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Abstract The present article is concerned with how

nanoparticles join: it considers MgO nano-cubes as a

model, well-defined system. The development of grain

boundaries (GBs) between cube particles has been re-

examined using MgO smoke. In addition to the face-to-face

contact which leads to the well-known low-
P

twist GBs,

interactions are also found which initially involve point-to-

face contact, edge-to-face contact, or contacts along the

cube edges. It is proposed here that the point contact lead to

a line contact through the requirement to balance charges,

and rotation about such a line of contact leads to formation

of the interface, i.e., the grain boundary. The atoms along

the edges have lower coordination than the atoms in the

bulk, which may contribute to the edge–edge and edge-face

boundary formation. The inherently small size of nano-

particles makes transmission electron microscopy (TEM)

an invaluable technique for characterizing the contacts

between them without modifying them in any way. The

present study uses TEM to characterize the types of

boundaries formed, discusses the boundary structures, and

considers how the particle morphology may determine the

formation of low-
P

GBs.

Introduction

Nanotechnology is quite well developed but the underlying

science is still being explored. Nanoparticles, in particular

have widespread uses (e.g., [1–3]) but their usefulness is

often limited by their tendency to agglomerate and grow

into larger entities (e.g., [4]). Magnesium oxide (MgO) has

been of interest for decades because its properties make it

useful in a broad range of applications [5]. Bulk MgO is

regularly used as a substrate material for the growth of thin

films due to the ease with which it can be cleaved or pol-

ished to provide atomically flat (100) surfaces [6–9]. MgO

also has a high thermal resistivity (42 Wm-1 K-1) and a

very high melting point (2800 �C). These two properties

are used in many high-temperature applications such as

refractory brick, crucibles, and furnace linings. Addition-

ally, the low dielectric constant (9.65 at 1 MHz) of MgO

makes it useful as a substrate material for high-Tc super-

conductor applications, and its low refractive index (1.735)

is ideal for optical confinement in ferroelectric/MgO/

semiconductor waveguide structures [10]. MgO thin films

are used in waveguide applications because they can be

grown in preferred orientations relatively easily and the

structure is lattice-matched to a number of materials [10].

For example, perovskite thin films are difficult to grow

directly on Si, but MgO is lattice-matched with both

materials and can be used as a buffer layer [10]. Also, thin

films of MgO have been proposed for use as protective

coatings on the phosphor screens in plasma display panels

[11] due to their anti-sputtering properties, high
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transmittance, and secondary-electron emission character-

istics [12–14].

The ionic charge is not compensated at the corners, edges,

or surfaces of cubic MgO particles. It is this property that has

made fine-grain MgO powders historically useful in antac-

ids. Today, the large fraction of low-coordinated edge and

corner atoms in MgO nanoparticles also makes the particles

particularly effective as reactive adsorbents; they react with

organophosphorus compounds by dissociative chemisorp-

tion to create nontoxic products, making MgO nanoparticles

effective in the decontamination of agents that could be used

in chemical warfare [15, 16]. MgO nanoparticles are also

found to be effective in reducing chlorofluorocarbons. For

example, MgO can be successfully reacted with CF2Cl2 to

form MgF2, CCl4, and CO2 [17].

Background

MgO is a rocksalt-structure material in which the bonds

exhibit a large ionic character (*73%). The structure of

MgO can be described as an FCC lattice with a two-atom

basis consisting of O2- anions at the (000) positions and

Mg2? cations at the (� � �) positions. The lattice parameter

is 0.421 nm. The structure is shown schematically in Fig. 1.

In its bulk form, MgO is generally considered to be an inert

oxide, though this is not true for nanoscale MgO. Atoms at

surfaces, edges and corner have a lower coordination than do

those in the bulk. In nanoscale MgO, atoms at these locations

provide a high density of catalytically active sites. The

fraction of atoms in such sites increases with decreasing

particle size. This phenomenon makes the normally inert

MgO useful in the form of nanoparticles as a heterogeneous

basic catalyst [18–20]. These catalytic applications are par-

ticularly relevant to the present study since they result from

the fact that the ionic charge is not locally balanced at cor-

ners, edges, or faces of an MgO cube.

Nanoscale structures of MgO can be produced by a

variety of methods, which in turn produce a variety of

morphologies [21–24]. Polyhedral shells, nanotubes,

nanocubes, and nanowires have been produced by thermal

evaporation [22]. Nanorods have been grown through

carbothermal reduction of MgO followed by subsequent

nucleation and reoxidation [24], while nanobelts have been

grown by the decomposition and oxidation of Mg3N2 [21].

Further research is needed to understand these different

formation processes [25].

Incorporation of MgO nanoparticles in applications

requires an understanding not only of the properties of

individual particles, but also of how the nanoparticles

interact with, and bond to, one another. The large fraction

of surface atoms in MgO nanocubes, which see different

coordination to those in the interior, must also affect the

formation of boundaries in the largely ionic crystals.

Conversely, differently shaped MgO particles can be

expected to behave very differently.

The nanoparticles present in MgO smoke are particu-

larly well suited for studies using the TEM because the

small particles are electron transparent and can be directly

examined in the TEM [26]. The process of burning mag-

nesium metal to produce small cubes of MgO that were

then characterized in the TEM was described by Heidenr-

eich in 1942 [27]. The statistical occurrence of twist

boundaries between MgO smoke particles was examined

three decades later by Chaudhari and Matthews [28, 29],

who considered the geometry of boundary formation using

the coincident-site lattice (CSL) notation [28–30]. Sub-

sequent studies of MgO smoke have investigated various

properties of the smoke particles, including the size dis-

tribution [31], growth kinetics [32], optical properties [33],

and surface features [34, 35]. However, the role of the cube

corners and edges in boundary formation has largely been

ignored. The present study uses TEM to characterize the

various types of boundaries found in MgO smoke particles.

Experimental

TEM samples were prepared by burning small pieces of Mg

metal in air. The reaction 2Mg ? O2 = 2MgO produces

‘smoke’ consisting of nanoparticles of MgO. The smoke

particles were then caught by suspending a TEM grid with aFig. 1 The FCC unit cell of MgO
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thin support film (in this study amorphous carbon) in the

smoke plume. The particles produced are usually cubes with

(100) faces and edge lengths on the order of a few tens of

nanometers. Fresh samples were deposited directly prior to

TEM sessions to avoid prolonged exposure to humidity,

which is known to cause surface hydroxylation [35]. The

particles were characterized using a Tecnai G2 F30 TEM

operated at 300 kV. Since the support film was held some

distance (up to 24 inches) away from the hot zone (the

flame), it can be assumed that the particles have achieved

their final shape before being caught on the support film.

Studies are in progress using more robust substrates to catch

the particles at an earlier stage in their growth [36].

Results

A TEM image of a typical distribution of MgO nanocubes is

shown in Fig. 2; cubes that are much smaller (*20 nm edge

length) can be seen in the subsequent images. It is generally

assumed that the MgO particles nucleate as cubes and then

grow, retaining the cubic shape; the shape of these small cubes

is consistent with this assumption. The 50-100 nm cubes

typically agglomerate in small clusters, predominately by

forming three types of boundaries which are here referred to as

point contacts, line contacts, and face contacts. It is particu-

larly relevant that no moiré fringes are present in this image.

Point contact

Point contacts are uncommon but are occasionally

observed, as illustrated in Fig. 3. The corner of one grain is

in contact with the face of a second grain and shows bend

contours indicating a deformation of the corner region.

Line contact

Occasionally two cubes appear to contact one another

exactly along one common edge, as shown in Fig. 4. The

two particles in this figure are in nearly identical orienta-

tions with respect to the electron beam, as indicated by

their thickness fringes. (Examples are identified by arrows

Fig. 2 Bright-field TEM image of a cluster of MgO smoke particles

Fig. 3 A point contact in MgO

Fig. 4 An edge–edge boundary between two MgO cubes
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in Fig. 4.) The particles are also nearly identical in size and

the fringes are symmetric on either side of the line of

contact. A single particle can also form line contacts

(including edge–edge boundaries as a special case) with

more than one particle. Figure 5 shows a situation where

several individual cubes forms line contacts with two

adjacent cubes. (The surfaces of these cubes show the

effect of beam damage due to the electron beam but this

does not, of course, affect the relative orientations.)

Face contact

The large majority of the boundaries are between particles

which contact one another such that there is little or no

rotation of their shared (100) faces about the common

h100i face normal. In a variation on such a boundary, the

particles are again in contact across their (100) faces, but

are now rotated about the common h100i face normal.

Assuming the grains are in intimate contact, these GBs

must be essentially pure twist in character. The rotation can

be determined from the image or from the diffractionFig. 5 Edge–edge boundaries with [1 neighbor

Fig. 6 TEM images of

boundaries between MgO

smoke particles with a no

rotation, b 36.9�, c 22.6�,

and d 16.3�
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pattern. Figure 6 illustrates two types of twist GBs.

Figure 6a shows the most common type of GB in which the

angle of rotation is 0�. The GBs shown in Fig. 6b, c, and d

have misorientation angles of 36.9�, 22.6�, and 16.3�
respectively. All the MgO particles were perfect crystals;

none were found to contain bulk lattice defects. The lack of

moiré fringes in Fig. 2 implies that there are no small

rotations away from near-perfect alignment in the case of

the
P

= 1 GBs.

Figure 7a shows a dark-field TEM image and the cor-

responding SAD pattern of two smoke particles that have

been oriented such that the GB between them is edge-on. A

close inspection of the SAD pattern, shown in Fig. 7b,

indicates that the two particles are not in identical orien-

tations with respect to the electron beam. The contrast

features (the white dashes along the arrowed GB) seen in

Fig. 7a are actually edge dislocations with the usual

�h110i Burgers vectors.

A few particles are found that have clearly grown

together as illustrated in Fig. 8 where two rectangular

particles join in perfect alignment along a plane that is not

{001}. This intergrowth indicates that the particles can

actually join together in the hot plume before they finished

Fig. 7 Small-angle tilt boundary in MgO smoke. a The two cubes are

oriented such that the boundary is edge-on. b SAD pattern shown in A

with 220, 040, and �240 reflections (from top to bottom) shown at

higher magnification

Fig. 8 Growth boundaries in MgO smoke particles. Unlike twist

boundaries, these particles have grown together. In (a) a single

particle has grown with two elongated branches. In (b) particles have

intergrown
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growing. The rectangular shape of such particles may also

result from early particle coalescence and growth, but there

is presently no direct evidence for this process.

Discussion

The contacts between MgO particles occur while the par-

ticles are in the smoke plume and are hot; the particles

move as a result of convection currents and Brownian

motion [28, 29]. As the particles develop in the smoke

plume one will most likely first contact another at a point;

the point contact can be made when the corner of one cube

contacts a second cube, or when the edges of two cubes

contact at a single point. The particles can then rotate with

respect to one another until they reach an orientation for

which the contact energy is sufficiently low. Experimen-

tally, contacts are observed at cube corners, along cube

edges, and between cube faces. The observation of the

bend contours has been explained [37, 38] by the fact that

the particles elastically deform at the corner to produce a

small contact area thus lowering the total surface energy. In

MgO this process might be limited by charge repulsion but

clearly it does take place. Throughout the following dis-

cussion, no assumptions are made as to relaxations at, or

reconstruction of, the surface of the nanoparticles. The

charges at corners and edges are considered but no

assumptions are made as to the actual distribution of charge

during processing. It is clear, however, that the joined

particles were at high temperature when they may contact,

but how long they remained at this temperature after they

had made contact is not known. This latter consideration

would be a factor in any subsequent rearrangement or

rotation.

The large surface-to-volume ratio of small particles can

have a notable effect on contact formation. For MgO, the

atoms at the faces, corners, and edges of the cube see

different coordination to those in the bulk. In the bulk each

ion has six equidistant, oppositely charged, nearest neigh-

bors, while surface atoms have only five neighbors, edge

atoms have only four neighbors, and corner atoms have

only three neighbors. In small particles these atoms can

constitute a large fraction of the total number of atoms. For

example, in a 5 nm MgO nanocube there are approximately

13,400 atoms. Of these atoms, nearly 6,400 are surface

atoms with five nearest neighbors, 420 are edge atoms with

four nearest neighbors, and 8 are corner atoms with only

three nearest neighbors. Thus, approximately 50% of the

atoms in the particle have coordination that is different

from the ‘bulk’. It is proposed that these low-coordinated

surface atoms can play a significant role in the nature of the

contacts formed between the particles.

Schematics of nanoparticles are shown in Fig. 9. The

coordination of the corner atoms and the net charge of the

MgO cube may also play a role in the specific arrangement

of contacting cubes. For a perfect cube of MgO, the net

charge can be -2, ?2, or 0 as shown in Fig. 9. If all of the

corner atoms are O2- there will be one more O2- ion than

there are Mg2? ions and the net charge will be -2. Simi-

larly, if all of the corner atoms are Mg2? the net charge will

be ?2. Only if four corner atoms are Mg2? and four are

O2- will the net charge be 0. When contact occurs between

two cubes, the charge on a corner atom can be balanced if

that atom contacts the corner (of opposite charge) or the

edge of the other cube.

Point contact

When contacts form between particles, the particles will

orient themselves in a manner that will minimize the

energy of the contact region. With the large fraction of

under-coordinated sites on the surfaces and edges of MgO

nanocubes, these contacts generally involve specific

arrangements involving the cube edges and faces. If the

corner of one cube contacts the face of another, the parti-

cles will likely rotate in the smoke to a configuration with

lower interfacial energy. However, if there is not sufficient

Fig. 9 The net charge of a cube of MgO depends on which ions are

present at the cube corners. In (a) the net charge is -2, in (b) it is ?2,

and in (c) the net charge is zero
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time or energy to form a larger area of contact, point

contacts can form. Point contacts are uncommon but are

occasionally observed (Fig. 3). Since it is energetically

more favorable for the particles to be in contact over an

area than at a point, the contact area usually automatically

increases and in doing so creates a stress field at the contact

[37]. The stress field is balanced by a compressive stress at

the center of the contact and a tensile stress at the exterior

[38–41]. The strain-contrast contour is visible in Fig. 3,

most notably in the corner contacting the face. This type of

strain contrast is also observed in contacting nanospheres

[42] and has been extensively described and matched with

computed images, by Tholen. (The topic is well reviewed

in [37].) Of course, after contact the point is no longer a

point but instead is a small contact area. This small area

cannot be imaged in the TEM and is thus best modeled and

simulated images matched to the observed ones [37]. To

test the 3D nature of the strain, the sample can be, and was,

tilted and the changes in the bend contours observed.

Line contacts

Because of the ionic nature of MgO, and the low coordi-

nation of the atoms along the cube edges, the formation of

a line boundary (or an edge–edge boundary) can serve to

lower the interfacial energy. The atoms along the cube

edge, which consist of alternating Mg2? and O2- ions,

possess a lower coordination than those in the bulk or those

on the (100) surfaces. It is possible that, in the smoke, two

particles may come into contact such that their edges

directly form a contact without any rotation, though this is

unlikely. However, if a point contact is formed between

two cube edges, the particles can then rotate about this

point until the edges of the two cubes are contacting along

their length. For two cubes contacting in this manner, an

a/2 translation along the edge of two identical cubes could

completely satisfy the nearest neighbor bonding. The

geometry of these line contacts will be discussed using the
P

notation described below.

Small-angle GB formation

Small-angle GBs form when two crystals are oriented with

a slight misorientation, which can be accommodated by a

network of dislocations. The number and spacing of the

dislocations is determined by the angle of misorientation.

This relationship is given by the simplified Frank formula

(see [5]):

sin
h
2
¼ b

2D
ð1Þ

where D is the dislocation spacing, b is the burgers vector,

and h is the angle of misorientation.

The dark-field TEM image and the corresponding SAD

pattern of two smoke particles in Fig. 6 confirms that both

crystals are being viewed close to the [001] direction, but

that there is a small rotation about this axis which results in

two spots for each reflection (one from each crystal). This

rotation indicates that the GB is not a small-angle twist GB.

Since the axis of rotation lies in the GB plane, the interface

is a small-angle tilt GB and the misorientation is accom-

modated by edge dislocations, which are visible as bright

spots along the boundary. The angle of tilt can be measured

from the diffraction pattern, and in this case is approxi-

mately 1�. The dislocations, as measured from the image,

are evenly spaced approximately 16 nm apart. This value is

consistent with the 17 nm spacing calculated using the tilt

angle measured from the SAD pattern and Eq. 1.

The misorientation at small-angle tilt GBs is accom-

modated by a network of edge lattice dislocations; in the

case of two contacting crystals, these dislocations can

originate from surface steps on the nearly flat (001) surface,

shown schematically in Fig. 10. Since the dislocations in

Fig. 7a are visible, the burgers vector must satisfy the

condition g � b = 0. The image was formed using the �200

reflection, as indicated by the arrow in the figure. For

g ¼ �200, a number of different Burgers vectors are possi-

ble, as summarized in Table 1. For b = �h110i, the

Burgers vector lies in the GB plane, and for b = �h110i, it

Fig. 10 Ion matching along a line formed by a line contact
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is inclined 45� to the GB plane. The proposed dislocation

structure in this GB is alternating � �110½ � and �[110], such

that the net Burgers vector is [010] [43], which is per-

pendicular to the GB plane [44].

One important conclusion that can be drawn from this

observation is that it gives definite proof that the cubes are

in intimate contact. It is proposed that these two particles

came into contact before the cubes had finished growing so

that there were still steps on the surfaces.

High-angle GB formation

When two contacting crystals are misoriented by a rotation

about a common axis, one or more lattice sites may be

coincident across the GB plane. For an arbitrary angle of

rotation it is unlikely that more than one site will be

coincident, but for certain specific orientations a large

fraction of the lattice points will coincide and the GB can

form a special configuration. The coincident-site lattice

(CSL) model is commonly used to describe these unique

angles of misorientation between two crystals [30]. The GB

configurations are described as R = n boundaries where

one in n lattice sites would be coincident if both grains

forming the bicrystal were to be continued indefinitely. For

example, Fig. 11 is a schematic of a R = 5 twist GB in

which one crystal is blue (circle) and the other is green

(diamond). One in five lattice sites is common between the

two crystals, which is easily visualized in this schematic.

The CSL model is only a geometric construction used to

describe these types of GBs, though the frequency with

which the GBs are found suggests that they are associated

with a low energy [45]. GBs which can be described using

the CSL model are found experimentally in oriented bi-

crystals [46, 47]; the existence of such GBs has been

attributed to their having a low interfacial energy [48].

Evidence for this comes from the observation of secondary

dislocations in high-angle GBs which preferentially rotate

regions of a GB back into the exact
P

= 5 orientation.

The most common type of contact between MgO smoke

particles is indeed observed when two the {001} faces of

two particles are in contact, i.e., the particles are separated

by a twist boundary. Such face-to-face boundaries are

present in the image in Heidenreich’s 1942 article on MgO

smoke, but although the manuscript discusses some of the

earliest observations of thickness fringes in MgO crystals,

the boundaries themselves are not mentioned [27]. In the

present study, when particles contact face-to-face, the two

particles share a common (100) face but are usually not

rotated about the h100i direction normal to this face.

However, both twist and tilt about this contact can create

other boundary configurations.

MgO has a number of predicted CSL {100} twist GBs.

The most commonly observed orientations are GBs in

which n, using the R = n notation, is 5, 13, 17, or 25,

though R = 17 GBs are only reported occasionally [28, 29,

49]. The R = 5, R = 13, and R = 25 GBs shown in

Fig. 6b, c, and d have misorientation angles of 36.9�, 22.6�,

and 16.3� respectively. Boundaries with these specific

misorientations are observed with some frequency in the

MgO smoke, which suggests that they are associated with a

low energy. It is also noted that a study of the distribution

of GBs in polycrystalline MgO has found that there is a

preference for GBs with a boundary-plane normal that is in

a h100i direction [50, 51] and that the
P

= 5 did indeed

appear more frequently than expected from a random

Table 1 All possible burgers vectors for the dislocations in the

particles shown in Fig. 7a, where g ¼ �200 and b = 002

b g � b Orientation with respect to boundary plane

1
2

101½ � -1 In boundary plane
1
2

10�1½ � -1 In boundary plane
1
2

�101½ � 1 In boundary plane
1
2

�10�1½ � 1 In boundary plane
1
2

110½ � -1 45� out of boundary plane
1
2

1�10½ � -1 45� out of boundary plane
1
2

�110½ � 1 45� out of boundary plane
1
2

�1�10½ � 1 45� out of boundary plane
1
2

011½ � 0 Not a possible burgers vector
1
2

01�1½ � 0 Not a possible burgers vector
1
2

0�11½ � 0 Not a possible burgers vector
1
2

0�1�1½ � 0 Not a possible burgers vector

Fig. 11 Dislocation model of a small-angle tilt boundary
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distribution [50] and that there is a direct correlation with

the presence of low-energy surfaces.

The large number of face-to-face boundaries observed in

the MgO smoke is consistent with most of the cubes

already having achieved their full size and cube shape

before they come into contact. In the smoke, the cube

particles probably initially contact at a point and then rotate

about the contact until a minimum total energy is reached.

The most likely type of point contact is formed when the

corner of one cube contacts the face of a second cube. The

particles can then rotate about the point contact until an

edge of the first cube contacts the face of the second,

forming a line contact; the cubes can then further rotate

about this line to form a face-to-face contact. The difficulty

in rotating one crystal after the GB has formed is that the

screw dislocations that accommodate any misorientation

must then glide (assuming that the two grains are in inti-

mate contact) and dislocation glide in MgO is difficult.

Converting a line contact to a low-
P

twist GB

An example of a line diagram is shown in Fig. 12. The

special feature is the matching along this line. For example in

Fig. 11, one in five of the large blue circles overlaps a small

green diamond in the shaded unit cell of the GB (along AB or

CD). It has often previously been proposed that low-
P

CSL

GBs have a lower energy than other GBs. Here it is proposed

that lines of line contacts are configurations with particularly

low energies. Such a line of contact might be further stabi-

lized by slightly shifting the two edges or by forming a

second line of contact with a third particle. (See e.g., Fig. 5.)

If the number of coincident sites along the line contact is

consistent with a CSL boundary, the particles will form a

CSL GB when their faces contact. Otherwise, when the two

faces come into contact the particles may rotate about their

shared h100i direction until the interfacial energy is suffi-

ciently low; in principle this rotation can occur before the

GB actually forms. The special feature of the first scenario

is that the coincidence can be determined when the line

contacts the face; no subsequent rotation about the com-

mon cube axis is then required.

It is emphasized that this article is not claiming that

there is a relationship between
P

(of the CSL or O-lattice

theory) and the energy of the GB. It is also certainly not

using the interfacial
P

to predict GB structure. The CSL

(and O-lattice) theory is a ‘simple’ geometric constructions

and make no assumptions about energy. What this article

does propose is that it instead is the geometry of the line

contact that determines the preferred orientation.

The charged nature of the ions may also explain the

frequency with which twist GBs are formed in which the

corner of one cube is aligned with the edge of the other, as

observed in the boundaries in Fig. 6b–d.

The frequency with which each CSL misorientation is

observed depends on both the GB energy associated with

each configuration and the kinetics of the rotation process

[52]. One unique example is the R = 17 GB, which is

predicted for MgO but rarely observed. One theory sug-

gests that like charges of non-coincident sites may be

brought too close together in this orientation, and the ori-

entation is unfavorable because of the large ionic character

of the MgO crystal [29]. It is suggested here that the

contact of the line and face would be unfavorable for this

orientation and thus would not occur. Smoke particles of

CdO, in which the bonds exhibit a smaller ionic character

(56%, compared to MgO’s 73%), have been observed to

form R = 17 GBs [29].

The fact that neither the 45� twist boundary nor the
P

= 17 GB are usually observed may be due to there

being no line of high coincidence.

Growth boundaries

For MgO smoke particles, there is an important distinction

between particles which have come into contact and par-

ticles which have grown together and are essentially one

particle. This difference is especially significant in the case

of the face-to-face boundaries discussed in the previous

section. Though not a boundary in the traditional sense,

particles are occasionally found which have either grown

together or have nucleated from a common point. In this

case the ‘boundary’ is not formed by two particles con-

tacting in the smoke. In the example shown in Fig. 8a, the

growth ‘boundary’ is very clear. The large particle in

Fig. 8a has two elongated branches that are orientedFig. 12 CSL models for [001]
P

= 5 twist grain boundaries
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perpendicular to one another: the two larger particles in the

image are actually one larger particle.

In Fig. 8b, the boundary is much more difficult to identify

and could be mistaken for a face-to-face boundary. Careful

inspection of the contrast at the cube edges indicates that

neither of these two ‘particles’ is actually a perfect cube.

It is important to note the difference between two par-

ticles that have come into contact with each other and two

particles that have joined and then grown to as one crystal,

i.e., growth boundaries must be distinguished from other

types of boundaries.

Conclusions

TEM samples of MgO nanocubes were produced by

burning Mg metal to produce a smoke consisting of

nanoscale particles of MgO. Contacting particles were

found to form unique boundaries due, in part, to the low

coordination of the face, edge, and corner atoms. It is

proposed here that the boundaries actually form as the

result of an initial point contact in the smoke followed by a

line of contact. This contact line ultimately determines the

type of boundary formed as the cube particles rotate to

bond across a common {001} plane. Thus, for example, the
P

= 5 GB does not form by faces joining and the grains

then rotating into a lower energy configuration, but is

instead the line contact forms first and the GB is then

formed ab initio in the exact (or nearly exact)
P

= 5

orientation; no subsequent rotation (which would require

the glide of screw dislocations on the (001) plane) occurs.

The formation of the low-
P

GBs is not therefore a direct

result of that interface having a low energy, but rather that

the line contact is particularly favored and the GB has an

energy which is simply less than the combined surface

energies. The ideal future study would be to control the

particle growth (PO2
, PMg, T, substrate, etc.) and then use in

situ observation with micromanipulation. Such a study is

not yet possible in the TEM, but TEM is the only technique

that can provide the necessary images.
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