer is equal to that of the “buffer zone”, it is thinner
in particles with stronger bonds between the atoms. Using das values for isolated
atomic clusters (we will call them nanoparticles) with a diamond-type structure,
the expected surface layer thickness is between 1 and 2.5nm (for metals it can be
as large as 10nm). The same particles embedded in a disordered matrix may be
expected to have the surface layer thinner by a factor of 2, i.e. to have the thickness
between 0.5 nm in diamond-type structures and 5nm in metals. No experimentally
determined specific thickness of the surface shell of nanocrystals, or the “degree of
strain” at the surface layer has been reported in the literature yet.

The effect of mbp on ordering of the outer atomic layers may be expected to
decrease monotonically from the interior towards the surface of the particle. It is
obvious that the atomic structure of the inner boundary of the surface layer must be
the same as that of the grain core. The deviation of this structure from the matrix
should increase towards the most external atomic layer. A simple definition of the
“surface layer thickness” is that it is equal to that of the “buffer zone”. However, we
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are not aware of any experimental methods which could be used to measure the as-
defined thickness of the surface layer of nanoparticles. To discern between the surface
and interior phases of a grain, their physical and/or structural properties must be
sufficiently different to be experimentally measurable. In this work we discuss this
problem with regard to the capabilities of the powder diffraction techniques.

The properties of nanocrystalline materials are critically dependent on the atomic
structure of the constituent grains. A size-dependent atomic structure of nanoparti-
cles may lead to unique properties (like unusual hardness or superplasticity, differ-
ent melting temperature or luminescence spectra, etc.) of nanomaterials relative to
conventional polycrystals of the same substance, [4-8]. However, different than for
micro-sized materials, the properties of nanoparticles pose a technological challenge
in the production of large-volume, dense nanomaterials. For instance, due to an en-
hanced surface and/or bulk diffusion during the sintering process a fast coarsening
of the grains occurs what leads to irreversible loss of the unique properties condi-
tioned by the small size of individual grains. The surface of individual crystallites
apparently plays an important role in this and other phenomena.

In conventional polycrystalline materials with micrometer size grains the surface
atoms constitute only a small fraction of total number of atoms and their effect on
the overall properties of the material can be ignored. The situation is different in
small, nanosize particles where, due to their size, a considerable fraction of the atoms
forms the surface of the grain. As showed in Fig. 2, an abrupt termination of a perfect
crystal lattice (Fig. 2a) leaves the outmost atoms without some of their neighbors
(Fig. 2b) what leads either to a reconstruction of the surface or to generation of
strains through changes of the length of the interatomic bonds (Fig. 2c). Assuming
that the surface shell has the thickness of 1nm, a 10nm diameter grain contains
25% of its atoms in the surface layer, while a 4nm grain has already 60% of such
atoms. That shows that, in a very small objects (a few nm in diameter), the number
of surface-related atoms can exceed the number of the “bulk” atoms.

(b) (c)

Ficure 2. Tentative models of the atomic structure of a nanocrystal: (a) single crystal;
(b) hypotetical nanocrystal with atoms located at the perfect lattice sites; (c) nanocrystal with a
compressed lattice in the surface shell.

Whichever process (reconstruction or generation of strains) dominates, it may
be expected to lead to some unique properties of the materials. It may also be
expected that the structural changes at the surface propagate to the depth of sev-
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eral interatomic distances towards the particle center. Therefore, in a meaningful
research on nanocrystals the surface layer (shell) should be treated as a separate
structural phase relative to the bulk of the grain (the core).

We believe that the grain surface is a real three-dimensional object that has its
own characteristic atomic arrangement. So far, in basic characterization of nanocrys-
tals reported in the literature, the presence of a distinct surface layer is usually
ignored. The reason for this negligence is very simple: no information on the spe-
cific arrangements of atoms at the surface of nanograins is available and, so far,
no experimental methods have been developed for structural analysis of the sur-
face of such small objects. The limitations of some microscopic imaging techniques
is demonstrated in Fig.3. The High Resolution Transmission Electron Microscope
(HRTEM) image of a SiC nanograin can discern only the part of the material which
has a regular crystallographic structure (c.f. the grain core in Fig. 1) and its atomic
planes are perfectly aligned with the incident electron beam. (Note: some electron
microscope techniques, like LEED, Tunneling Microscopy, and X-ray diffraction
used for the investigation of extended flat faces of single crystals, are not useful for
particles like nanocrystals which have very small, irregularly shaped surfaces). This
work presents an analysis of the applicability of powder diffraction techniques for
the elucidation of the atomic structure of the surface shell of nanocrystals.

Ficure 3. HRTEM image of SiC nanocrystal.

Although there is a general understanding in the scientific community that the
surface 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 and not to
their surface. A number of literature reports on the dependence of different physical
properties on the size of nanoparticles exist [9-15]. There is no doubt that changes of
physical properties of materials are related to corresponding changes in their atomic
structure, what is clearly demonstrated in phase transition processes. Changes of
the atomic structure of a crystal are always reflected by the corresponding changes
of its lattice parameters. Therefore, while the specific atomic structures of nanocrys-
tals have not been determined yet, changes of the lattice parameters of nanocrystals
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(determined from powder diffraction data) relative to those of the bulk crystals have
been reported for a variety of nanomaterials. It was also reported that the lattice
parameters of a given material depend on the grain size (in metals, Au [16, 17],
Al (18], Cu [19], semiconductors like CdSe [20], ionic crystals like NaCl, KCl, NaBr
and LiF [21]). Those results were interpreted as “the effect of the grain size on the
lattice parameters” and often attributed to the presence of a strong (homogeneous)
“internal pressure” caused by the surface stresses (analogous to the surface tension
in liquids [22-29]). This “straightforward” interpretation of the experimental find-
ings ignores the fact that the structure of a nanocrystal is not uniform and should
be considered either as composed of two distinctive, grain core and shell phases,
or as a structure where a large fraction of the atoms at the grain surface is dis-
placed relative to their regular lattice positions (what is equivalent to a presence of
strain in the vicinity of the surface). In large (micro-sized) crystallites the number
of atoms located at or in the vicinity of the grain surface is orders of magnitude
smaller than the number of atoms in the grain core, and their effect on the bulk
properties of the materials can be ignored. Also, the contribution of the surface
atoms to the diffraction effects measured for such polycrystals in a conventional
powder diffraction experiment is negligible. With a decrease in the dimensions of
the crystallites down to a few nanometers the number of atoms located at the sur-
face becomes comparable to those in the grain core. Since the surface atoms have a
different surrounding and their interatomic distances may differ from those in the
bulk material, one set of lattice parameters for a nanocrystal may be inadequate
for a unique description of its structure. Conventional diffraction techniques and
standard methods of diffraction data analysis are used to characterize the average
crystallographic structure of materials through determination of the lattice param-
eters of the unit cell [30, 31]. These methods are insufficient to detect and quantify
small differences between the actual atomic positions in nanograins and those in a
regular (unambiguously defined) crystallographic phase. In this paper we show that,
although a conventional diffraction experiment is appropriate for characterization of
the crystallographic structure of nanosize crystalline powders, the routine methods
of the powder diffraction data elaboration may lead to erroneous interpretation of
the experimental results. We show that the description of the crystallographic struc-
ture of such materials based on the unit cell is erroneous. Accordingly, application
of the lattice parameters concept, when used for characterization of the structure
of nanocrystals, has to be modified. We suggest a replacement of the lattice param-
eters, describing the dimensions of the unit cell, by a set of different values of the
“lattice parameters”, each associated with (determined from) one individual Bragg
reflection, and each one at its specific diffraction vector Q. We present the prelim-
inary results of the application of our concept of the “apparent lattice parameters”
(alp) for the elaboration of powder diffraction data of nanocrystals. The concept
is demonstrated for nanocrystals with a perfect crystallographic structure, as well
as for those with the atomic structure of the surface different than that in the
grain core. Some preliminary experimental evidence of the presence of tensile and
compressive surface strains in nanocrystalline particles will be shown.

In this work we discuss only the positions of the intensity mazima (i.e. the
geometrical aspects of the atomic structure of nanocrystals) through a comparison
of the positions of the maxima of the theoretically calculated and experimentally
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measured powder diffraction patterns. We do not discuss the intensities of the Bragg
(Bragg-like) reflections: we assume that all sites are fully occupied (as in a perfect
crystal lattice).

2. Powder diffraction

2.1. Experimental techniques

Powder diffraction experiments can be performed using two basic geometries:
angular and energy dispersive (Figs. 4a and 4b, respectively). In the more common
sense, angular dispersive technique, the diffracted intensity of the monochromatic
beam is measured as a function of the diffraction angle (20) with the detector
moving around the sample (Fig. 4a). The energy dispersive technique uses a white
beam source and the diffracted intensity is measured by a multichannel detector and
recorded at a selected, fixed © location as a function of the energy of the scattered
beam (Fig. 4b). Both techniques can provide equally valuable structural information
on the material.

Structural analysis of crystalline materials is performed in two basic steps: (i) de-
termination of the geommetry of the crystal lattice, and (ii) determination of the
positions of specific atoms in a representative structural unit (the unit cell). Further
analysis can determine the deviations of the crystal lattice from the ideal crystal
structure [30, 31]. In this paper we focus our attention on the analysis of the geome-
try of the lattice of nanoparticles which, as discussed later, requires a more complex
description than that sufficient for conventional bulk crystal structures.

The specific form of the Bragg equation depends on whether one uses the angular
or energy dispersive geommetry (Figs.4a and 4b). For a direct comparison of the
diffraction patterns obtained using different radiations sources and geommetries
we present the diffracted intensities as a function of the corresponding diffraction
vector @ (Figs.4a and 4b).

2.2. Conventional elaboration of powder diffraction data

The simplest information that can be derived from a diffraction pattern are lat-
tice parameters. They are determined routinely based on the Bragg equation which
relates the lattice parameters to the characteristic intensity maxima of the diffrac-
tion patterns. A common approach to the elaboration of diffraction data is based
on the Bragg approximation (Fig. 5). According to Bragg, if a unit cell represents a
structure, the structure can be described as a set of infinite, equally spaced parallel
planes (Fig. 5). The direction of the scattered beam, 20, is uniquely defined by the
relative orientation of the incident beam and the crystal lattice (©) and the distance
dpkt between the identical atomic planes (Fig. 5). The incident beam is reflected by
the atomic planes. There is an unlimited number of families of planes which can
be drawn for a given lattice by joining different nodes of the crystal lattice formed
by the periodically stacked unit cells (Fig.6). The planes are denoted by the Miller
indices hkl. Each family of planes gives a characteristic interference maximum: a hkl
Bragg reflection located at unambiguously defined position in the Q space (Fig. 7).
The locations of the intensity maxima are determined by the specific inter-planar
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Ficure 4. Configuration of a powder diffraction experiment: (a) in angular dispersive geometry,
(b) in the energy dispersive geometry.
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Bragg scattering

Figure 5. Diffraction on a perfect crystal lattice: the atoms are located on ideally flat atomic

planes.
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FiGURE 6. Relation of the Miller indices to the (cubic) crystal lattice.

spacings dpi; and the wavelength of the incident beam. Determination of several
Bragg reflections (one in the case of a cubic lattice) is sufficient to determine the
symmetry, shape and dimensions of the unit cell.

Routine methods of structural analysis of crystalline materials are based on the
simple assumption that a unit cell appropriately represents the material structure
|30, 31]. To characterize accurately such an atomic structure it is sufficient to deter-
mine, (i) the set of the lattice parameters a, b, ¢, a, §, and v describing the dimen-
sions and shape of the unit cell, and (ii) the locations of the atoms in the cell, z;, y;,
and z;. The complete structural analysis (structure refinement) of polycrystalline
samples is routinely done with the powder diffraction technique and elaboration
of the experimental data with a crystallographic software like those based on the
Rietveld methodology [31]. In the Rietveld method it is assumed that the crystal
lattice of the material under examination is uniquely defined by the unit cell. An
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FiGure 7. Theoretical and experimental diffraction patterns of a SiC polycrystal calculated with
the Rietveld refinement program.

appropriate structural model is assumed and the corresponding diffraction pattern
is calculated. The theoretical pattern is compared with the experimental results.
In an iterative process the structural model is modified and subsequently refined
for the best fit of the calculated and measured diffraction patterns based on the
selected fit criterion. Figure 7 shows an example of the “best fit” of the theoretical
and measured patterns of a SiC polycrystal; the “perfect” fit would correspond to a
straight line of the curves differential.

The accuracy of determination of the specific values of lattice parameters and
atomic coordinates based on a refinement method like the Rietveld program is
dependent primarily on the quality of the experimental data. The results of such
elaboration are accurate if the fundamental underlying assumptions of a perfect
lattice are met, i.e.,

o the unit cell of the lattice is identical throughout the entire volume of the

sample, and,

e the latticc is an array of points in space in which the environment of each

point is identical to each other.

These conditions are never strictly met but, for larger crystallites, the devia-
tions from the ideal model are negligible. When the dimensions of the object are
comparable to those of the single unit cell the deviations cannot be ignored. In a
nanoparticle a large part of the atoms is located at the surface and surrounded
differently than those in the core (Figs. 1-3). Thus, a single unit cell cannot repre-
sent the entire atomic structure of a nanoparticle. Therefore, the methods of the
structural analysis developed for standard crystalline materials may be inadequate
for nanosize crystallites.
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2.3. The implications of small crystal size for structural analysis by pow-
der diffraction

Conventional methods of the analysis of diffraction data were developed with
the assumption that the crystal lattices of real objects are infinite in comparison
with the dimensions of the representative structural unit chosen for the material.
This assumption is not valid when the dimensions of the crystal are comparable
to the size of the unit cell (Fig.8). For such cases the applicability of conventional
methods of the analysis of powder diffraction data (the only diffraction technique
that can be used with nanocrystaline materials) needs to be re-evaluated. In our
analysis we applied the method of calculation of diffraction patterns introduced in
1915 by Debye [32].
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FiGure 8. Schematic representation of the unit cell in a nanocrystalline grain.

2.3.1. Theoretical calculations of powder diffraction patterns. Relatively
small number of atoms forming a nanocrystal provides a unique opportunity to
build complete, atom-by-atom, models of small crystals. Using such models and the
Debye equations, Fig.8, the corresponding diffraction patterns can be calculated.
Their comparison with the experimental data allows for the evaluation of the atomic
structure of nanomaterials.

According to Debye, the intensity of radiation scattered by an array of atoms is
the sum of the beams scattered by every pair of atoms, Fig. 9. The intensities I(k)
of radiation scattered by each pair can be integrated over all spatial orientations
of a given crystallite yielding the equivalence of the powder diffraction pattern of a
large number of randomly oriented grains. Applying the Debye equation we are able
to calculate diffraction patterns for different models of nanocrystalline grains with
diameters up to 20nm without the assumption of a periodic arrangement of the
atoms. An important advantage of a direct calculation of the diffraction patterns is
that it allows to implement directly into the model different lattice imperfections
like strains, point and planar defects, disorderings, etc. For technical reasons, direct
calculations of the diffraction effects can be achieved for relatively small arrays of
atoms only. A relatively short CPU time, on the order of hours, is sufficient to
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complete one calculation of the diffraction pattern for nanoparticles smaller than
20 nm in diameter [33-34]. For particles with diameter of 25 nm and larger the CPU

time is on the order of days and weeks.

2.3.2. Theoretical diffraction patterns of nanocrystals. To verify the appli-
cability of Bragg approach to nanoparticles, we calculated theoretically (using the
Debye functions) the diffraction patterns of crystallographically perfect nanocrys-
tals, and calculated back the lattice constant of the model using the Rietveld refine-
ment program. We examined the theoretical patterns calculated for SiC nanocrystals

diamond ,_. o

Intensity

5 10 15 20
Diffraction Angle, 20

Ficure 10. Diffraction patterns calculated from the Debye formula for spherical diamond
nanocrystals. A = 0.12 A,
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with the diameter up to 20 nm. Typical theoretical diffraction patterns obtained for
spherical SiC crystallites with a perfect lattice are presented in Fig. 10. Except for
the expected widening of the peaks, the patterns resemble those of regular, micro-
size powders. However, a detailed analysis of the patterns shows that the calculated
intensity maxima are shifted relative to those of the perfect diamond lattice (c.f.
Figs. 12 and 15).

In real polycrystalline materials the individual grains have different shapes what
leads to changes of the relative intensities of individual reflections. Such “shape
effects” are very weak for polycrystals with micrometer size grains, but they can be
very strong in small grain powders. The effects of the shape of the crystallites on
the diffraction patterns are demonstrated in Fig. 11. Clearly, a change of the grain
shape leads not only to a change in the relative intensities of the Bragg reflections
but also to a shift of the intensity maxima from the positions corresponding to the
reflections calculated based on the unit cell concept. That shows that the positions
of the peaks of the powder diffraction pattern of nanosize crystallites may not match
those of the Bragg lines.

The best verification of any method proposed for elaboration of experimental
results is an application of the method to a “perfect experimental data”. In our case
the experiment is simulated by calculating a perfect diffraction pattern using the
Debye functions (c.f. Sec.2.3.1).

The elaboration of any diffraction data has to account for two groups of param-
eters: instrumental and sample-dependent. Qur virtual “perfect experiment” does
not require any instrument-related corrections. However, in a real laboratory prac-
tice the experiments are not perfect and any instrument/geometry imperfection is
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Ficure 11. Theoretical diffraction patterns calculated from the Debye functions for SiC
nanocrystallites of different shape.
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FiGure 12. The results of theoretical calculations of the diffraction effects in nanocrystals of
SiC. Lattice parameter of the model, ag = 4.350 A. (a) a typical theoretical diffraction pattern;
(b) a representative shape of the diffraction peaks; (c) lattice parameters back-calculated from
the theoretical diffraction patterns for different size particles. Full symbols and solid line — the
refinement made w/o correction for the “zero shift”; open symbols and dotted line — the
refinement made w/correction for the “zero shift”.

a source of errors. These instrument imperfections lead to the so called “zero shift”
effect: the real beginning of the diffraction pattern is usually shifted relative to the
apparent “zero” position of the experimental set-up (Fig. 12a) with the obvious con-
sequences for the accuracy of the experimental results. Standard data elaboration
routines (c.f. Sec. 2.2) evaluate and correct the pattern for the “zero shift” factor.

The second type of experimental errors is due to the properties of the sample
itself. The Bragg diffraction relations apply to infinite size crystals and in a model
experiment all diffraction peaks have the Gaussian-type shapes. For small crystal-
lites the shape of the peak is no longer Gaussian but a combination of Gaussian
and Lorentzian functions (Fig. 12b). Our calculated diffraction patterns were anal-
ysed applying the Rietveld methodology assuming that the reflections have shapes
that are a combination of these two basic functions. We used two procedures of the
elaboration of our diffraction data:

1. Perfect experiment

In this method, consistent with the “perfect experiment” approach, we didn’t
apply the procedure that corrects for the experimental/instrument imperfections.
We refined the as-calculated diffraction data releasing only the lattice parameters
and the line shape. The line shapes were fitted using the pseudo-Voigt function.
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The calculated values of the lattice parameter for different sizes of the particles
are shown in Fig. 12¢ (full symbols, solid line). Obviously, the procedure yields the
lattice parameters different than that of the starting model. In addition, it generated
an artificial “dependence of the lattice parameter on the size of the particle”.

2. Imperfect experiment

In this case we treated our calculated diffraction data as if they were obtained
experimentally and, so, required a correction for the instrument imperfections.
Therefore, we refined the lattice parameters releasing the “zero shift” correction
in the Rietveld program. The results of this calculation are shown by the open sym-
bols/dashed line in Fig.12c. As we can see, the “zero shift” correction procedure
generated another artefact: despite no real instrumental errors introduced to our
model diffraction pattern, the program lead to a change in the value of the calcu-
lated lattice parameters relative to the model input value. The effect is apparently
even stronger, and opposite in sign than that in the first procedure, so the combined
result generates the “dependence of the lattice parameter on the size of the particle”
in the opposite direction.

As seen from the above, a mathematically correct, commonly accepted, and
widely used Rietveld refinement program yields erroneous results: the lattice pa-
rameter back-calculated using this procedure generated an artefact - “a dependence
of the lattice parameter on the grain size”. The magnitude of this superficial effect
decreases with an increase in the grain size and can be ignored for crystallites 10 nm
in size or larger (Fig. 12c). The reason for those effects is the non-compatibility of
the assumption used in derivation of the Rietveld methodology (infinite atomic
planes) and the real nature of the crystals (finite size of real particles). This effect is
negligible for micron-size and larger crystals. The above limitation of applicability
of the Rietveld method has apparently been overlooked by many researchers and
might have led to incorrect interpretation of the diffraction data of nanomaterials.
Our analysis shows that application of routine methods of elaboration of diffraction
data requires a very critical assessment of the results. In particular, internal stan-
dard should be used to prevent the apparent errors introduced by the “zero shift”
correction routine during elaboration of any diffraction results. This is particularly
important for crystallites as small as several nanometers.

3. “Apparent lattice parameters” — a novel method of powder
diffraction analysis

Diffraction pattern is a projection of the atomic structure of the material ex-
isting in the real space into the reciprocal space [32]. Structural analysis based on
a diffraction data is in fact a conversion of the information on the atomic struc-
ture collected in the reciprocal space (the pattern) into the real space (the atomic
model). The methods of elaboration of the powder diffraction data, through the
Bragg equation or the Rietveld refinement programs, are in fact the methods of
transformation of the experimental data from the reciprocal to the real space. We
showed in Sec.2.3.2 above that these methods, which work well for conventional
polycrystalline materials, do not apply in full extend to nanocrystals. Below we ex-
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amine in some details the shortcomings of the conventional elaboration techniques
with respect to nanocrystals, and propose a new approach to the analysis of powder
diffractograms of nano-powder materials.

A dependence of the results obtained with the Rietveld program on the crys-
tallite size is apparently the effect of the shifts of the positions of individual Bragg
reflections relative to those corresponding to the perfect lattice. As discussed in
Sec. 2.2 above, this phenomenon is caused by the approximation of the crystal lat-
tice by a set of infinite atomic planes, which is not justified for nanosize crystals.
As a consequence, the Bragg reflections cannot be assigned to a unique value(s)
of the lattice parameter(s) so the term “lattice parameter” loses its fundamental
meaning. Our analysis of these phenomena discussed in Sec. 2.3.2 lead us to a con-
clusion that the effect of the limited number of atoms in individual nanograins on
the diffraction pattern is different for different reflections. As a result, the individ-
ual peaks are incoherent to each other (“coherence” means that all Bragg reflections
obey the quadratic equation for a single, unique set of the lattice parameters, c.f.
Fig.6) and the diffraction pattern evaluation programs that assume coherency lead
to erroneous results. Since the lattice parameters calculated from different Bragg
reflections are not invariant, we developed a new approach to the analysis of such
diffraction data based on individual diffraction peaks. For a given Bragg reflection
hkl (at the diffraction vector Q) we calculate the corresponding value of the lattice
parameter that we call the “apparent lattice parameter” (alp).

Note: We showed in Sec.2.3.2 that the quadratic equation, used routinely in
every conventional crystallographic program and which serves for refinement
of the lattice parameters, is not valid for very small crystallites. Consequently,
such an equation cannot be used to calculate the lattice parameters even
if the atomic structure of the crystallite has a perfect crystal lattice with
three-dimensional periodicity and a unique set of lattice parameters. That
means, that the methods of diffraction data elaboration based on the Bragg
approximation fail: using the Bragg approach and the quadratic equation we
are unable to obtain the correct information on the atomic structure of a
nanocrystal. Under such circumstances the term “Bragg reflection” should,
then, be replaced by the term “Bragg-like reflection”.

We propose the application of the Bragg approzimation and of the quadratic
equation for derivation of d values calculated separately for each individual reflec-
tion. In this way we associate the calculated d-values with the specific values of the
diffraction vector QQ of a given reflection. From the as-calculated d-values we derive
the corresponding values of the lattice parameters which we call the “apparent lat-
tice parameters”. With this procedure we obtain not a unique set of values of the
lattice parameters but a set of the alp values and their corresponding diffraction
vectors @. (For the sake of simplicity, we illustrate our methodology based on cubic
lattices, i.e. the structures defined by only one lattice parameter. In a general case,
derivation of a set of three independent alp values corresponding to three lattice pa-
rameters a, b, ¢ is necessary.) In addition to calculations based on individual Bragg
reflections we can also calculate the alp values for a group of several adjacent Bragg
reflections in the selected range(s) of the Q-values. Such procedure is very useful in
the case of a strong overlapping of the reflections, particularly in the large @ range.
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The results of the evaluation (using the Rietveld program) of the theoretical
diffraction pattern computed for a model of cubic SiC crystal of 8§ nm in diame-
ter for different Q-ranges are shown in Fig. 13. The diffraction pattern of the SiC
nanocrystal calculated from the Debye functions and that calculated by the Rietveld
program (solid and dashed lines, respectively) are shown in Fig. 13a. The difference
between these two patterns (Fig.13b) is up to 5% of the maximum intensity of
the (111) reflection (Fig.13b). This is a very large discrepancy, particularly given
the fact that both curves were calculated theoretically for the same, perfect-lattice
crystallographic model. The difference between these two calculations is, that the
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Ficure 13. Alp values calculated from the theoretical diffraction pattern of SiC nanocrystal of
8nm in diameter. (a) solid line — as-calculated diffraction pattern; dotted line - the pattern
refined with the Rietveld program; (b) difference in intensity between the as-calculated and

refined diffraction patterns; (c) alp values calculated for different ranges of the diffraction
vector Q.
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Rietveld program assumes that the crystal is infinite and is uniquely represented by
the unit cell, while the Debye method accounts only for the existing atoms in the
model of the crystallite. The positions of the reflections calculated by the Rietveld
program correspond to a perfect crystallographic lattice with one lattice param-
eter a common for all positions of the Bragg reflections, in accordance with the
quadratic equation. The Bragg-like lines calculated from the Debye functions are
shifted relative to those corresponding to the Bragg reflections of the “perfect and
infinite lattice”. This is the main reason of the discrepancy between the patterns
shown in Fig. 13b: the Rietveld program finds a single lattice parameter which gives
the best fit to all Bragg reflections of the pattern. The program has no option to fit
individual Bragg reflections. The lattice parameter refined by the Rietveld program
is a compromise (the least squares best fit) which is to minimize the discrepancy
between the experimentally measured (here: calculated by the Debye functions) and
the theoretical pattern of the unit cell used by the Rietveld program. The additional
reason for the discrepancy between the patterns is a complex shape of the Bragg-like
reflections of nanocrystals. The Bragg reflections of a uniform-size-grain crystalline
powder should have a Gaussian shape. The shift of the Bragg-like reflections of
nanocrystals is accompanied by a distortion of the peak symmetry. No simple an-
alytical function describing the shape of the calculated reflections exists. In the
Rietveld program we used symmetric line shape functions: Lorentzian, Gaussian
and their combination (pseudo-Voigt and Pearson functions).
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Ficure 14. Alp values calculated from individual Bragg reflections of the t.h_eoret.ica] diffraction
patterns of spherical diamond nanocrystals of 3, 4 and 8 nm in diameter.
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Figure 13 illustrates the inadequacy of the standard methods for evaluation of
diffraction patterns of nanomaterials. The calculated values of the alp parameter
for different @-ranges are shown in Fig.13c. The lattice parameter as-refined for
the whole calculated pattern (what is equivalent to the alp parameter computed
for the entire diffraction spectra) is 4.35032 A. This value is larger than the lattice
parameter of our model, 4.349 A, Aa/ag = 0.03%. The alp value obtained for small
Q-values (range I) is larger (by 0.08%) from that of the model, as are the alp’s
calculated for greater () values. The difference between the as-refined alp’s and the
real a value decreases with the increase of the scattering vector Q. The alp values
plotted versus the diffraction vector @ follow a monotonic curve which tends to
reach the real a value at large diffraction vectors (Fig. 14). To derive the a value
of the crystal lattice of very small crystallites, diffraction patterns obtained at very
large ’s are necessary.

From the above (Figs. 13 and 14) it follows, that for a nanocrystal with a per-
fect, uniform structure its lattice parameter can be derived from powder diffraction
patterns using two methods:

1. a refinement of the real lattice parameters using only the part of the pattern

with large Q-values (above about 10 A~ for grains of several nm in size), or,

2. a determination of the alp values for different reflections and matching them

with the results of the theoretical predictions obtained for appropriate models.
This method requires the knowledge about the grain size distribution function,
which is usually known only approximately.
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Ficure 15. Experimental diffraction patterns of nanocrystalline SiC powders with average
grains of 3, 8 and 30 nm in diameter (upper graph) and their corresponding alp plots (lower
graphs). The measurements were performed at powder diffractometer at SNBL Station, ESRF,
Grenoble, with A = 0.7 A radiation source.
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A series of our powder diffraction experiments performed in a large @ range
for nanocrystalline SiC, diamond, and GaN particles showed, that the type of the
alp-Q relations derived for models of nanocrystals with a perfect crystal lattice is
similar to the experimental ones. Examples for SiC nanocrystals are given in Fig. 15.
However, the measured shifts of the Bragg reflections from their proper (i.e. expected
for a unique and crystallographically uniform structure) positions are much larger
(particularly for small @’s) than those calculated for nanocrystals with a perfect
(unstrained) lattice (Fig.15): for the (111) reflection and 8 nm diameter grain the
discrepancy is 0.23% as compared to 0.08% for a perfect SiC nanocrystal (Fig. 13c).
This implies that the crystallographic structure of nanocrystals is not a uniform
perfect lattice such as the one in the bulk material; a nanocrystal is more than just
a small single crystal. Accordingly, more complex models of the particles need to be
used to evaluate the structure of real nanograins. Therefore, in our further study,
we applied the concept of the alp parameters for models with a strain in the surface
shell of the grains.

4. Surface strain in nanocrystals

Non-uniformity of the atomic structure of nanocrystals is obviously caused by
the surface of the grains being either reconstructed or under stress. Two different
approaches to the study of non-uniformity of the nanograin structure can be taken:
investigation of the surface properties, or modelling of the surface structure. In this
work we analyse the atomic structure of nanocrystals (with reference to) based on
the general concept of the presence of a surface tension in small liquid droplets and
surface stresses in solid particles. A strain present at the surface of small particles is
expected to create an internal pressure inside the grain. In this work we assume that
the strains are not confined to the outmost layer but propagate to some distance
towards the center of the particle.

4.1. The concept of the surface free energy

The theory of surface tension has been developed for liquids but, with some
modifications, can also be applied to solids as well [6, 15, 22-24, 26, 27, 29]. For solids,
the presence of free bonds (dangling bonds) is called the surface stress and/or surface
free energy. In liquids, where atoms/molecules are very mobile, they can migrate
from the bulk of the fluid to the surface and, at equilibrium, the optimum (minimum
energy) shape of the phase is assumed. The difference between the surface tension
« and the surface stress is, that while the former is a measure of the work required
to create an extra surface area, the latter is that of the work that was required
to deform the surface. Because the mobility of atoms in solids is much lower than
that in liquids, a change of the shape of the solid can be ignored and only local
strains in the vicinity of the surface need to be considered. The strains can force a
reconstruction of the surface [15, 22, 23|, but such reconstruction is confined to the
local atomic configuration only. The actual atomic structure of a crystallite (of its
interior and surface) is a compromise between:

¢ atendency to reduce the total surface area of the particle (a tendency to adopt

the spherical shape, [35]), and,
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e a tendency to reduce the total number of the broken bonds at the surface
(a tendency to flatten the surface demonstrated by the enlargement of the
crystal facets with the lowest free energy at the expense of those with higher
ones).

A quantitative description of the surface free energy in solids is very complex.
Evaluation of the influence of the surface effects on the atomic structure of a particle
can be done using a Laplace-type law keeping in mind, however, that a derivation of
the surface tension coefficient « from the lattice contraction is not fully applicable to
solids. The common drop model used in the Laplace Law suggests that an internal
pressure is generated inside the liquid droplet:

e (4.1)

Crystallites have facets, their lattice is anisotropic, and the surface stress is not
uniform. Nevertheless, the concept of the internal pressure can still be applied to
the interior of small crystals assuming that the elastic properties of the material
are isotropic and the particle is spherical in shape. Applicability of the Laplace
Law to a solid is better when the crystal is surrounded by a liquid or gaseous
phase and can exchange mass with the environment by dissolution/deposition or
evaporation/condensation processes. Experimental evaluation of the surface stress
in small solid particles doesn’t have a standard, commonly accepted measurement
technique, although the results of some studies on the subject have been reported
in the literature [17, 20, 25].

The change of the surface energy (yA, where A is the surface area) can be
described by:

d(vA) = vdA + Ady. (4.2)
The surface stress coefficient is defined as

dy

From this relation it follows, that the surface is in a state of dilatation or con-
traction depending on whether the surface stress f is greater or smaller than the
surface tension [6, 17). Principally, it should be possible to determine (from the
change of the lattice parameters of the interior with a change in the grain size, i.e.
from the compressibility of the crystal lattice of the grain core) the strain present in
the surface layer using the Laplace Law. For a surface that has two principal radii
of curvature, r; and ra,

1 1
AP = —+—]. 4.4
f ( ¥ ) (4.4

It can be shown that generation of a high internal pressure in nanocrystals results
from their small size and not directly from their surface curvature. For example,

the internal pressure in a cube-shaped particle equals 2f /I, where [ is the length of
the cube edge (Fig. 16).
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Y - specific surface free energy

f - surface stress
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Ficure 16. Internal pressure in a solid particle due to the presence of surface stresses.

A presence of an internal pressure in the interior of a particle should be de-
tectable through the corresponding change Aa of the lattice parameter a. In a
small crystal of radius r this change can be expressed as a function of f:

Aa _3rf,,
a 2 B
with f .. the “mean” surface stress in the radial direction, r the particle radius, and
By the bulk modulus. An appropriate experiment designed to evaluate the surface
stress would then measure the contraction of the crystal lattice as a function of
the particle size. The surface stress coefficients were calculated for nanocrystalline
Au and Pt powders based on the electron diffraction measurements of the lattice
parameters [17]. It was found that for both materials the as-determined surface
stresses are slightly larger than those corresponding to the surface tension calcu-
lated from the broken bond model [25]. It has been suggested [17] that the distances
between the atoms at the surface are slightly greater than those corresponding to
the minimum energy potential. This result is in fact a confirmation that a sur-
face relaxation took place and the surface of Au and Pt particles is under tension.
Studies on relaxation of the atomic structure of nanosize crystallites of CdSe using
the electron diffraction technique showed [20] that the value of the surface energy
calculated from the lattice compression varies with the particle size. The surface
energy was found to be smaller than that in the bulk single crystal for the same
atomic plane (0.34 compared to 0.55 N/m). It was concluded that this difference is
a function of the surface passivation by bound species and/or by a reconstruction
that might have occurred on the nanocrystal surface. Additional parameter which
could be useful in studies on the surface energy and surface stress is the environment

(4.5)
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surrounding the particle: different media, gas, liquid or solid may affect the surface
tension to a different degree. No systematic studies of that type have, however, been
reported yet.

The theory of surface tension has been developed for continuous media. The
theory does not concern any specific atomic structure of the surface and, also, it
ignores the non-tangential components of the surface stresses present in real materi-
als. In nanomaterials, where the size of the grains is not much larger than the single
inter-atomic distances, the surface cannot be considered as being a smooth layer
surface which surrounds a certain liquid or solid volume and has a zero thickness.
In a nanograin the surface stresses are located at the particle face and its vicinity, so
one should talk about a surface shell rather than a two-dimensional surface assumed
in the theory of the surface tension.

4.2. Effect of a presence of surface strain on alp

According to the Laplace-type law the lattice of a nanograin core can either be
expanded or compressed hydrostatically (relative to that in large crystals) due to
the presence of the surface free energy [22-29]. Based on the above we assumed, that
the structure of the grain core is uniform and can be described unambiguously by
the space group and the lattice parameters.

The surface structure is not clearly defined and we can apply only conceptual
models of the nanoparticle surface layer, for example:

(a) The structure of the surface shell of a nanograin resembles that of the grain
core: it has well defined thickness, symmetry, and interatomic distances;

(b) A radial strain field exists in the vicinity of the surface: the interatomic dis-
tances decrease or increase from the surface towards the particle center;

(c) The atomic structure of the surface is randomly disordered (forming a glass-
like phase).

In models (a) and (b) a presence of long range ordering of the surface atoms
is assumed, while in model (c) only a short-range order in the surface layer is
present. In any case, the surface is a “low dimensional structure” and has a defined
thickness, but it also contains strains and, thus, cannot be unambiguously defined
and represented by a unit cell parameters. No experimental methods, which would
allow for a direct analysis of such complex structures of nanocrystals, are available
at this moment [36-38]. The analysis of the conditions required for ordering of atoms
in three-dimensional crystal lattices, and application of the general theory of the
origin of the surface strain from the internal pressure in the grain interior could be
helpful for predictions of the surface structure of nanocrystalline grains. No general
theory or model of the surface of nanocrystals is available yet.

In this work we applied the model of a nanocrystal where the grain core has a
uniform crystallographic structure and is unambiguously characterized by the lat-
tice parameter ag. We assumed that the atomic structure of the surface is strongly
correlated with the parent structure of the grain: it is basically the structure of the
core but centro-symmetrically deformed, compressed (Fig. 17) or expanded due to
a presence of the surface strain. According to the model, the term “lattice param-
eters” may not be applied to the whole nanocrystal nor to the surface layer. No
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common, specific interatomic distances can be assigned to the surface shell. How-
ever, to simplify the description of the model, we introduce the parameter a, which
corresponds to the interatomic distances at the outmost atomic layer of the particle
(Fig. 17). Assuming that the arrangement of the atoms in the surface shell is similar
to that in the grain core, the value of a, can be expressed as a fraction (in %) of
the lattice parameter ag. 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 r < Rp) and a, = ap + Aa

a - .
b @€
a=f(r)
Aa=a,-a,

surface shell strain = Aa/a,

Ficure 17. Tentative model of a nanocrystal with strained (compressed) surface layer.
Rp - radius of the core; R - radius of the grain; so — thickness of the surface layer; r — distance
from the center; ap — interatomic distance in the relaxed lattice; a; — interatomic distance at
the surface.
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FiGuRE 18. Schematic representation of cubic nano-structures: (a) grain with strained
(expanded) surface shell; (b) grain with uniform, perfect lattice.
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(for r = R). The sign in front of Aa depends on whether the surface is compressed
(—) or expanded (+) relative to the grain core. The ratio Aa/ao is quantifying the
surface strain.

Our model of a cubic lattice nanoparticle with and without the tensile strain in
the surface shell is shown in Figs. 18a and 18b, respectively. A presence of strain in
the grain surface layer, the surface shell, leads to a deformation of the atomic planes
(Fig. 18a). As shown in the figure, the atomic planes lose their planarity and mutual
parallelity. As a consequence the interplanar spacings in such nanocrystals lose their
unambiguous meaning. Also, the conventional description of a crystal lattice based
on the definition of a unit cell cannot be applied to the whole crystallite although
it still can be used for the description of the grain core structure. A diffraction on
such crystal-like objects may not be based, however, on the Bragg approximation:
the concept of interplanar spacings is meaningless for non-planar (bent) surfaces.
However, for the sake of convenience and consistency with the description of the
diffraction effects on nanocrystals having a perfect crystal lattice (c.f. Secs.2.3.2
and 3) we use the classical description of the diffraction patterns also for our alp
concept. The diffraction patterns calculated for the models of an 8 nm diameter SiC
nanocrystals with a tensile, none, and compressive uniform strain in the surface
shell (Aa/ag = const.) are shown in Figs. 19a, 19b, and 19c¢, respectively. The strain
in the surface shell shifts the positions and changes the symmetry of the Bragg
reflections. Since asymmetric peaks do not have uniquely defined positions, those
were determined based on the location of both the maximum and the weighted
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Ficure 19. Diffraction patterns of a 8 nm SiC grain with the surface shell of 0.7 nm in thickness,
calculated for different magnitudes of strain in the surface layer: (a) Aa/a = +10%;
(b) Aa/a = 0%; (c), Aa/a = —10%.
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center of the individual reflections. The character of the dependence of the calculated
alp values on @ is similar for both methods, although specific values of Q are
somewhat different.

5. Alp analysis of powder diffraction data

For low strains in the surface shell the asymmetry of the Bragg reflections is very
small and can be ignored. Figure 20 shows experimentally measured (220) reflec-
tions of microcrystalline (Fig. 20a) and nanocrystalline (8 nm in diameter, Fig. 20b)
SiC powders together with the Lorentzian and Gaussian shape curves. While the
shape of the microcrystalline powder reflection matches closely the Gaussian func-
tion, that of the nanocrystal corresponds to a combination of the Gassian and
Lorentzian fuctions. To determine the alp-Q relation for our theoretical and exper-
imental patterns, the diffraction peaks were fitted using a standard shape function
(pseudo-Voigt) available in every Rietveld program. The examples of Bragg-like re-
flections (111 and 246) calculated for 6 and 12nm diameter SiC nanocrystals are
shown in Figs.21a and 21b, respectively. The patterns were calculated both for
models with a relaxed, perfect lattice and for nanocrystals with a strained surface
shell. Both the shapes and positions of the reflections change with the grain size, a
presence of strain, and the diffraction vector Q (Fig.21). That applies to reflections
both at low (111) and high (246) Q values (Fig. 21).

(220) reflections obtained experimentally for SiC of different grain size are shown
in Fig. 22. The position of the peak changes with a change in the grain size. In terms
of the absolute values of the diffraction angle the shifts are very small and a stan-
dard diffraction equipment is insufficient to discern such minute differences in the
positions of the Bragg reflections. The patterns presented in Fig. 22 were collected
at the BW5 station at HASYLAB, DESY, Hamburg in the angular dispersive ge-
ometry with a very small © step of only 0.003° and using the 0.12 A synchrotron
source. Precise diffraction data require a very precise alignment of the system and
necessitate also the use of an internal standard to obtain very accurate correction
for the instrument “zero shift”. The combined effect of the high precision experiment
equipment and advanced numerical elaboration of the diffraction data (c.f. Sec. 3)
allowed for the precision of our determination of the diffraction maxima on the or-
der of 0.0003 A. A higher precision can be achieved using longer wavelength of the
incident beam, but combined with a simultaneous reduction in the experimentally
available Q-range (see below).

Table 1 gives the values of representative quantities for the elaboration of a
powder diffraction data obtained in the angular dispersive geometry. The values
are given for low (Q = 2.5A~") and large (Q = 10.8 A~!) diffraction vectors (111
and 246 Bragg reflections, respectively). As discussed in the previous sections, for
the purpose of a conclusive analysis of the alp-Q relations the diffraction patterns
obtained for large Q-values are necessary. On the other hand, the positions of the
Bragg reflections should be measured with very high accuracy: the shifts of the
Bragg lines caused by the small size of the crystallites and a presence of strain are
very small (Table 1). These two conditions cannot be satisfactorily met in a single
diffraction experiment. To obtain a diffraction pattern in a wide range of Q, a short
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Figure 20. Shapes of experimentally measured (solid points) 220 Bragg reflections and
Gaussian and Lorentzian functions: (a) microcrystalline powder; (b) nano-crystals.
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F1Gure 21. Bragg-like intensity curves calculated for models of SiC nanocrystals with a relaxed

lattice (solid lines) and compressed surface shell (dotted lines) for two different reflections, (111)

and (246): (a) grain diameter 6 nm; (b) grain diameter 12 nm. The thickness of the surface shell
$0=0.7 nm, the strain Aa/ag = 5%.
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FiGure 22. (220) reflections measured for SiC nanocrystals of different grain size.

TasLE 1. Relative shift of the position of the Bragg reflections caused by the presence of strain
in the surface shell calculated for spherical SiC nanocrystals (6 and 12nm in diameter). Surface
shell thickness, sp = 0.7 nm; compressive surface strain Aa/ap = —5%, (cf. Fig.21).

dlom] | hkl | 20 | 820" [°C] | Ad- [A] | Aalp® (K]
A = 0.12 A (synchrotron)
Gom 0.013 00130 | —0.022
T2nm | 11| 2736 0.008 ~0.0027 | =0.020
Sam 0.058 00130 | —0.022
T2nm | 246 | 11839 —353g ~0.0027 | —0.020
A=0.7A (MoKa)
Gom 0.077 ~0.0130 | —0.022
TZnm | ‘1! | 16087 —4553 ~0.0027 | —0.020
Gam 0.425 ~0.0130 | —0.022
Tonm | 246 | 73-969 —G7g7 ~0.0027 | —0.020
A =154 A (CuKa)
Gom 0.177 ~0.0130 | —0.022
am | 11 | 35682 0.118 ~0.0027 | —0.020
6nm i - - -
12nm 246 - - - -

*) A(20) is the change of the angular position (20©) of the Bragg reflection due to a presence
of strain in the surface shell, Ad and Aalp are the corresponding changes of the interplanar
d-spacings (calculated from the shifts of the Bragg reflections) and the alp values (calculated
from the d-values according to the quadratic equation: 1/d? = (h? + k? + [2)/(alp)?),
respectively.

**) this 11\*3fkact.im'| is beyond the Q-range of CuKa radiation (Quax = 47sin90°/(1.54 A) =
8.16A77").
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wavelength radiation needs to be applied. To determine precisely the position of
a reflection (and, thus, the relative shifts of the reflections necessary for the alp-
Q plots) a possibly long wavelength is needed: for the Bragg line (111), 0.12A
radiation, and a 12nm strained grain the shift of the angular position 20 of the
reflection is only 0.008°, but increases 15 times (to 0.118°) when CuKa radiation
is applied. However, with CuKa radiation the available range of the diffraction
vector Q is less than 8 A~! (and practically even much less due to the technical
limitations of the diffractometer itself), Table 1. Therefore, every design of a specific
diffraction experiment is a compromise between the range of the available diffraction
vector @ and the precision of the measurements of the peak positions. Angular
dispersive diffraction measurements are made in a step-scan mode. The resolution
of the measurements is determined by the divergence of the incident beam and the
geometry of the detection system. The length of the scan step should be adequate to
the actual limits of the particular experimental setting. When designing a diffraction
experiment one has to evaluate the resolution required for the detection of the
expected diffraction effects. In our case (the analysis of the alp-Q relations) we have
to focus either on recording in a wide Q-range or on a precise measurement of the
positions of relatively low @Q-value reflections. We performed a number of different
experiments using synchrotron sources making different compromises: to measure
at a very large Q-range (up to 25-30 A~!) with a moderate resolution we used the
Station ID11 at ESRF and Station BW5 at HASYLAB (wavelength 0.1-0.2 A); to
get a very good resolution we used the wavelength of 0.5-0.7 A at SNBL Station at
ESRF (Qmax = 10 —15A-! ). In addition to the advantage of the short wavelength
radiation not available with sealed X-ray tubes, the powder diffraction instruments
installed at synchrotron sources have usually much better angular resolution that
those available in conventional laboratories.

5.1. Effect of the model parameters on alp-Q relation

We performed a systematic theoretical study of diffraction by nanocrystalline
materials using models with different thickness of the surface layer, various mag-
nitudes of the surface strain, and diverse gradients of the strain in the shell. The
dependence of the alp on @ for SiC nanocrystals with the same strain of +5% and
the surface shell thickness of 0.7 nm but different grain size is shown in Fig. 23. For
a reference, the graphs contain also the alp-Q results for the corresponding models
with a fully relaxed (unstrained) lattice.

The calculated deviations of alp from the core value of ag for strained grains
are much larger than for those with the relaxed lattice. The difference between the
alp and ag values increases with a decrease in the grain size, reaching as much as
1.7% of the lattice parameter of the relaxed SiC crystal for the 3 nm particle. These
results are not surprising: for a 0.7 nm thick shell the strained fraction of the grain
contains from 85 percent (for the smallest, 3nm in diameter) to 31 percent (for the
largest, 12 nm) of all the atoms in the particle. The results shown in Fig. 23 illustrate
the consequences of using a standard powder diffraction technique combined with
commonly applied radiation sources. The widely used Cu Ka X-ray radiation source
allows for a collection of diffraction data in the Q-range up to only 5-7 A~!. For
strained particles shown in Fig.23 a routine elaboration of such data using the
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FiGure 23. Alp values calculated theoretically for nanocrystalline cubic SiC of different grain
size. ap = 4.349 A; Aa/ag = —5%, s0 = 0.7 nm.

Rietveld program would yield the lattice parameters differing from ag of the relaxed
lattice from 0.16 up to about 1.7% (Fig. 23).

A single alp value determined from a diffraction pattern has no specific meaning:
only a set of alp values in a wider Q range can provide a meaningful information
about the structure of the nanocrystal. The alp values at sufficiently high Q-values
correspond to the lattice parameters of the core of the particle, the relaxed lattice.
The experimentally determined dependence of alp on Q combined with numerical
simulations can provide a meaningful information about the structure of the sur-
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face shell of the nanocrystal. Examples of alp-Q data determined from theoretical
diffraction patterns calculated for different models of SiC nanocrystals are shown
in Figs. 24-26. The sensitivity of the alp values on the parameters of the model is
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Ficure 24. Alp-Q plots calculated theoretically for spherical 8 nm diameter SiC nanocrystals for
different values of the compressive stress in the surface shell. sg = 0.7 nm.
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Ficure 25. Alp-Q plots calculated theoretically for spherical 8 nm diameter SiC nanocrystals for
different thickness of the surface shell. Aa/ap = +5%.
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Ficure 26. Alp-Q plots calculated theoretically for spherical 8 nm diameter SiC nanocrystals for
different strain values in the surface shell.

quite high: differences as small as 1% in the lattice strain and 0.1nm in the thick-
ness 3o of the surface shell are clearly visible (Figs. 24-26). Athough in all models
the lattice parameter of the grain core is the same (ag = 4.349 A - relaxed lattice)
the alp values practically never reach ag except for greater Q’s and larger surface
strains. This shows that conventional diffraction experiments (low intensity labo-
ratory sources, CuKa or MoKa, maximum ¢ range of 7 and 15 A-1, respectively,
elucidation of the common lattice parameters from the entire diffraction diagram)
do not allow for a unique interpretation of the lattice parameters calculated from
the Bragg reflections.

In our theoretical calculations both the strain in the surface shell and the lattice
parameters of the grain core are variable parameters of the core-shell model. For
that reason the interpretation of the alp-Q results needs to be done with caution.
The plots presented in this paper have well defined shapes which show a dependence
between the lattice parameters of the grain core and the strain in the surface shell.
However, our analysis is performed as if the atomic lattice of the materials consisted
of some atomic planes spaced by a well defined distance. In reality the lattice of
the nanograins does not form planes but bent surfaces (Fig. 18), so the use of the
Bragg relations in the calculations of the alp values yields some average spacings
between the deformed planes and not the real interplanar distances. Nevertheless,
powder diffraction data combined with our alp methodology (based on geometrical
factors alone) can provide quite realistic but still approximate model of the core-
shell structure of the nanocrystal. Based on our analysis we conclude, that the
correct values of the lattice parameters of the grain cores can be determined from the
diffraction experiments performed in a wide range of the @ vector. To determine the
specific positions of atoms in the surface shell an analysis of the relative intensities
of the Bragg-like reflections is necessary. Currently we are investigating an alternate
approach to determination of interatomic distances in these materials using neutron
diffraction and the so-called “real-space Rietveld refinement” technique [39, 40].
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5.2. Application of the concept of alp to the evaluation of experimental
diffraction data of nanopowders

We applied our methodology for evaluation of the experimental diffraction data
of different nanocrystals. The powder diffraction patterns in the range up to @ =
20 A-1 were obtained using a short wavelength synchrotron radiation sources (at
BWS35 Station at HASYLAB, and ID 11 and SNBL powder diffractometers at ESRF').
At the present stage of our studies we can claim a qualitative agreement between the
alp-Q plots determined from the experimental powder diffraction data of nanocrys-
talline SiC, GaN and diamond, and our theoretical calculations. For example, we
deduced that a tensile strain exists in the surface shell of nanocrystalline SiC (com-
pare Figs. 15 and 26). Similiar strain is present in diamond nanoparticles. Opposite
in sign, compressive strain at the surface is present in a much softer material,
nanocrystalline GaN (Fig. 27).
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Ficure 27. Alp-Q plots obtained experimentally for GaN nanocrystals.

The surface of a nanoparticle is in a metastable state and, thus, is strongly
dependent on its surrounding. The surface exposed to a gas, liquid or solid medium
can adsorb foreign atoms or even undergo a chemical reaction. When that happens
the properties of the surface change accordingly, what is widely used in catalytic
reactions and sorption processes. Interaction of the surface with foreign atoms must
affect the atomic structure of the surface. We have examined this problem in a series
of experiments performed for nanocrystalline powders of diamond and SiC. The
powders were annealed at elevated temperature under vacuum used as components
of ceramic composites. Representative plots of the alp values vs. the @ vector are
given in Figs. 28-30.

Desorption of foreign atoms from the powders apparently leads to a considerable
contraction of the surface shell (relative to the raw material, aged in the air) as
indicated by the reduction (in the alp values) in the low @ range (Fig. 28). Similiar
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Ficure 28. Alp-Q plots obtained experimentally for diamond nanocrystals aged in the air
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FiGure 30. Alp-Q plots obtained experimentally for SiC nanocrystals with a different grain size
and for a 20 nm diameter nanocrystalline SiC embedded in the diamond-SiC nanocomposite.
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effect is observed when the environment of the grains changes to a dense matrix of
the composite (Figs.29 and 30).

The experiments perfomed on differently processed nanocrystalline SiC and di-
amond show very clearly that the structure of the surface shell in nanocrystals
depends strongly on the amount and type of foreign atoms adsorbed on the grain
surface. This observation is not surprising: our DTA and mass spectroscopy mea-
surements showed that during annealing of raw powders of SiC and diamond in a
vacuum and/or inert gas atmosphere the materials lose up to 10% of their initial
weight. Apparent changes of the grain surface environment during densification and
sintering into dense ceramics leads to changes in the atomic structure of the surface
shell (Figs. 29 and 30).

In this work we did not attempt to achieve a quantitative evaluation of the
observed changes of alp values with Q; additional measurements of specific physical
properties of our materials are necessary to examine what kind of changes occur at
the surface and how much they affect the structure of the grain core. The alp concept
provides a sensitive tool for investigation of the structural features of very small,
nanosized crystallites. From our preliminary calculations based on the models of
nanocrystals with different surface strain and thickness we conclude that annealing
of diamond powders leads to a significant reduction in the strain present in the
surface shell without much change to the structure of the grain core. This is indicated
by the strongest changes of the alp occuring in the low @ range (which is very
sensitive to the structure of the surface shell) and a convergence of the alps of
raw and processed powders at larger @ values (Fig. 28). The alp-Q dependence for
nanocrystals of SiC in the form of a powder and in the composite with diamond
show very similar shapes but the alp values measured for the composite environment
are lower than those for the powder even at the wide @ range (Figs. 29 and 30).

The results of our experimental work presented in this paper are only prelim-
inary. A more definite description of the structure of nanosize particles requires
both additional examination of the physical properties and structure of the mate-
rials (using techniques sensitive to the local atomic configuration, like Raman or
IR spectroscopy) and more extensive modelling efforts that would include different
strain fields both in terms of strength and distribution in the surface and core of
the grain. That includes the non-monotonic nature of the alp-Q relations observed
in Figs. 28-30 which may be due to the anisotropic shape of the real grains and/or
the grain size distribution.

6. Summary and conclusions

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

¢ Nanoparticles have a complex structure that resembles rather a two-phase

than a uniform, one-phase material. Therefore the definitions and parameters
used for characterization of the atomic structure of simple, crystallographically
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uniform phases are insufficient for the description of the complex structure of
nanocrystals;

e Conventional powder diffraction techniques and appropriate methods of their
elaboration have been developed for materials showing a perfect, three-dimen-
sional, periodic order in an infinite crystal lattice. A nanocrystal is a finite
in size crystal where the effect of boundaries cannot be ignored. For very
small, several nm in diameter crystallites the number of atoms at the surface
can exceed the number of atoms in the grain core. The structural and other
properties of the surface atoms can dominate over the effects imposed by the
bulk atoms. This effect is clearly observed in our diffraction experiments.

This work is dedicated to the methodology of elaboration of powder diffraction
data of nanocrystals, not to the determination of the atomic structure of some spe-
cific materials. We have shown the limitations of a conventional structural analysis
approach and proposed a new method of evaluation of diffraction data of nanosize
polycrystalline materials. We have demonstrated a qualitative agreement between
the experimental results and those obtained by numerical modelling using our alp
concept methodology. A more complete evaluation of powder diffraction data of
specific nanocrystalline materials requires a wider spectrum of structural models
as well as accounting for the shape and size distribution of nanocrystals in real
materials. The work on these issues is in progress.

While the application of conventional methods of structural analysis to nanoma-
terials has its fundamental limitations, a new field of the structural analysis opens
up. A manageable number of atoms in individual crystallites make it feasible to
build a complete model of the particles and calculate the diffraction patterns of
such materials. We used this possibility to model the atomic structure of different
nanocrystals and to calculate the corresponding diffraction effects without any sim-
plifications to the theory of diffraction. Qur analysis of the diffraction experiments
presented in this work concerned only the geometrical parameters describing the or-
dering of atoms in nanocrystals. We did not discuss any specific atomic structures,
in particular the occupancy of the lattice positions by specific atoms or the effect
of the lattice vibrations. Such approach would require a quantitative analysis of the
intensity profiles of the scattering beams what is outside the scope of the present
work.

In this paper we have shown the limits of applicability of well-established meth-
ods of structural analysis of materials by the diffraction techniques. When it comes
to nanomaterials there are obviously limitations of other commonly applied tech-
niques and procedures used in determination of different physical properties of ma-
terials. A development of new experimental and theoretical tools for investigation
of unique properties of nanocrystals is a challenge and a must.

Nanocrystals are often referred to in the literature as two-phase materials. This
is a useful concept although it defies the basic definitions of a crystallographic
phase. The problem with such approach is, that the two phases form essentially
a composite crystal with interfering, unseparable diffraction properties. The core-
shell model of a nanocrystal applied in this work is, in fact, a kind of a two-phase
system that exhibits unique diffraction features. Apparently this situation requires
a new approach to the structural analysis of such systems. One should realize that
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complex atomic structures cannot be well described using only basic, fundamental
definitions. The limitations of the currently used definitions become obvious in the
rapidly developing field of nanomaterials.

II. High-pressure studies of nanocrystalline materials
7. Introduction

In situ high pressure (h-p) powder diffraction experiments are widely used to
examine the strength of interatomic interactions through determination of the ma-
terial’s compressibility [41, 42]. As shown in Fig. 31, the interatomic potential of a
two-atom system, ¢, depends on the distance between the atoms and has a minimum
determining the equilibrium interatomic distance ro. Application of an external force
along the interatomic bond leads to a change of the distance r according to the re-
lation F' = §¢/ér (Fig.31a). Interpretation of changes of interatomic distances in
a solid is difficult due to a large number of interacting atoms and short- and long-
range forces. The potential describing the equilibrium state of such a system is a
complex, three dimensional, usually anisotropic function. In general, the effect of
force (stress) on interatomic distances can be analyzed for any array of atoms. Such
analysis would be very complex therefore, for practical reasons, the effect of stress is
being investigated through measurements of the overall properties of bulk material.
This can be done experimentally by application of a homogenous stress (hydrostatic
pressure) what can be accomplished using a fluid medium. Thus, instead of consid-
ering changes of individual interatomic distances compression of the entire material
is being analyzed.
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Ficure 31. Compression in materials: (a) interatomic potential and related interatomic force,
(b) compression curve.

Behavior of solids under pressure is conventionally characterized by the bulk
modulus By defined as the relative change of the volume of the sample per unit
change of the applied external (hydrostatic) pressure. In the elastic region of the
compression curve the relative change of the volume, §V/V, is proportional to the
change of the applied pressure 6P, Eq. (7.1):
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vV =By (7.1)
where By is Bulk Modulus. Beyond the elastic region, a further increase in pressure
leads to a decreasing compression of the material (Fig.31b). Several equations of
state describing this nonlinear behaviour, e.g. Murnaghan, Eq. (7.2), or Birch first
order equation of state, Eq. (7.3), were proposed [41, 42]:
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In this work, based on the analysis of experimentally determined changes of the
lattice parameters, we examine the structural changes in nanocrystalline powders.
The analysis concerns both the compression of the entire crystal lattice (formation
of macro-strains) and generation of micro-strains in the structure.

Elastic properties of crystalline materials are described based on the bulk modu-
lus that applies to any form and shape of a crystalline material: single crystals, poly-
crystals, crystalline layers, etc. From this point of view, neither particular techniques
of high-pressure studies, nor any special methods of diffraction data elaboration are
required in the investigation of nanocrystalline materials. However, as will be shown
below, interpretation of the experimental diffraction data of nanocrystals collected
under external stresses (high pressure) is very laborious and requires an application
of some non-standard experimental and theoretical methodologies. This is due to,
(i), a presence of internal pressure in as-grown nanograins (e.g. [43]-[46]) and, (ii),
non-uniform atomic structure of nanocrystals resembling rather a two-phase than a
one-phase material. Additionally, a description of the atomic structure of nanocrys-
tals by the lattice parameters is questionable: the values of the lattice parameters
determined from the Bragg equation are not unique [47, 48].

In this part of the lectures we will discuss specific problems of conducting and
elaborating the results of high-pressure diffraction experiments on nanocrystals: (i),
compression of nanocrystalline powders without a pressure mediuim, i.e. under the
so-called isostatic pressure conditions (we call this process “densification”) and, (ii),
compression of nanopowders under hydrostatic pressure conditions, [49]-[53]. We
will discuss the effects of application of external stresses to nanopowders applying a
core-shell model of nanocrystals [47, 48] for the interpretation of our h-p diffraction
experiments on nanocrystalline SiC and GaN powders.

8. Specific properties of nanocrystals

Nanomaterial is a solid with at least one characteristic dimension on the order of
nanometers [54]-[58]. The atomic structure of such materials can be amorphous or
crystalline. They can have any shape, and the characteristic nano-size can extend in
one-, two-, or three-dimensions. Such small size adds an extra “degree of freedom”
to the materials behaviour in the sense that a change of the particle size into the
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nanoscale range changes its structural and physical properties even if changes of
its lattice parameters are not detected in conventional experimental measurements.
This in particular applies to the structural properties determined using powder
diffraction methods [59]-[61]. With a decrease in the size of the powder grains the
specific surface area increases. In nanocrystals with several to a few tens of nanome-
ters in size the specific surface is on the order of tens and even hundreds of m? per
gram. For instance, a 5 um copper powder has the specific surface area of 0.134 m? /g,
while a 5nm grain diameter powder — 134 m?/g. The surface atoms are always in
a higher energy state than those in the interior of the grains and, thus, dispersed
materials always show a tendency to reduce their surface. This obvious tendency
of nanocrystals to reduce the free surface leads to a rearrangement of the surface
atoms and to some reconstruction of the crystal lattice [43]-(46], [62]-[68]. (The re-
construction of the surface that occurs in polycrystals is different than that which
takes place on a flat extended surface of a single crystal terminated by well defined
atomic planes. The surface of a small particle is combined of a variety of different
atomic planes, its structure is not unique, and the interatomic spacings at the sur-
face are not well known). Due to the small size, nanocrystals always have strongly
curved surfaces. The direct consequence of the extreme surface curvature is a topo-
logical instability of nanoparticles. To lower the total surface energy each isolated
particle tends to convert the high-energy planes into those having smaller excess
energies. In real materials only local equilibria between the actual outer atomic
planes exist, i.e. each nanoparticle is in a metastable state. The general specifics
of nanocrystalline materials described above are independent on the actual atomic
structure of a given particle.

Nanocrystals exist as loose powders as well as solids (compacts or composites),
both types of phases constituting a metastable state of the matter. The instability is
due to an excess free surface energy in powders, and excess grain boundary energy in
bulk solids. The atoms in the grain boundaries have higher energy than those in the
interior of the individual grains. Since nanocrystals have very high density of grain
boundaries, nanomaterials exhibit a range of unique physical properties qualitatively
different from those of their corresponding “ordinary size” materials. Nanocrystals
show size-dependent properties, e.g., enhanced diffusivity and strength/hardness,
reduced density, higher electrical resistivity, increased specific heat, enhanced ther-
mal expansion coefficient, lower thermal conductivity and superior soft magnetic
properties [54]-[57], [69]-[77]. The origin of the unique properties of nanocrystals is
not well understood. In some cases the observed new properties are interpreted as
having the same origin as “ordinary” materials, but their specific physical behaviour
is enhanced due to the very small size. Many new properties of nanocrystals are quite
unique, some stemming from very strong interactions between the interfaces that
are due to the quantum effects related to the very small size of the particles, etc.
(e.g. [78)):

Information on different physical properties must be consistent with the physi-
cal model of the material and explain its specific properties: structural, mechanical
(elastoplastic), electrical, optical, etc. Based on such a model one should be able
to predict (calculate) the behaviour of the material under particular conditions.
Research on a physical model of nanocrystals is at an early stage of development.
Although a lot of information on the unique properties of different classes of nano-
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materials is available in the literature, relatively little is known about the origin of
those properties. A model of the atomic structure of very small crystals, nanocrys-
tals with a few to a few tens of a nanometer in diameter, to which the measured
specific properties could be referred to, is badly needed. A model of nanocrystal
where a grain core is surrounded by a surface shell with a different structure has
been discussed in the literature, but the concept has never been verified experimen-
tally. Recently we examined theoretically a core-shell model where the core has a
well-defined crystallographic phase while the surface shell has the atomic structure
similar to and correlated with that of the grain core but modified by the strains
present at the surface. We verified this model based on our experimental powder
diffraction data. We showed that diffraction data obtained for a very large diffrac-
tion vector range are sensitive enough to detect even small differences between the
interatomic distances in the grain’s core and shell [47, 48]. According to the core-
shell model (which is essentially a two-phase model), the properties of nanocrystals
should be referred to the two phases of the material and not to one, uniform struc-
ture characteristic for bulk crystals. This should apply to any physical property of
a nanomaterial, in particular to overall elastic properties of nanocrystals. Here we
focus on the elastic properties of nanocrystals of SiC and GaN examined with in
situ high-pressure diffraction techniques.

9. Should one expect an effect of size on the properties of
polycrystalline materials under pressure?

The atoms present at the very surface of any material have fewer bonds and,
thus, different surrounding than those in the bulk. In addition, the atoms just un-
derneath the surface have their next nearest neighbor bonds different than those
in the grain core. To compensate for different surrounding of atoms (a difference
in the interatomic potential) in the interior and the outer layer the surface of the
solid, while maintaining the total number of atoms in the material, can undergo
a modification by elastic deformations or restructuring. A presence of any kind of
surface stress always affects the properties of the material under pressure. (These
properties are not described by the compressibility modulus which characterizes the
bulk properties only.) The effect of surface stresses can be significant for nanocrys-
talline powders with very large specific surface area. That problem has not been
a subject of serious studies yet. However, a number of publications indicate that
such fundamental materials properties like lattice parameters and phase transition
points are dependent on the grain size of polycrystals [78]-[83].

Following the general theory of surface tension it is often concluded that the
surface atoms tend to lower the accumulated surface energy ~ by contraction [43]-
[45]. The surface stress f can be either positive or negative (tensile or compressive
surface stress, respectively). For high symmetry solid surfaces the stress, which acts
tangentially to the surface, can be taken as a scalar, f = v + dy/de, where de is a
change in the elastic strain in the surface. When the elastic and plastic terms are
accounted for the term dvy/de can be negative and formation of dislocations and
elastic buckling of the surface can occur. This could lead to hardening of the free
surface and grain boundaries in powders and dense (solid) nanocrystals.
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In a small, single-component spherical solid crystal with an isotropic surface
stress f, the surface exerts a hydrostatic pressure AP that is added to the external
pressure to balance the internal pressure in the solid. The Laplace pressure for
such particles can be expressed as AP = 2f/r. This applies both to spherical
as well as to facetted crystals of any shape. A presence of internal pressure leads
to a compression of the interior of the particle (the grain core). Compression of
the core should be detectable through a measurement of the lattice parameters of
the material: AP = —(Aa/a)3By, where By is the bulk modulus. A dependence of
compressibility on the size of nanocrystals has indeed been reported in the literature
with a suggestion that this effect is due to a presence of internal pressure caused by
the surface tension [84]-[88].

The specific relations involving surface stresses discussed above can be applied
to larger particles where the thickness of the surface layer is very small relative to
the dimensions of the entire particle. In a real crystallite the surface energy and/or
stress is not confined to the very surface but extends over a number of atoms across
the surface layer (shell). Thus, both the grain core and the surface shell should have
different properties, in particular different bulk modulus By. As a consequence, the
concept of the surface tension and its relation to the internal pressure defined in
the Laplace formula cannot be applied directly to nanoparticles.

In this paper we analyze diffraction data of nanocrystalline powders obtained
under high stresses based on two alternate assumptions: (i), the crystals are a uni-
form, unambiguous structure, or, (ii), the grains constitute a two phase, core-shell
system. The basic question which we will try to answer is how far the interpretation
of the diffraction patterns measured experimentally under pressure could be related
to the regular (determined for large grains) compressibility data of the material.

10. Powder diffraction under high pressure

High-pressure diffraction experiments require special equipment and procedures
[41, 42]. Application of high pressure to a sample requires special constructions
where a certain amount of the sample is tightly closed in a volume to which an
external stress is applied. Due to technical limitations of the materials exposed to
extreme loads, the volume in which the pressure can be generated strongly decreases
with an increase in the maximum pressure available in the apparatus. The equip-
ment capable to withstand a pressure of tens of GPa can accommodate samples
up to about 0.001 mm? in size. The commonly used sample holder is the Diamond
Anvil Cell (DAC), Fig.32. In DAC assembly two diamond single crystals, a few
millimeter in diameter each, are used as the opposite anvils. A 0.1-0.2mm thick
metal gasket with a 0.1-0.2 mm diameter hole in the center is placed between the
anvils. The sample is placed in the hole and sealed/confined between the diamonds.
By increasing the external load the gasket is squeezed and the sample .volume de-
creases what leads to an increase of the pressure inside the sample volume. Presses
of different construction are being used [41].

In the most common configuration of a powder diffraction experiment the diffrac-
ted intensity is measured by a detector which scans over the diffraction angle 20.
Because the diamonds that generate pressure have to be supported by a strong,
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Ficure 32. Scheme of the Diamond Anvil Cell (DAC) assembly.

massive construction, the access to the sample area is limited to a relatively small
angle about the DAC axis. For that reason the most suitable technique for those
measurements is the energy dispersive geometry, where the diffraction pattern is
collected as a function of the energy of the beam diffracted at the (fixed) detector
angle ©q (Fig. 33a) [42]. For such geometry the Bragg equation written as a function

of energy is used:
he 12398

Vv - T
Epp Epp

where h is the Planck’s constant, ¢ - velocity of light, dyx — the interplanar spac-
ing, and Ejy; — the energy of photons (in keV) obeying the Bragg equation for a
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FI1GURE 3_3. Powder diffraction under high pressure in the energy dispersive geometry:
(a) configuration of in situ experiments, (b) typical powder diffraction patterns obtained under
different pressures.



APPLICATION OF POWDER DIFFRACTION METHODS . . . 277

given dpxi. The experimentally accessible range of the measured dj; values depends
on the detector angle ©g (Fig. 34). This condition is similar to selection of the wave-
length of the incident beam in the angular dispersive geometry of the diffraction
experiments.

Intensity

10 20 30 40 50 60 70
Energy [keV]

Figure 34. Diffraction patterns of a cubic GaN sample (4 nm in diameter) obtained at different
detector angles ©g.

For polycrystalline materials it is convenient to determine the pressure inside
the sample volume using internal pressure markers. The marker is a relatively soft
material (small bulk modulus) with a known compressibility. A very small amount
of the marker is mixed with the sample and the signals from the sample and from
the marker are registered simultaneously during the experiment. The pressure in the
cell can be calculated from the measured positions of the Bragg reflections of the
marker (Fig. 35). The diffraction patterns of the marker and of the examined sample
should not overlap. Since the positions of the diffraction peaks of different materials
change differently with pressure (see an overlap of NaCl and GaN reflections at
different pressures, Fig. 35), a proper selection of the marker(s) should account for
that effect.

Most of h-p diffraction experiments are being performed under hydrostatic pres-
sure conditions. Such measurements can be done using solid or liquid pressure media
like NaCl, vaseline, oils, alcohols, liquid argon, etc. [41]. Hydrostatic conditions are
very difficult to accomplish in very small volumes like that in DAC where surface
effects play an important role in generation of strains in the compressed sample ma-
terial. This creates a particularly severe problem with brittle (non-plastic) polycrys-
talline materials where individual powder grains are in direct contact. Therefore, a
very careful interpretation of the powder diffraction data collected with DAC is nec-
essary, particularly at lower pressures when the contact area between the grains is
very small what can lead to extreme stresses at the contact points. This problem di-
minishes with an increase of the sample volume where the amount of the hydrostatic
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Ficure 35. Diffraction patterns obtained under different pressures for 15nm GaN powder with
internal pressure markers (polycrystalline NaCl and Au).

pressure medium is much larger that that of the sample. To achieve such conditions
in DAC the medium-to-sample volume ratio should be large, about 10 or more. Un-
der these conditions, when the total volume of the sample is only 0.1 x0.1x0.1 mm?,
the amount of the sample material is so small that the diffraction signal may be
too weak to be measurable with a reasonable accuracy (sufficient statistics). We
performed our diffraction measurements in HASYLAB at DESY using a Diamond
Anvil Cell (DAC - Station F3) capable of exerting the pressures up to 45 GPa (at
room temperature), and the six anvil cubic press MAX80 (Station F2.1) accommo-
dating larger sample volumes (0.5 cm®) up to 8 GPa. Using the energy dispersive
geometry, diffraction patterns with the diffraction vector values up to 3.5-4 A~!
were measured with a reasonably good statistics. For higher @Q-values good qual-
ity data could not be obtained due to a poor signal-to-background ratio. To obtain
diffraction data for larger @-values, measurements in DAC in the angular dispersive
geometry using MoK, radiation were performed.

We did a series of h-p diffraction experiments on nanocrystals in DAC using
different pressure media and found that the results were dependent on the medium
used: liquid Ar, mixture of alcohols, vaseline, silicon oil. The results presented in
this work and obtained under hydrostatic pressure were done using silicon oil as the
pressure medium. Other experiments discussed below were done without a pressure
medium, i.e. under the so-called isostatic pressure conditions [48]-[51]. The mea-
surements resemble the actual conditions of densification and sintering techniques,
so such experimental configuration provides an insight into real and important tech-
nological processes.



APPLICATION OF POWDER DIFFRACTION METHODS. . . 279

11. Sensitivity of powder diffraction techniques to in-situ ex-
amination of strains in porous materials

A powder diffraction experiment provides information on the atomic structure
of the material averaged over the entire volume penetrated by the incident beam
[59]-[61]. That means, that the diffraction data contains information on the location
of every single atom present in the material relative to all other atoms in the sam-
ple. The “only” problem is to extract this information from the diffraction data. A
number of crystallographic programs are used to evaluate diffraction data. However,
most of the programs are tailored to standard experiments and are used to obtain
only basic information on the structure of the material. With respect to crystalline
samples, such information provides a set of lattice parameters describing the shape
and size of the unit cell (it is assumed that a unit cell represents the atomic struc-
ture of the entire crystal). More advanced elaboration methods extract information
on the kind and positions of the atoms in the unit cell and their thermal motions.
Diffraction is also sensitive to the lattice imperfections and disorder and, for very
fine powders, depends on the size and shape of the grains.

In the diffraction experiments on powders under pressure, which are the subject
of the present study, we intended to investigate macro- and micro-strains generated
in the materials. Both kinds of strain have to be regarded as the sample parame-
ters. The measure of macro-strains is the relative change of the lattice parameters
per unit pressure interval, (Aa/a)/AP. Micro-strain is a variation of the lattice
parameters about the average value. As shown schematically in Fig. 36, a presence
of macro-strains in a crystalline material shows in the diffraction pattern as a shift
of the Bragg reflections from their reference positions (without changing the peak
width, Fig.36). A presence of micro-strains leads to broadening of the Bragg re-

Diffraction Angle, 26

Ficure 36. Effect of a presence of macro- and micro-strains on the position and width of the
Bragg reflections: (a) relaxed lattice, (b) macro-strains, (c) micro-strains.
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flections. When micro-strains cause a change of the average lattice parameter of
the sample, the broadening is accompanied by a shift of the peak position as well
(Fig. 36).

The basic elaboration of diffraction data includes determination of the posi-
tions and widths (usually as Full Width at Half Maximum ~ FWHM) of the Bragg
reflections. To determine those values a function describing the shape of the exper-
imentally measured Bragg reflections is needed. The diffraction peaks measured for
materials with micro-strains have often asymmetric shapes and, thus, their posi-
tions and widths do not have unique values. Therefore the method of elaboration of
the data should be carefully chosen and used consistently for all the experimental
measurements. To determine the positions and widths of the Bragg reflections of our
samples we used, as the standard procedure, a fit of the shape of the experimental
peaks to the split-Pearson function. This function allows for an independent fit of
the left and right shoulders of the peaks and can be conveniently applied for both
symmetrical and asymmetrical lines. This way we were able to get rid of the strong
scatter of the measured intensities (which is very critical in high pressure exper-
iments due to very low net intensities of the peaks) and obtain reproducibly the
intensity profiles of all reflections. The positions of the reflections were taken at the
weighted center of intensity of the refined (fitted with the split-Pearson function)
reflections.

12. Sources of non-uniform distribution of strains in polycrys-
tals under external stresses

For our high pressure diffraction experiments made using DAC we use the term
“pressure” which is calculated from the Bragg reflections of the internal standard
(here: Au). Strictly speaking, the term “pressure” is fully adequate only if the ap-
plied external stress is transferred to the material through a hydrostatic medium.
The ceramic powder placed in DAC without a pressure medium is a porous ma-
terial, thus the term “pressure applied to the sample” is not fully adequate. The
external load applied to the diamond anvils is transferred to the sample through
the grains that are in direct contact with the anvils. These stresses are transferred
to the grains underneath and, through the contact points between the grains, the
external load is evenly distributed over the entire sample volume (Fig. 37). The lo-
cal pressure is the actual stress transferred by the material (a chain of grains) to a
given location divided by the surface area (cross-section) of that location, Fig. 37.
Therefore, in the absence of a pressure medium, one should talk rather about distri-
bution of stresses than about the pressure applied to the sample. In nanocrystalline
materials with particles of only a few nm in diameter, the number of contact points
is very large (in the volume of 1 um® the number of particles 5 nm in diameter is
approximately 102, the number of contact points about 10°) and the distribution
of stresses is quite homogenous; a nanocrystalline powder could serve as a pressure
medium in applications of hydrostatic pressure to larger size objects. However, to
simplify the description of the experiment we use the term “pressure” as determined
with the pressure marker. The marker is not in a hydrostatic medium either, but its
plasticity allows for a uniform distribution of stresses in the grains as confirmed by
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Ficure 37. A model of distribution of microstrains during densification of a powder sample.

an absence of micro-strains in the material (no change in the width of the marker’s
reflections with a change in pressure indicating an accumulation of elastic energy in
the form of macro-strains only). Qur results on strains under isostatic pressure con-
ditions refer to the essentially hydrostatic pressure conditions of the marker present
in the sample.

Interpretation of an experiment performed under hydrostatic pressure is rel-
atively simple and unambiguous. The results can be used to determine the bulk
modulus or, with a more elaborate analysis, can provide the equation of state de-
scribing the lattice compression in the entire pressure range. (It is very difficult to
assure completely hydrostatic pressure conditions, and some micro-strains are al-
ways present in materials subjected to external pressure.) An analysis of strains is
never completely unambiguous. This is due to the fact that the energy transferred to
the sample through the external load is accumulated not only as the elastic energy
of the crystal lattice (manifesting itself as a change of the lattice parameters and its
distribution about the average value) but in other forms of energy as well. There-
fore, although the diffraction pattern contains complete information on macro- and
micro-strains, a high-pressure experiment can reveal only the factors contributing to
the characteristic diffraction pattern of the crystalline phases present in the sample.
Information on macro-strains is obtained directly from the change of positions of
the Bragg reflections (change of the lattice parameters). As the first approximation,
information on micro-strains is extracted from the width of the Bragg reflections.
Micro-strain is a localized state and changes from place-to-place in the sample vol-
ume, thus the information is averaged over the entire sample. Some forms of energy
have no effect on Bragg reflections and cannot be measured quantitatively. For ex-
ample, a presence of an amorphous phase is not associated with any characteristic
Bragg reflections and its change upon pressure cannot be detected with diffraction
methods. Therefore, there is always some uncertainty as to the completeness of in-
formation on strains in the materials derived from diffraction effects alone. Even
for purely crystalline phases in the sample under pressure the interpretation of a
diffraction experiment may be incorrect. Some sources of possible errors in the inter-
pretation of macro- and micro-strains evaluated from powder diffraction patterns
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obtained under external stresses are illustrated in Figs. 38 and 39. Figure 38 shows
theoretical diffraction patterns calculated for 10 nm SiC grains with a cubic relaxed
lattice and a similar pattern calculated for the same lattice but compressed under
hydrostatic conditions (the lattice parameter was calculated from the bulk modulus
of SiC). The calculations were done using the Debye functions [89, 90]. In both cases
it was assumed that all grains have the same size and contain no microstrains. The
shape of the calculated Bragg reflections is purely Gaussian and the widths of the
corresponding peaks are identical for both pressures (Fig.38). The third pattern
in Fig. 38 is the sum of these two theoretical patterns. It simulates a sample being
a mixture of equal amounts of relaxed and compressed SiC grains. (This situation
may occur in samples where the external stress is not transferred to all parts of
the sample volume, e.g. during high pressure densification of agglomerated powders
with closed pores.) This composite pattern resembles that of a single-phase sam-
ple with the average lattice parameter corresponding to that under the pressure of
12.5 GPa. The apparent broadening of the composite peaks implies a presence of
strong (in this case non-existing) micro-strains in the sample. In real practice the
situation can be much more complex: the grain size is never uniform (leading to the
Bragg reflections having shapes intermediate between Gaussian and Lorentzian),
and they always contain some micro-strains. Also, the shape of the combined peak
depends on the relative amount of the component, differently compressed fractions.
In addition, a strong correlation between macro- and micro-strains, as determined
from the diffraction data, is present (c.f. next sections).

—— P=0GPa
---- P=25GPa

— P=0+25GPa

Intensity

2;.0 30 40 50 60 70 80
Diffraction Angle, 20

Ficure 38. Diffraction patterns calculated for 10 nm SiC grains with a relaxed (a = 4.35 A) and
compressed (a = 4.25 Aat P=25 GPa) lattice, dotted and dashed lines, respectively.

The results of an experiment that corresponds to the theoretical calculations
shown in Fig. 38 is presented in Fig. 39. The samples were a mixture of microcrys-
talline or nanocrystalline diamond with 10 wt.% nanocrystalline SiC. Both powders
belong to the class of super-hard, non-plastic materials, but have very different
compressibilities. Stresses present in the samples were evaluated based on the lat-
tice parameter a (the measure of macro-strains) and the width (the measure of
micro-strains) calculated for the (111) Bragg reflection. The results for diamond
are shown in Fig.39a. A presence of SiC nanopowder has apparently no effect on



APPLICATION OF POWDER DIFFRACTION METHODS . .. 283

(a) (b)

Diamond

. _—

< 1 ;

- NANO diamond + <

m NANO SiC %

: 5

1 4 . >

%; ) I o PO o 3 S

= 10 Greer 3

Z 05 I = -

= -— MICRO diamond + T
& 00 ) . NANO SiC 2 = |
01 2 3 4 568 ¢ 1 2 3 4§ 5 8

. Pressure [GPa)
Pressure [GPa] [ .

Ficure 39. Experimentally measured change of the lattice parameter (top graph) and width
(bottom graph) of the (111) Bragg reflection of a mixture of microcrystalline (dotted lu‘:es} q.ncl
10 nm nanocrystalline (solid lines) diamond powder with 10 wt.% of 10 nm nanocrystalline SiC.

Dash-dotted lines — regular compression curves; (a) diamond, (b) SiC.

compression of diamond crystallites except for somewhat increased apparent com-
pressibility of the nanodiamond sample (Fig. 39a). Only slight increase in broadening
of the Bragg reflection with an increase in pressure indicates a generation of only
limited micro-strains in the diamond powders, with somewhat higher strains level
in that with nano-sized particles (Fig. 39a). The effect of pressure on SiC grains is
much stronger (Fig. 39b). In the presence of a coarse, micro-sized diamond powder
the compression of SiC nanograins is much lower, in the presence of nanodiamond -
much higher than that of bulk SiC. Consistent with the above, in the mixture with
micro-diamond SiC grains develop limited micro-strains only, while in the presence
of nano-diamond the amount of strain is considerably higher (Fig. 39b). Low appar-
ent compressibility and low concentration of micro-strains in SiC is obviously due to
formation of a matrix made from large, micro-sized diamond grains and accommo-
dation of the small SiC crystallites in the pores of the compact. In the mixture with
small size diamond, its nanoparticles (which are much harder than SiC) act merely
as a medium transferring stresses between individual SiC grains. In the presence of
the same-size diamond powder, SiC develops a lot of micro-strains, and its com-
pressibility apparently increases relative to the bulk material (Fig. 39b). Similarly,
higher content of microstrains and increased compressibility implies, that nano-sized
diamond is softer than large size crystals of the material. These phenomena will be
discussed in more details in Secs. 16 and 17.

13. Determination of macro- and micro-strains from asym-
metric Bragg reflections

It is often observed that the shape of the Bragg reflections becomes asymmetric
under pressure. That effect is the result of a presence of micro-strains in the material.
The asymmetry of the reflections requires some special procedures to determine their
position and the corresponding lattice parameters. As long as the lattice parameters
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are used to evaluate macro-strains present in the material, the specific method of
the evaluation is not critical. It should, however, be applied consistently throughout
the study, and its shortcomings should be taken into account. We examined changes
of the lattice parameters and peak widths with pressure using two procedures:

1. The peak positions were measured at the weighted center of intensity of the
reflections. For symmetric reflections the center of intensity coincides with the
peak maximum, for asymmetric ones the weighted center is shifted relative to
the maximum. FWHM was used as the peak width.

2. The asymmetric peak shapes were approximated by a combination of two sim-
ple shape functions: Gaussian and Lorentzian. Consequently, changes of the
lattice parameters and widths (FWHMs) of the peaks were traced separately
for each of the peak shape components (c.f. application of splitting Bragg re-
flections into the Gaussian and Lorentzian components for analysis of strains
in copper single crystals [91]).

Figure 40 shows an example of (111) Bragg reflections of SiC measured un-
der the pressure of 0, 3, and 9 GPa. Without an external pressure the positions
of the peak maxima and the weighted peak centers coincide (Fig.40). With an in-
crease in pressure, the weighted center of the peak shifts towards the right (towards
smaller d-values) relative to the peak maximum. The positions of the Gaussian and
Lorentzian components of the peak move to the left and right side of the peak
maximum, respectively. The increase in the shift of the peak experimental positions
with an increase in pressure is accompanied by an increase in the asymmetry of
the Bragg reflection (Fig.40). Based on our theoretical calculations of diffraction
patterns we suggest, that a split of a single Bragg reflection into two components
can be interpreted as a result of a presence of several fractions of the same material
with differently strained lattice in the sample. As shown in Fig.38 and discussed
in Sec.14.1, the asymmetry of the peaks can be interpreted as a change of the
ratio of the components of the reflections, the Gaussian and Lorentzian shape func-
tions. (Note that in Fig.37 we combined two Gaussian functions; in general, any
combination of Gaussian and Lorentzian profile functions can be applied.) By the
right combination of these basic shapes, the (asymmetric) shape of the Bragg re-
flections can be simulated. An example of the reflection calculated for a more a
complex model of nanocrystalline powders, with non-uniform distribution of strains
in grains of different size is shown in Fig.41. When the grains have identical, uni-
form structure and size (6 nm in diameter), the Bragg reflections have the Gaussian
type shape (Fig.41a). A mixture of 1 to 10 nm grains with the average size of 6 nm
and uniform and identical lattice gives Bragg reflections which are a combination of
the Gaussian and Lorentzian shape, both component peaks being at the same posi-
tion (Fig.41b). When the model mixture has the same grains as in Fig. 41b but the
lattice parameters are from 4.30 A for the smallest to 4.41 A for the largest grains,
the resulting shape of the Bragg reflections is also approximated by a combination
of the Gaussian and Lorentzian shape components but at different positions in the
diffraction pattern (Fig.41c).

The experimentally obtained shapes of the Bragg reflections of nanocrystalline
SiC powder compressed isostatically showed in Fig. 40 match closely those calculated
for the model presented in Fig.41. From that we conclude, that our experimental
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Ficure 40. (111) reflections of 10 nm SiC crystals obtained under different pressures.
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Ficure 41. Calculated theoretical diffraction patterns of SiC nanocrystals (dotted lines). Solid
and dashed lines - Gaussian and Lorentzian curves, respectively. (a) uniform grain size (6 nm)
powder; (b) a mixture of 1 to 10nm grains powder with the average grain size of 6 nm;

(c) 2 mixture of 1 to 10 nm grains with the average size of 6 nm and the lattice parameters
from 4.30 A for the smallest to 4.41 A for the largest grains.

sample under compression can be described well by a model of powder containing
several fractions of grains, each at a different degree of compression: smaller grains
being compressed more than the larger ones. This conclusion can be made more
general by saying that smaller objects (grains, domains) accumulate more stress
than larger ones. Such interpretation is consistent with distribution of strains in
materials predicted theoretically based on the theory of elasticity [41]. A schematic
model of distribution of strains (stress fields) in a system of closed packed spheres for
different (isostatic) pressures is shown in Fig.42. As discussed already in Sec. 12,
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an external load applied to a porous sample propagates in the material through
contact points between individual grains. At low pressures/low compression the
contact areas between the grains are small and, therefore, extreme stresses and,
subsequently, micro-strains develop at the contact points (Fig.42b). The shape of
the formed stress fields is approximately spherical (c.f. [41]). With an increase of
the applied external stress the contact areas increase. Simultaneously the gradients
of the stresses decrease, but the extend of the stress field originating at the grain
surface becomes quite extensive (Fig.42c). In general, the areas with stronger local
stresses are always smaller than those where the stress is weaker. This conclusion is
consistent with the distribution of stresses in a powder presented in Fig. 41, where
the smallest grains show the largest strains. The strongly compressed parts of the
grains can be regarded as the domains of the same material with different lattice
parameters. The smallest domains have the largest strains and the larger ones ac-
commodate less strain. It is illustrated schematically in Fig.42c with spheres of
different diameter. In a porous material under external stress, areas (domains) un-
der different stresses exist. We suggest that a powder grain under nonuniform stress
conditions resembles a cluster of grains with different diameters and different strains
(compare Fig. 41).

pressure

(a) (b) (c)

Ficure 42. Tentative model of distribution of microstrains developed in individual powder
particles densified under isostatic pressure conditions: (a) before compression; (b) under low
pressure; (c) under high pressure. Upper models — assemblies of grains, lower models — individual
grains. The lines within the grains are isostress lines.

To verify the above model of generation of strains we investigated the distribu-
tion of stresses in a series of SiC and GaN nanopowders with different grain size
compressed under isostatic pressure conditions.
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14. Experimental verification of models of distribution of
strains in nanocrystalline SiC densified under very high
isostatic pressures

The SiC powders for our experiments were provided by D. Keil [92] and GaN by
J.F. Janik [93]. As the first approximation, in this section we assume that nanocrys-
tal is a single phase material with (initially) a perfect crystal lattice. We have found
that similar nanopowders can show symmetric or asymmetric shape of Bragg lines
under pressure. Therefore both types of the experimental data are analysed below.

14.1. Analysis of distribution of strains in nanocrystals with asymmetric
Bragg reflections

Development of strains was determined from the diffraction patterns obtained
at different pressures up to the maximum of 40 GPa. The change of the lattice
parameter with pressure in SiC, based on the position of the maxima of (111)
Bragg reflection, is shown in Fig.43a. In the low-pressure range (up to 3-4 GPa)
the lattice parameter decreases very steeply with an increase in pressure (Fig. 43a).
The compression of the sample resembles that of such a soft material as gold. In
the pressure range from 4 to 15 GPa the apparent compression of SiC is very low
(the compression of the material resembles that of diamond). At pressures higher
than 15GPa the compressibility assumes an intermediate value, smaller however
than that corresponding to the bulk compressibility of SiC. The dependence of the
lattice parameter on pressure is similar for all grain sizes except for the middle
pressure range where compression is higher for powders with smaller grains. Due
to isostatic, as opposed to hydrostatic nature of the applied pressure, the observed
changes of the lattice parameter may be attributed to the elastic properties of
the crystal lattice demonstrated by macro-strains, but also to a presence of strong
micro-strains in the sample material that may also affect the positions of the Bragg
reflections (c.f. Figs. 38 and 39).

The alternate way of the data elaboration is based on the analysis of the diffrac-
tion data separately for the Gaussian and Lorentzian components of the Bragg
reflection (c.f. Sec. 13) and presented in Fig. 43b. The two components of the Bragg
peak behave very differently under pressure. Up to three pressure ranges can be
distinguished. At lower pressures, the compression of the Gaussian component is
always much smaller than that of the Lorentzian one (Fig.43b). Apparently the
very strong compression exhibited by the Lorentzian component is associated with
the surface of the grains. Extreme stresses develop at inter-grain contact points (c.f.
Fig.37), and at lower pressures the local stress is much higher than the average
pressure in the sample volume (c.f. Fig. 42). The strong compression of the SiC lat-
tice at the grain surface occurs simultaneously with an increase of the contact area
of the grains. As the external stress increases, the contact area between the grains
increases and further increase of the external stress leads to a much smaller increase
of micro-strains (c.f. Fig. 36). (The appearance of specific pressures where a discon-
tinuous change of the compression properties is observed might be associated with
a local plastic deformation, better packing of grains due to gliding, etc. Discussion
of such phenomena is outside the scope of these lectures). A strong compression
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FiGure 43. Lattice parametr of SiC nanocrystals as a function of isostatic pressure for different
grain sizes: (a) solid lines and open circles - lattice parameters as-determined from the position
of the maxima of (111) Bragg reflections; (b) lattice parameters as-determined from the positions
of the Gaussian (dashed lines and open tringels) and Lorentzian (dotted lines and solid triangles)
components of the peak shape functions. Dash-dotted lines — regular compression curves (SiC).

at the surface (where the elastic energy of the lattice is accumulated) makes the
inter-grain boundaries much harder than the interior of the grains. As a result the
surface layer, which in a dense material merges with the adjacent surface layer into
an inter-grain boundary, becomes even harder and protects the interior of the grains
from the external stress. This situation is similar to that shown in Fig. 39 for com-
pression of a mixture of powders of different hardness. The Gaussian component
of the Bragg reflections, which provides information on the crystal lattice in the
grain cores, shows only limited compression at low pressures due to a presence of
the barrier of very strongly compressed (and, thus, extremely hard) grain boundary
(Fig.43b). These boundaries form a kind of a very hard matrix (skeleton) like the
one shown in Fig. 42.

The effect of the surface layer hardening on compression of the grain interior
is not observed for the large grain (30 nm in diameter) sample (Fig.43b). This is
apparently due to the fact that the ratio of the surface atoms to the total number
of atoms in the sample with 30 nm grains is about 10 times less than that in the
8 and 10 nm size grains. As a result, the protective effect of the hardened surface
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layer is much less effective for larger grains. This is consistent with the fact that
the largest difference between the Gaussian and Lorentzian plots is observed for the
smallest grains. This difference decreases with an increase in the grain size and at
high pressures (Fig. 43b).

As shown above, experimental determination of a change of the lattice parame-
ters with a change in (isostatic) pressure can provide information on distribution of
strains in nanopowders. That information is primarily qualitative. A quantitative
evaluation of the results requires a careful scrutiny: the compression of the lattice
parameters for all our SiC samples is, except in the initial stage of compression,
much smaller than that corresponding to the bulk modulus of the material; this
applies to both the Gaussian and Lorentzian components. (The above observations
may not apply to all nanocrystals.) This is a strong indication that in this partic-
ular experiment (c.f. Fig.43a) a part of the external energy has been accumulated
in the sample in a form not detectable by the diffraction experiment. Thus, the
information on the material’s behavior available from our experiment is incomplete
and may lead to erroneous conclusions. At the present stage of our study, we did
not even attempt to evaluate the real compressibility of the examined nanocrystals.

A presence and magnitude of microstrains can be evaluated from broadening of
the Bragg reflections. However, the width of a peak is not well defined for asym-
metric shapes, and does not carry any unambiguous information about the material
structure (the broadening may be due to a presence of micro-strains, but may also
come from a presence of large fractions of the same material compressed to a differ-
ent degree, c.f. Figs. 38 and 39). Therefore, no quantitative information on strains
can be derived from such quantity. For the above reason no quantitative interpre-
tation of micro- and macro-strains from the present experimental data has been
attempted.

The nanocrystals used for the above experiments were as-synthesized SiC pow-
ders obtained using the flame technique [91]. Similar experiments using nanocrys-
talline SiC fabricated with a different technique might give different results.

14.2. Analysis of distribution of strains in nanocrystals with symmetric
Bragg reflections

For these studies two materials, very hard SiC, and much softer GaN were se-
lected. The SiC powders were pre-annealed prior to the diffraction experiments. The
samples had the average size of the particles from 2 to 30 nm. The SiC samples were
cubic with one-dimensional disorder (stacking faults). GaN samples with the small-
est grains show the structure similar to that of SiC, the larger grains were hexagonal
(wurtzite). It was found that the Bragg reflections measured under isostatic pres-
sure conditions have symmetrical or nearly symmetrical shapes. Symmetry of Bragg
reflections is an indication that distribution of strains in the material is homoge-
nous and both macro- and micro-strains in the samples, using positions and width
of the reflections, respectively, can be determined. The d spacings were calculated
from the positions (measured at the weighted center of intensity) of the (111) Bragg
reflections. For large-grain GaN samples with hexagonal structure (002) reflections
were analyzed. The relative change of the lattice parameters (the measure of macro-
strains) and FWHM (the measure of micro-strains) with pressure for SiC powders



290 B. PALOSZ

with different grain size is shown in Figs.44a and 44b, respectively. The apparent
effect of pressure on macro- and micro-strains generated in SiC depends on the
average size of the grains. A very strong decrease of the as-measured lattice param-
eters with increasing pressure (up to 3-4 GPa) irrespective of the grain size occurs.
It is followed by a pressure range (up to 6-12 GPa) of nearly constant value of the
lattice parameter for all grain sizes. The compression curves for larger grains are
similar to the one shown for 30nm crystals. Above the pressures marked by the
arrows, the compression of the SiC nanopowders is the same as that corresponding
to the bulk modulus of SiC, except for the smallest grains (2 and 4 nm, Fig. 44a). In
the initial, non-linear parts of the compression curves (Fig. 44a) the changes of the
lattice parameter do not correspond to the lattice compression of SiC but to gen-
eration of micro-strains reflected in broadening of the Bragg reflections (Fig. 44b).
At corresponding pressures the width of the Bragg peaks shows an initial strong
increase until it “stabilizes” with none or a very limited further increase with an
increase in pressure. From this point on the compression of the samples represented
by the change of the lattice parameters agrees well with the compressibility of SiC.
The compression of the smallest grain powders (2 and 4 nm in diameter) does not
reach that of the other samples until the pressure of about 40 GPa. Also, the mi-
cro-strains in the smallest grains are building up even at pressures around 40 GPa
(Fig. 44b).
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F1Gure 44. Effect of pressure on the structure of SiC nanocrystals for different size grains:
(a) relative change of the interplaner spacings (the arrows mark the upper limit of major
deviations from the regular compression curves); (b) change of FWHM of the Bragg reflections.
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A clear similarity between the results shown in Figs.43 and 44 exists: in both
cases a presence of several compression ranges are observed. However, obvious dif-
ferences between the results exist too: the slopes of the curves change at different
pressures; in Fig. 44a a compression of the lattice above 25 GPa is observed; the ap-
parent compressibility observed in Fig. 43 is much less than that observed in Fig. 44a.
The differences are apparently due to a different pre-treatment of the source mate-
rials (annealing of the powders of the latter experiments at 400°C under vacuum
prior to the measurements). That implies that the difference in the compression
curves between these experimental series is due to the grain surface phenomena.
In nanograins a few nanometers in diameter the number of atoms associated with
the surface is comparable to those located in the interior of the grains. Since the
atoms adsorbed at the surface affect the distribution of strains in the surface layer,
removal of the adspecies by vacuum annealing may be expected to affect the grains
and their dependence on the external pressure.

The effect of pressure on the lattice parameters and broadening of the Bragg re-
flections for GaN samples is shown in Fig. 45. At the first sight, the effect of pressure
on GaN nanocrystals appears similar to that observed for SiC samples (Fig. 44): a
steep decrease in the lattice parameter with the initial increase in pressure is fol-
lowed by leveling off or even some increase as the pressure increases. However, major
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Figure 45. Effect of pressure on the structure of GaN nanocrystals for different size grains:
(a) relative change of the interplaner spacings (the arrows mark the upper limit of major
deviations from the regular compression curves); (b) change of FWHM of the Bragg reflections.



292 B. PaLosz

differences between the materials’ properties exist. For large SiC grains non-linearity
of compression ends at the presure of several GPa and is followed by a regular, elastic
compression of the lattice (Fig. 44a). For GaN similar non-linear range is observed
for the largest and smallest grains. The largest range of the non-linear change of
the lattice parameter with pressure (i.e. in the region of small compression) is for
the smallest nanograins of SiC but for much larger, 30 nm grains of GaN. The off-
set of the straight compression line from the bulk compressibility of the material,
A(a/ap), is the largest for the smallest SiC grains and decreases with an increase of
the grain size, while such deviation in GaN increases from 2 to 30 nm grain powders
(Figs. 44a and 45a, respectively).

The character of change of broadening of the Bragg reflections (i.e. the develop-
ment of micro-strains and their distribution) with pressure in SiC clearly depends
on the grain size. The total increase of width of the reflections over the pressure
range from 0 to 40 GPa decreases with the grain size (Fig. 44b). (The complex shape
of the curves in Fig. 44b can be explained by agglomeration of powders in the sam-
ple; this topic is not discussed further in this work). This means that, of the total
energy accumulated in the material under external stress, the portion of the total
energy accumulated in the form of micro-strains decreases with a decrease in the
grain size. That phenomenon can be explained by the fact that in a powder with
smaller grains the total number of contacts between individual grains is larger and,
therefore, the gradients of the local stresses (and, thus, micro-strains) are smaller.
Accordingly, the increase of the width of the Bragg reflections with an increase in
pressure is smaller. Different than in SiC, no micro-strains are present in the small-
est GaN grains in the entire pressure range of compression (Fig.45b). However,
opposite to SiC, a very strong increase in the width of the Bragg reflections with an
increase in pressure is observed for larger grains (8, 10, and 30 nm). Unlike for SiC,
a strong increase of width of the Bragg lines in GaN is not due to an increase of
micro-strains. This increase is due to two processes: (i), in the pressure range up to
15-20 GPa a generation of stacking faults occurs, and is followed by, (ii), a decrease
of the grain size by breaking individual crystals into plates and needles as discussed
in a separate paper [53].

Compressibility of a material is the relative change of the lattice parameter
per unit pressure change (c.f. Sec.7) and is constant in the elastic region. The
compressibility of our materials can be determined from the linear portion (for
pressures higher than those marked by the arrows) of the curves shown in Figs. 44a
and 45a. In that pressure range the entire increase of the stress applied from the
outside is accumulated as the elastic energy of the lattice in the form of macro-
strains and leads to shifts of the Bragg reflections towards smaller d-values. At
lower pressures, a generation of complex micro-strain fields and activation of other
processes like formation of stacking faults occurs. That leads to a part of the stress
being relaxed by these processes and only a portion of the applied stress is effectively
transferred to the interior of the grains and shows in the diffraction pattern. As a
result, the positions of the Bragg lines do not correspond to the specific values of
the lattice parameters, and no compressibility of the sample can be determined in
that range (c.f. Figs. 38 and 39, Sec. 12). When less of the external stress is used for
generation of micro-strains, higher fraction of the external stress is transferred to
the interior of the grains and to the compression of its crystal lattice.
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As the density of the sample increases, the total area of contacts between the
grains increases and the amount of micro-strains levels off. At sufficiently high
pressures the material approaches closely the theoretical density and the lattice
parameters determined from the Bragg lines correspond to those calculated directly
from the compressibility of the material.

15. Hydrostatic versus isostatic compression

As discussed in previous sections, determination of compressibility of a material
requires that no micro-strains form in the sample during the measurements. This
can be accomplished under hydrostatic pressure conditions, i.e. by using a liquid
pressure medium. Under such conditions the shape and width of the Bragg reflec-
tions of a single-phase crystalline material do not change with pressure. Only under
such conditions the real lattice parameters under pressure can be measured and the
real lattice compressibility can be determined. A dependence of compressibility of
nanomaterials on the grain size as well as the effect of the grain size on high-pressure
phase transformations were reported |84]-[88]. As showed in previous sections, inter-
pretation of high-pressure diffraction experiments on nanocrystals of SiC and GaN
is not unambiguous and requires a careful scrutiny. An experiment performed under
hydrostatic pressure conditions may be expected to provide unique compressibility
data for such materials. In Figs. 46 and 47 the results of high-pressure diffraction ex-
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Ficure 46. Change of the shape of (111) Bragg reflections with pressure for 8 nm SiC crystals:
(a) hydrostatic pressure, (b) isostatic pressure.
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Ficure 47. Effect of pressure on strains in 8 nm SiC crystals. Solid squares and solid lines —
isostatic, open squares and dotted lines — hydrostatic, circles — points obtained during the
samples decompression. (a) and (b), relative changes of the lattice parameters and the reflection
widths (FWHMs), respectively; (c) Bragg reflections during compression and decompression
stages of the process. Dash-dotted line - regular compression curve of SiC.

periments on 8 nm SiC powders obtained under isostatic and hydrostatic conditions
are shown. The shape of the Bragg reflection of the starting material (P = 0) fits
closely the Lorentzian function (Fig.46a). For a reference, this reflection is shown
in the other graphs of Fig. 46 with its maximum placed at the position correspond-
ing to the weighted center of intensity of a given reflection. As seen in Fig. 46, the
Bragg reflections broaden both under hydrostatic and isostatic pressure, although
the broadening is more pronounced under the latter. Under both conditions the
reflections measured under pressure are slightly asymmetric. The positions of the
reflections maxima are different than those of their weighted intensity centers. Com-
pression curves based on the weighted peak positions and the FWHM values for both
iso- and hydro-static conditions are shown in Fig. 47. As seen, neither for iso- nor for
hydro-static pressure conditions the compression of the lattice measured from the
weighted intensity positions of the Bragg reflections match the lattice compressibil-
ity of SiC in the entire pressure range. Both plots are approximately parallel to the
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bulk compression curve of SiC in the middle pressure range, but deviate from it at
low and high pressures. Above 25 GPa no compression of the lattice parameters (a
hardening of the samples, more pronounced under isostatic conditions) is observed
(Fig. 47a).

To verify the equilibrium nature of the lattice compression, we have measured the
diffraction patterns at several pressures during the sample decompression. Both (for
increasing and decreasing pressure) sets of the experimental points are consistent
and do not show any hysteresis over most of the pressure range (Fig.47). A presence
of small amount of residual stress in the decompressed powder is demonstrated by
a strong asymmetry of the Bragg reflection in the material after decompression;
no difference in the shape of the Bragg reflection measured at a higher pressure
(17 GPa) during compression and decompression is observed (Fig.47c). That is a
clear indication that during compression of the powders only elastic energy ac-
cumulates in the material: the material “recovers” after the stress is removed. The
development of micro-strains can be derived from the broadening curves. The shape
of the curves for isostatic and hydrostatic pressures is similar but the change of the
peak width is much larger for the former conditions (Fig. 47b). The initial increase in
FWHM values levels off at about 12 GPa. Further increase in pressure, up to about
25 GPa, apparently does not generate any additional microstrains and the width
of the reflections remains unchanged (Fig.48b). Above the pressure of 25 GPa the
broadening of the Bragg reflections increases again (Fig.47b) what coincides with
a decrease in the rate of compression of the lattice (Fig. 47a). The two experiments
presented above show that neither under isostatic nor under hydrostatic conditions
do SiC nanocrystals show unique, unambiguous compressibility data.

Pressure
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Ficure 48. Distribution of strains under isostatic pressure. (a) two-phase (core-shell) powder
grains; (b) grains with a uniform initial structure.
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16. Application of core-shell model for interpretation of h-p
diffraction experiments on SiC nanocrystals

So far we attempted to interpret the change of the diffraction patterns of nanocrys-
tals measured under high pressures as a result of generation of strains in a well-
defined, uniform crystallographic phase material. An alternate interpretation of the
diffraction data of nanocrystals is based on a two-phase model of nanocrystalline
grain. Such model assumes that the atomic structure and properties of the grain
core and of the surface are different. Consequently, the elastic properties of the
grain cores and surfaces are different too and the behavior of such nanocrystals
under pressure can be interpreted as being the result of a presence of two phases
with different elastic properties. Below we present some preliminary results on ap-
plication of such a model in our studies.

In a simple core-shell model of nanocrystals it is assumed that the core has a well-
defined structure (e.g. a pure cubic structure in SiC). The grain core is surrounded
by a surface shell with its structure similar to that in the core but compressed
or expanded relative to the relaxed lattice. It is obvious that the elastic properties
(bulk modulus By) of the surface shell (B"®") are different than the compressibility
of the crystal lattice of the grain core (B§°).

The mechanism of compression of a powder of spherical grains with a two- and
one-phase structure is illustrated in Figs. 48a and 48b, respectively. The surface shell
(model (a)) can be either harder or softer than the grain core. Under external stress
the compression of the surface shell will be respectively smaller or larger than that of
the core. As discussed in Sec. 7, the compression proceeds linearly with an increase in
pressure in the elastic region and hardens (its bulk modulus increases) at sufficiently
high pressures, Sec. 14. When the surface shell is softer than the core, the surface
compresses under external stress more than the core. The strong compression of the
surface shell leads to hardening of the grain surfaces. Those surfaces form a network
of grain boundaries constituting a kind of a matrix embedded with the grain cores.
This matrix of grain boundaries hardens under stress and accommodates most of the
applied external stresses and, thus, the stress transferred to the grain cores becomes
significantly reduced. As a result, the cores are “undercompressed” - less compressed
than expected from the average pressure in the sample volume (Fig. 48a, the model
with B§ere > B§"e!'). The matrix of the grain boundaries may be expected to have
some strength limitations above which it would break up and allow for a more direct
transfer of the external stress to the grain cores. At sufficiently high pressures the
bulk moduli of the core and surface components may be expected to become equal
and the sample to assume the character of a uniform phase material. (The pressure
at which the bulk moduli of different fractions become equal depends on the surface
of the grains. This could explain why the same material prepared differently shows
different compression properties, c.f. Figs. 43 and 44a).

The above postulated mechanisin of hardening of the surface shells of the grains,
and the resulting formation of hard boundaries between the grains is consistent with
the model of a very strong local strain fields generated at the contact points between
the grains which we applied for the analysis of the diffraction experiments showing
a strong asymmetry of the Bragg reflections (c.f. Sec. 14.1). We split the Bragg re-
flections into their Gaussian and Lorentzian components receiving two compression



APPLICATION OF POWDER DIFFRACTION METHODS. . . 297

plots (c.f. Fig.43b). A comparison of the distribution of strains in strongly com-
pressed powders of one phase and core-shell (with B§°™® > B3Pell) grains, Figs. 48b
and 48a, respectively, indicates that in each case a similar distribution of strains in
grains compressed under isostatic pressure conditions may be expected. That im-
plies that investigation of compression under isostatic pressure conditions does not
allow to distinguish between one and two-phase nanocrystalline grains. The actual
type of the structure can be identified by performing related experiments under
both isostatic and hydrostatic pressure conditions (c.f. Fig. 47).

Compression curves of one-phase grains under hydrostatic pressure conditions
should yield a change of the lattice parameters corresponding to the lattice com-
pressibility of the material. In the experiment showed in Fig.47 the compression
of nanocrystalline SiC under hydrostatic pressure does not follow that expected
from the compressibility of the material. Also, a change of the micro-strains with
a change in pressure similar to those found under isostatic pressure is observed. A
two-phase grain of SiC nanocrystal with different elastic properties of the grain core
and the shell should yield, under hydrostatic pressure, a diffraction pattern similar
to that presented in Fig. 38. Assuming that the grain core and the shell constitute
two phases with different elastic properties, the diffraction pattern of such mate-
rial will be a superposition of the diffraction patters of the constituent phases. The
compression curves will provide the average compression data. The broadening of
the Bragg reflection will not, however, be due to a presence of micro-strains, but to
the overlap of the reflections from the two fractions.

The above analysis and our conclusion that nanocrystals are two- not one-phase
materials require further verification. Additional support of this model comes with
the application of our concept of the “apparent lattice parameter”, alp (47, 48]. This
quantity replaces the “lattice parameter” in the description of the atomic structure
of nanocrystals examined with powder diffraction techniques. The concept of alp
was already presented in several papers so here we limit ourselves to only a brief
introduction of the method.

17. Application of the alp concept for interpretation of h-p
diffraction experiment

During our early investigations we found that the lattice parameters calculated
from powder diffraction data obtained for very small crystallites show a dependence
on the diffraction vector Q). As a consequence, we introduced the alp quantity which
is the lattice parameter calculated for individual Bragg reflections (at its diffraction
vector @ each). The characteristic shape of the plots showing a change of alp with @
can be used for evaluation of the atomic structure of the surface shell of nanocrys-
tals. As an example, theoretically calculated alp-Q plots for four models of SiC
nanograin with a core-shell structure are presented in Fig. 49. The models have the
same diameter of the grain and the same thickness of the surface shell but different -
compressive surface strain. A presence of the surface shell leads to a strong decrease
of the alp parameters calculated for individual Bragg reflections at small Q-values
relative to the relaxed lattice (Fig.49a). From Fig. 49 it is obvious, that the struc-
ture of a material showing a dependence of the calculated lattice parameter on the
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diffraction vector @ cannot be described using the concept of a unit cell (defined by
unambiguous lattice parameters) [46, 47]. For powder diffraction performed in situ
under high pressure using X-ray radiation the experimentally accessible Q-range is
limited to small Q-values (< 5A~1). (In experiments performed in DAC at HASY-
LAB in the energy dispersive geometry, good statistics for the diffraction data could
be achieved only for reflections within the Q-range of 3-4 A~1). This experimental
Q@-range of up to 5 A-1 is sufficient for an investigation of the effect of compression
of the surface layer with the alp-Q plots. Figure 49b shows the part of the alp-Q plot
available experimentally for our compression experiments. This Q-range is insuffi-
cient for evaluation of the compression of the grain cores. To determine the lattice
parameter in the core (c.f. our 2-phase model of a nanocrystalline grain, Part I),
data from a large (> 10 A—!) diffraction range are necessary; for large Q-values the
influence of the grain surface layer structure is small and the alp values approach
that corresponding to the structure of the grain interior (Fig. 49).

1

£ 1
s |5 220
< Y b 31
(@) = (b)
\ Vv
— o Anfa = -3% 436
=~ o Aafa =-7% = 434 ;Zi’aa:?;{‘}‘
s © soaz10w S 4% \ala = -10%
| H Adfa=-20% ® :fg \a/a = -20%
B 4l6 8 10121416 < =07 Hm 4;6
1/ =~ .
| @ WA d=8nm 2.0 30 40 5.0
420 Q [1A]

Ficure 49. Diffraction patterns and alp-Q plots for a model of 8 nm diameter SiC nanocrystal
with a core-shell structure for different magnitude of (compressive) strain in the surface layer:
(a) small Q-range, (b) large Q-range. Dashed lines - the lattice parameter of the core of the
model.

The powder diffraction data were obtained for 10nm SiC grains under both
isostatic and hydrostatic compression conditions. The pressure dependence was cal-
culated for three Bragg reflections for each sample. The dependence of the fﬂp
parameters on pressure is shown in Fig. 50. The change C'.f alp is n(.m-l.inear with
pressure, depends on the Q-value (i.e. on the Bragg reflection), and is different for
isostatic and hydrostatic conditions. Figure 51 shows the same experimental [‘BSl.lltS
versus the diffraction vector Q for different pressures. Based on our numerical sim-
ulations of the alp-Q plots for nanograins with a core-shell structure we were able
to identify and evaluate the strain present in the surface shell of the grains. The
strains were determined by matching the experimental results (obtained for large
Q-range) and theoretical calculations of powder diffraction patterns for (.iiﬁerer_lt
theoretical models [47, 48]. The results of the calculations for the starting SiC grain
with a tensile strain in the shell and the same grain with a compressive strain in
the shell are shown schematically in Figs. 51c and 51d, respectively.
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Ficure 50. Dependance of the apparent lattice parameter 10 nm SiC on pressure for different
Bragg reflections. (a) isostatic pressure, (b) hydrostatic pressure. Dashed line - lattice parameter
of the microsize material; dashed-dotted lines — lattice parameters calculated from the bulk
compressibility of SiC.
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Ficure 51. Alp-Q plots of 10 nm grains nanocrystalline (10 nm grain size) SiC powder measured

under pressure. (a) isostatic pressure, (b) hydrostatic pressure; (¢) a model of a 10nm SiC grain

of the starting material; (d) a model of the SiC grain with the compression strain in the surface
layer. Dashed line - lattice parameter of the core of the model; dotted line — the lattice
parameter under the pressure of 5 GPa calculated from the bulk compressibility of SiC.
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The analysis of the alp-Q plots presented above gives a (tentative) explanation
of the h-p diffraction experiments discussed in previous sections. We used a rou-
tine procedure of the diffraction data analysis and examined strains generated in
nanopowders based on the positions and widths of only one Bragg reflection, (111).
In principle, such procedure would be sufficient if the structure of the material was
represented by a unit cell. However, as showed in our previous papers [47, 48], ac-
cording to the alp-Q concept the reflections observed at small Q-values are very
sensitive to the structure of the surface of the grain (Fig. 49) and, thus, the analysis
of a singular Bragg reflection is insufficient for evaluation of strains in nanocrys-
talline powders. As seen in Fig. 50, the shift of the (111) reflection with pressure is
much larger than that for reflections at larger Q-values. In the low isostatic pres-
sure range the extreme stresses generated at the contacts between the grains are
confined mostly to the surface of the grains. With an increase in the applied stress
a very steep compression of the surface shell leads to a change of the relations
between the interatomic distances in the core and the shell. The tensile strain in
the surface shell observed in the starting material converts to a compressive strain
under the external stress (Fig.51a) (tensile or compressive type of strain is deter-
mined by comparison to the actual lattice parameter in the grain core). This kind
of behavior is expected for powders compressed under isostatic conditions, as dis-
cussed in Secs. 12 to 14. Our model of generation of extreme strains at the contact
between individual grains could explain the presence of micro- and macro- strains
in (initially) isotropic nanocrystals under isostatic conditions. Microstrains should
be absent in the presence of a pressure medium, i.e. when the grains are not in a
direct contact. Surprisingly, identical SiC material compressed under hydrostatic
conditions, Fig.51b, shows behavior similar to that densified under isostatic con-
ditions (Fig.51a). From that we conclude, that the observed changes of the alp-Q
plot under hydrostatic pressure result from a difference in the elastic properties of
the grain surface and its core; the surface shell with the initial tensile strain has
apparently a larger compressibility (smaller bulk modulus) than the grain core, c.f.
Fig. 48.

The plots shown in Fig. 51 are based on the alp values obtained for relatively
small @-range and cannot be used to evaluate the actual lattice parameters of the
cores of the grains (c.f. Fig.49). The calculated (from the bulk modulus) value of
the lattice parameter of SiC compressed hydrostatically under the pressure of 5 GPa
is marked in Fig.51. This value corresponds to the alp calculated for the (311)
reflection (Q = 4.7 A~') measured under the hydrostatic pressure of 5 GPa. The alp
values obtained for the same reflection but under isostatic compression are much
larger but the first two reflections show much smaller alp values (Fig.51a). For
pressures below 5 GPa the experimentally measured alp values are similar to those
expected from the bulk modulus. However, the first two reflections show smaller
alps what suggests that the surface of the grains is suppressed. That indicates that
the surface strain in the isostatically-compressed powder penetrates the volume of
the grains to a greater depth than when hydrostatic pressure is applied. As a result,
in addition to the effect of different elastic properties of the grain core and shell,
much larger micro-strains are generated in individual grains under isostatic stress
conditions. We have to stress out that, due to the limited Q-range of the available
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experimental patterns, we could not evaluate the lattice parameters in the interior
of the grains.

18. Summary

We performed the analysis of diffraction data obtained for nanocrystalline SiC
and GaN powders applying different methods of the data elaboration. We searched
for differences in the structure between powders of same material but with different
grain size. We examined micro- and macro-strains and tried to determine the bulk
modulus that might be a size-dependent material property. Such dependence might
have been due to a presence of internal pressure in as-synthesized nanograins as
suggested earlier in the literature (e.g. [82]-[86]). We showed that the densification
of nanocrystals always proceeds through several stages and that it is practically
impossible to find a unique quantity describing compression of lattice parameters
determined from the measured positions of the Bragg reflections. Such behavior
was observed during densification of powders without a pressure medium, as well
as during compression under pseudo-hydrostatic conditions (with silicon oil as the
pressure medium). Under both conditions strong micro-strains were generated under
pressure. The micro-strains strongly affect the actual macro-strains that reflect
compressibility of the crystal lattice of a given material in the actual pressure range.
We suggest that the origin of micro-strains is two-fold: (i), a presence of very strong
stresses at the contact points between individual grains and, (i), different elastic
properties of the grain cores and shells.

Based on the results of the experimental work presented in these lectures, we
cannot unambiguously verify if, in the range from a few nanometers to micrometers,
the compressibility of SiC and GaN depends on the size of the grains. We believe,
that characterization techniques and procedures developed for particles orders of
magnitude larger are inadequate for investigation of nanomaterials. The structure
and properties of nanocrystals is too complex to be describable by simple param-
eters. As we showed earlier |47, 48] a traditional diffraction experiment and its
elaboration cannot provide unambiguous information about the real structure of
the materials. Therefore, instead of the “lattice parameter” we introduced the so-
called “apparent lattice parameter” which can be better suited for very small crystals
which have a considerable fraction of their atoms located at the grain boundaries.
We also showed that this method of data elaboration, determination of alp values
for different values of the diffraction vector @, can be applied for a description of
changes of the diffraction patterns of nanocrystals subjected to external stresses.
Since no single, unique value of the lattice parameter can describe the atomic struc-
ture of a nanocrystal, no unique value of compressibility (bulk modulus) that could
describe the behavior of nanocrystals under pressure exists either.

We presented only some preliminary results on examination of two nanocrys-
talline materials, SiC and GaN. Further studies are needed to verify our two-phase
grain-core structure model of nanoparticles. Although we showed that the core-shell
model explains quite well the development of microstrains both in isostatically and
hydrostatically compressed powders, verification of this model requires diffraction
measurements performed in a very large range of the diffraction vector Q. Such
experiments require application of neutron diffraction techniques.
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