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HIGH RESOLUTION ELECTRON MICROSCOPY OF GRAIN BOUNDARIES*

K. L. Merkle and Y. Gao
High-resolution electron microscopy (HREM) has made considerable contributions to our
understanding of grain boundaries (GBs) during the past several years, largely stimulated by
the availability of instruments with spatial resolution of better than 0.2 nm. We review here
some of the results of our HREM investigations on GBs in ceramic oxides, metals and high-
temperature superconductors. The emphasis of this paper will be on (a) common features of
GBs in different materials, (b) quantification of atomic scale structures in large-angle GBs, and
(c) investigation of interrelationships between atomic structure and properties of GBs.
Grain Boundary Geometry

Irrespective of the crystal structure of the grains, the macroscopic characterization of'a grain
boundary involves five macroscopic and three microscopic degrees of freedom. This large
multitude of possible arrangements of the interface makes it an extremely complex task to relate
GB properties to GB structure.

The macroscopic geometry of a GB is usually described in terms of a bicrystal, where one
crystal is rotated relative to the other via a misorientation (axis and angle) and a plane, which
defines the boundary within this bicrystal. A special subset of possible bicrystals is given by
the notionally interpenetrating lattices that form a coincident site lattice (CSL) with the
reciprocal density of coincident sites £ }

An alternative description 0 uses the crystallographic planes (h k 1)i and (h k 1)2 that are

joined at the interface and a rotation \|/ around the GB normal n to define the macroscopic GB
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geometry. For a general 8 the GB contains twist and tilt components, but for both of the
special rotations y = 0° and \)/= 180°, asymmetric ti/t GBs are formed whenever (h k 1)i *
(h k 1)2 , otherwise, i. e. for (hk )i = (hk 1)2,y =0° and yy =180° represent the ideal
lattice and symmetric tilt GBs, respectively. Recent computer simulations of GBs in fee and
bee metals have indicated that the GB energy as a function of y shows deep cusps at y = 0°
and y = 18003,4. Therefore, tilt GBs are distinguished from all other configurations by their
low energy. It is a favorable circumstance that those same boundaries, provided their tilt axis
coincides with a low index zone axis, are readily accessible to HREM observation.

The GB energy is the most important factor in determining the types of GB geometries that
are naturally occurring in polycrystals and is also thought to play a central role in various GB
properties, for example, in impurity segregation, fracture, and GB diffusion. Exploration of
the connection between GB energy and structural parameters, such as macroscopic geometry,
atomic-level geometry (rigid-body translations), and the detailed nature of the atomic
relaxations at the GB core and near the GB, are therefore a prime goal of GB research. In the
following we report results from HREM investigations of the fee model systems NiO and Au
in which the atomic structures have been explored for a range of macroscopic GB parameters.
HREM investigations can also illuminate the connections between GB geometry, atomic-scale
structure and supercurrent transport properties in YBa2Cu307-x .

The Role of the Grain Boundary Plane

Bicrystal experiments are particularly well suited for studies of the role of the GB plane in GB
structure and energy. Fig. | shows a TEM image ofa <110> tilt GB in Au (near X=9). The
strong faceting of the GB into planar facets clearly indicates that some GB inclinations are
preferred over others. However, atomic-scale resolution is needed to identify the facet planes
and GB core structures. For example, the most prominent facets in Fig. | are of'the
(111)(551) type, for which the GB decomposes into triangular regions bounded by two
(111)(111) and one (112)(112) GB. A single unit of this type from another Z =9 bicrystal is

shown in Fig. 2. This dissociated GB is attached to a symmetric and an asymmetric GB on the



left and right in Fig. 2, respectively. The occurrence of asymmetric GBs, where at least one of
the GB planes is dense-packed (i. e. a low-index plane) is a common feature of many large-
angle GBs, also in NiO (Fig. 3). This indicates that such boundaries may be low in energy.c °
Indeed, recent HREM studies in combination with computer simulation of X=9 and Z=11 GBs
in Au have shown that the facet formation agrees with GB energy calculations (including the
dissociation of the (111)(115)GB) and that asymmetric GBs often have lower energies than the

corresponding symmetric facets.9,10

On any given plane, the GB core structure is not necessarily unique, as illustrated in Fig. 4,

which shows two variants of the (310)(310) tilt GB in NiO.11 In atomistic computer
simulations of GBs one frequently finds GB structures that have similar energies for the same
macroscopic GB parameters.12 Multiple GB structures have recently been found by HREM in

a number of materials.13'15

Another aspect of'the role of the GB plane concerns the uniqueness of the structural repeat
units. When, for example two low-index planes are joined together to form a GB, the atomic
repeat distances would typically be incommensurate, at least in one direction along the plane of
the GB. Therefore, no unique structural unit can be defined which would generate the atomic
structure of the interface by periodic continuation. In contrast to computer simulation, which is
largely limited to the investigation of periodic models of GBs, HREM can study the real
structure of interfaces, including aperiodic features and structural defects. An interesting case
in point is the (111)(001) GB, at the <110>, 0 = 54.73° misorientation, which is very close to
the Z =41,0 = 55.88 misorientation. In Figure 5 regions of good atomic match alternate
with localized regions of misfit that are accompanied by lattice strain at rather short repeat

distances. This boundary is quasiperiodic and represents the GB analogue to the formation of

misfit dislocations in heterophase boundaries.16 Similar to Au, quasiperiodic boundaries have

also been observed in NiO (see Fig. 6).6



Atomic Matching

Low-angle GBs have long been known to provide smooth transitions between the two
lattices on either side of the GB by accommodating the misfit in spatially localized regions in
the form of primary edge- or screw dislocation. Misfit localization also plays an important role
in large-angle GBs, as first suggested by Mott.17 An example for misfit localization observed
by HREM in a large-angle GB was given in Fig. 5. The localizations of misfit can take various
forms, such as misfit-dislocation-like defects in quasiperiodic boundaries ( see Fig. 5), three-
dimensional structures,l6 and localization of misfit within large structural units of GBs with
large planar unit cells. Common features of all GBs are (a) the tendency of the atoms within
the GB to assume positions which , as much as possible resemble the local environment in the
ideal lattice and (b) that the atomic relaxations are rather local in large-angle GBs. Therefore a
boundary, such as the Z =41 (near (111)(001), Fig. 5) with a rather long structural period,
seeks out its minimum energy state more as a result oflocal atomic relaxations rather than by
preserving its long-range structural periodicity. Atomically well-matched structures can often
be recognized in HREM by an apparent elastic continuation of low-index planes across the
GB.18
Quantification of atomic-scale GB parameters

The rigid-body displacements between the two halves of'a bicrystal have been recognized

since the earliest GB computer simulations to provide an important relaxation mechanism for

the minimization ofthe GB energy.19 Following this, several EM methods have been
developed to measure this important quantity.20'24 Most of these methods are quite limited in

their applicability (with the exception of the Fresnel technique,24,25 which is complementary to

the HREM method) and only the HREM technique allows the identification ofthe GB core

structure, which is important for the derivation of absolute values of the rigid-body translation

/r
We have expanded the HREM technique used by Stobbs and co-

(1)
normal to the interface.
workers ' (see Fig. 8 ) to also allow highly accurate measurements of the volume

expansion 8 (i. e. the component normal to the GB) when the GB is not parallel to major



crystallographic planes on either side of'the interface.00 Recent computer simulation results for
a large range of high-angle GB geometries have revealed an approximately linear relationship
between GB energy and the volume expansion.3,4 With the exception of the coherent twin
(111)(111), which has practically zero volume expansion, measured values of 8 for Au are a
factor of two or more higher than the calculated values, based on embedded-atom-method

(EAM) potentials.15,29 The origin of this discrepancy between experimental and calculated

volume expansions in Au is not known at present. In contrast to Au, the volume expansion of
the X =5, (310) GB in NiO has been found to be considerably smaller than calculated.!!

A quantification of the unavoidable atomic disorder at a GB can be attempted by
considering the local atomic environment of each atom in the GB. Wolf has recently discussed
the correlation between GB energy and the number of “broken bonds” per unit GB area ’
Although the HREM technique gives at best a two-dimensional projection of the atomic
structure and therefore requires observations along more than one zone axis for a three-
dimensional reconstruction of a GB, one can attempt to construct three-dimensional models of
tilt GBs based on the assumption that there are no shifts along the direction of observation.
Using this simple model, we have analyzed HREM images such as in Fig. 9, in terms of'the
number of “broken bonds” per GB unit area.

By determining the number of atoms within a shell that bisects the distance between first and

second nearest neighbors in the ideal lattice, the number of ““broken bonds” can be found for
each atom n within the GB structural unit as the deviation AKn = Kn - Kid fr°m the perfect fee

crystal coordination number, Kid=12. Following Wolf,3,30 the coordination coefficient C =

I/A Xnl Kn - Kjdl , i. e. the number of “broken bonds” per GB unit area A is found by

summing over all atoms in the GB unit cell. The number of “broken bonds” per GB unit area
is plotted in fig. 10 for several symmetric <110> tilt GBs in Au and shows a close to linear

relationship to the calculated EAM energies for these boundaries.



Grain Boundary Structure and Properties

So far we have considered various aspects of the atomic structure of simple fee GBs and
their connection to GB energy. We shall now give two examples of HREM investigations of
GBs in the orthorhombic high-Tc superconductor YBa2Cu307-x. Here the atomic structure
and chemical composition of the interface is related to the capacity for carrying electric current

across the interface.

For <001> tilt GBs in YBa2Cu307_x Dimes et al.3] found that the critical current density
across the GBs decreases by more than an order of magnitude as the misorientation angle 0
increases from O to 11° and stays relatively constant at angles greater than 15°. We have
observed small-angle GBs of the same geometry in MOCVD-grown YBa2Cu307 x . As
expected, the GBs consist of a set of appropriately spaced edge dislocations (Burgers vector
a[100]). The lattices were smoothly connected between the two crystals in the GB regions
separating the discrete dislocations. One dislocation core, observed by HREM is shown in
Fig. 11a. Strong atomic relaxations are present, but the most striking feature is that the core
region has a finite size, 2 nm in diameter. Image simulations based on a model which
maintains the chemical composition of the lattice at the GB core (Fig. 11¢) cannot reproduce the
observed image. However, when the Y-Ba columns are replaced by Cu columns, one obtains
a good match between observed and simulated images (Fig. 11d). To confirm this model,
efforts will be undertaken to directly measure the composition of individual dislocation cores
by analytical techniques.

Our HREM analysis suggests that the dislocation cores are not superconducting. In a
dislocation model of the GB, the cores would start to overlap at 11°, given the observed size of
the dislocation cores. Thus the rapid decrease of the critical current as a function of'tilt angle
observed by Dimos et al. could be explained by our observations.3”

A large-angle YBa2Cu307.x GB of considerable interest is shown in Fig. 12. The

misorientation for this GB is characterized by a <100> tilt axis and a misorientation angle of

90°. Thus (001X010) boundaries (horizontal section in Fig. 12) can be formed. The



superconducting transport properties of bicrystal specimens with the same macroscopic

configuration have recently been investigated by Babcock et al. and their results suggested

weak-link-free behavior for these GBs.33 We have investigated the atomic structure of the

(001)(010) GB in detail by comparisons between simulated images and the observation.34

Two possible atomic models, both of which represent very well-matched structures that
maintain the structural integrity of the superconducting phase at the interface, are consistent
with the HREM images.

In spite of the atomically well-matched (001)(010) interface which maintains complete
YBa2Cu307_x unit cells at the GB, the direct coupling of the supercurrent across the interface
should be limited to Cu-0 planes immediately adjoining the GB. However, at the <100>, 0 =
90° misorientation we also find symmetric (013)(013) facets (see Fig. 12). The latter provide a
direct connection between the Cu-0 planes, thus suggesting the possibility of strong
supercurrent coupling across this large-angle interface.34
Summary and Conclusions

Systematic HREM investigations have provided new insights into the atomic structure of
GBs. The application of this atomic-scale information to the understanding of GB properties
may in the future allow for the possibility of prediction and modification of GB properties.

HREM studies of a number of GBs in NiO and Au have clearly demonstrated that a general
tendency exists to produce atomically well-matched structures and to preserve a high degree of
coherency across the interface. HREM observations have established that misfit-dislocation-
like defects are formed in large-misfit, incommensurate grain boundaries. We expect that these
and other general structural features that have been investigated in NiO and Au are typical for
other ceramic and metal GBs.

Considerable progress has been made regarding the quantification of structural GB
parameters via HREM. Whereas several discrepancies between observed and calculated GB
parameters remain, it is expected that the mutual feedback between HREM observations and

GB computer simulation will serve as a stimulus to improve both the experimental and



theoretical techniques and will lead to a better understanding of the complicated interrelations
between GB structure and properties.
Atomic structure information obtained from HREM observarions on YBa2Cu3(>7-x GBs
has led to a much improved understanding of the critical current behavior in these systems.
Direct correlations between atomic stracture, including chemical composition, and property
measurements on individual GBs will be important for a full understanding of many grain

boundary properties.
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Figure captions

Fig. 1. Transmission electron micrograph of <110> tilt GB in Au. Coexistence of extended
planar symmetric (S) with a number of asymmetric facets is evident.

Fig. 2. Axial HREM image (white atomic columns) of <110> tilt bicrystal in Au, viewed
along <110> tilt axis. Misorientation 0 = 39° (X=9). The GB translates from the
(114)(114) GB at the top to the dissociated (111)(115), and to the (11,11,1)(111) at the
bottom.

Fig. 3. NiO <001> Z = 5 bicrystal (black atoms) with horizontal, asymmetric (430)(100)
facet that translates to symmetric (210)(210) GB on the right

Fig. 4. A small step separates the two variants of the (310)(310) GB in NiO (black atoms).
Fig. 5. (111)(001), <1 !o> tilt GB in Au (0 =55°). This GB is quasiperiodic and shows
misfit localization in the form of misfit-dislocation-like defects.

Fig. 6. Incommensurate (210)(100) <001> tilt GB in NiO (black atoms), grain boundaries

often incorporate relatively dense-packed planes.

Fig. 7. Atomically well-matched large-angle <110> symmetric tilt GB in Au (white atoms).
(443)(443), 0 = 55°. Note misfit localization and relaxation of (111) planes in compressed
image (bottom).

Fig. 8. Analysis of volume expansion is based on digitized images and extrapolation of
column positions from outside of the range of elastic distortions associated with the GB.

Fig. 9. GB structural unit of the (443)(443), <110> tilt GB in Au. Atom positions within the
repeat unit are identified by circles. Small and large circles indicate the assignment used for A

and B layers, respectively.

Fig. 10. Coordination coefficient (‘““broken bonds” per unit GB area) vs. GB energy (from

or
EAM calculations ). Note the practically linear relationship between miscoordination and GB

energy.
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Fig. 11. (a) HREM image of a dislocation core in low-angle <001> tilt GB of YBa2Cu307.x.
(b) Atomic structure of'the dislocation core based on the positions of atomic columns in (a).
The full and open circles represent the Cu-0 and Y-Ba columns in the <001> direction,
respectively, (c¢) Simulated image where the atomic columns at the core, marked by © in (b),
are, as in the bulk, Y-Ba columns, (d) Simulated image based on the model in which the Y and
Ba at the core are replaced by Cu columns. The image in (d) matches closely the HREM image

in (a), indicating the material at the core is non-superconducting.

Fig. 12. HREM image of <100>, 0 = 90° tilt GBs in YBa2Cu307-x. Both (010)(001) and
(013)(013) GBs are present. The (013)(013) GBs provide a good connection between the Cu-0
planes across the GB and are therefore believed to be responsible for the “weak-link-free”

behavior.
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