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Disconnection arrays in a rhombohedral twin in

α-alumina

The interfacial defects in the rhombohedral twin are discontinuities of the perfect twin structure that have both dislocation and step-like character. Such defects are known as disconnections [START_REF] Pond | Dislocations in Solids[END_REF]. Their dislocation character is characterized by their Burgers vector, which is related to the crystal symmetries that are broken when the bicrystal is created. In rhombohedral crystals with non-rational values of c/a, pure steps with no dislocation character are not possible due to the absence of periodicity perpendicular to the interface.

In previous work, the characteristics of interfacial dislocations were analyzed on the basis of near coincidence descriptions for the rhombohedral symmetry [8,[START_REF] Lartigue-Korinek | Intergranular and Interphase Boundaries in Materials[END_REF]. In the present paper we report an exact characterization of line defects linked to rhombohedral twins using the topological theory of interfacial defects based on geometrical considerations [START_REF] Pond | Dislocations in Solids[END_REF]. The disconnections analyzed present a wide core whose structure is visualized by atomic resolution imaging using the technique of exit wave reconstruction from a focal series of high resolution images.

2-Experimental

The alumina bicrystal was prepared by diffusion bonding at 1700°C for 30 minutes [START_REF] Vasiliev | [END_REF]. The sample was first thinned by the mechanical tripod technique, then made electron transparent by a soft argon ion milling (DUO-MILL Gatan at 3 kV with a 0.5mA Ar + beam current). A conductive amorphous carbon layer was deposited by evaporation on both foil faces. The sample was finally annealed under high vacuum (10 -6 Torr) in order to prevent further contamination under the electron beam in the microscope. 

[

] zone axis for one crystal with a Topcon ABT002 operated at 200kV that exhibits a Scherzer point resolution of 1.8 Å. Sub-Ångström phase and amplitude images of the complex electron exit wave function were reconstructed from a focal series of 20 lattice images recorded on a CM300 FEG/UT instrument with a 0.8 Å information limit [12]. The image simulations were performed by multislice calculations with the MacTempas and CrystalKit software packages [13]. [ ] direction. The twin structure, far from the defects, is based on the centers of symmetry of the structure (i.e. non-occupied sites of the aluminum sublattice (figure 3)). The white dots in the lattice image correspond to empty octahedral sites of the aluminum sublattice, as can be seen from the inserted geometrical model. From symmetry considerations on the various dichromatic complexes, four different structural models characterized by different translation states have been proposed [START_REF] Lartigue-Korinek | Intergranular and Interphase Boundaries in Materials[END_REF]. [ ] axis parallel to the electron beam.

3-Results and discussion

Recent experiments [15] give similar results and simulations using local density functional theory (LDFT) [16] and lattice static calculations [17] confirm the lowest energy of this "screw twin" configuration.

3-2-Interfacial defects

The interfacial defects should compensate the slight misorientation from the perfect twin structure. These defects are characterized using a Volterra approach. Their Burgers vector is given by r b = t ( ) Pt µ ( ) where t ( ) and t µ ( ) are translation vectors in the upper ( ) and the lower crystal ( µ) respectively [7]. The transformation matrix P relates the µ coordinate system to the system and was obtained using the method described in [18]. A detailed description of this approach, including the rotation matrix, is given in the appendix. Finally, the disconnection Burgers vectors are the following, expressed in the coordinate frame in units of the lattice parameter a (Miller-Bravais system) :

r b 3/ 4 = 1 3 2 + 2 ( ) 2 + 2,4 2 16, 5 2 + 14, 3 2 + 18 [ ] ,
where =(2/3) These defects must accommodate the 0.8°tilt deviation from the twin orientation. Among the possible defects indicated in the corresponding dichromatic pattern shown in fig. 6 the ones found in the experiment supply the necessary step height to reach the misorientation with a minimum of energy increase. Therefore, configurations with a small magnitude of r b and a small step height should be favored according to both the experiment and energetic criteria.

Below we discuss why some defects that obey the equation 

[ ]

that is larger than r b 1/ 1 , the magnitude of the rhombohedral twin shear vector s = 0.071nm. Such r b p / q dislocations can be decomposed into r b p 1/ q 1 by emission of a r b 1 / 1 defect and are thus unstable, as already found for 10 1 2

{ } dislocations in zinc [20]. Other kinds of defects are those with no component along 2 1 1 0 [ ] namely pure edge defects. These defects have a length larger than 0.7nm and are therefore energetically unfavorable. In the end, the observed configuration corresponds to the defects with the smallest Burgers vectors at equilibrium.

3-3-Disconnection core structure

The defect cores extend from 1 to 4 nm. An analysis of the dislocation core has been performed on the CM300 FEG/UT instrument that has a resolution of 0.8Å after reconstruction of the complex electron exit wave function from a focal series of images [21]. image resolution is reduced (Fig. 10 (a)). The presence of a screw component is known to distort the core region of a dislocation [22]. Further, a local thickness variation may contribute to signal blur, as well.

A close inspection of the phase image at the dislocation core reveals that the dislocation is dissociated into two partials that delimit a twin boundary segment 2 nm wide with a different The twin is no longer centered on empty sites of the structure.

The disconnection energy is likely to be decreased by dissociation. Due to the large Burgers vector length ( 0.42nm ), close to those of the smallest translation vector of alumina (basal dislocation, r b = 0.475nm ), several atomic planes are inserted and terminate on a same 01 1 2

( )

plane. Dissociation here requires climb of the partials. In alumina, most lattice dislocations are dissociated by climb at high temperature [23]. This is also the case in low angle GBs in alumina [24], as well as in strontium titanate [25]. The movement of such dislocations has to be hindered by the presence of the stacking fault in the GB. Although the component of the Burgers vectors of the partial disconnections parallel to 2 1 1 0 [ ] is not exactly known at this stage, a new structure occurs between the partials: It seems centered on atoms of oxygen and aluminum rather than on symmetry centers of the structure. The width of GB disconnections in the rhombohedral twin may correlate with the strength and extent of yttrium segregation, in so far as the disconnections in the doped crystal are similar to those in the undoped bicrystal, as expected from the same disconnections characteristics at the mesoscopic level [7]. The extent of segregation perpendicular to the GB deduced from EFTEM analysis is 1.1nm, similar to the step height. The large width of segregation parallel to the GB could be related to the widely dissociated GB defect. Investigations of disconnections in the doped bicrystal are in progress. The topological parameters of the disconnections in a GB close to the rhombohedral twin orientation have been identified by circuit mapping, and their magnitudes have been calculated. According to this approach, no assumptions or constraints such as a 3-dimensional coincidence lattice are required. The defects accommodate the deviation from the perfect twin orientation. Since they have a mixed dislocation character, adjacent defects exhibit twist components of opposite sign to cancel stress fields. Among the possible defects with reasonable Burgers vector and step height, the ones observed have the smallest Burgers vector.

4-Conclusions

The disconnection structure could be analyzed at the atomic level using the technique of exit wave reconstruction. The complex defect structure is characterized by a widely dissociated core whose structure is centered on atomic columns rather than on the symmetry centers of the structure found in the perfect twin. This GB structure has to be related with the wide extent of yttrium segregation in disconnection cores in favour of a lower dislocation mobility that could play a role in the reduced creep rate. interface dislocation arises if white and black crystal surfaces to be joined are not complementary, i.e., if r t ( ) is not a translation vector of crystal µ and vice versa. If the interfacial structure is the same on each side of the step, the corresponding Burgers vector is given by r b = r t ( ) P r t µ ( ) where P is the transformation relating the coordinate frames of the two crystals [7]. The step height is given by h ( ) = r n r t ( ) and h µ ( ) = r n P r t µ ( ) , where r n is the normal to the interface pointing to the crystal. The notation adopted for the Burgers vector is r b p / q , where p and q denote ( ) ( ) lattice planes.

The Frank coordinate system in a four dimensional space used in hexagonal and trigonal crystallography has been adopted [19].

The device exploited is a four dimensional orthogonal frame such that the Miller-Bravais symbols can be interpreted as vectors confined to a three dimensional subspace of this 4-space. The unit 4-vectors, e1, e2, e3 and e4 (e1 =[1000], e2= [0100], etc..) are parallel to four mutually perpendicular axes. Miller bravais symbols for planes and directions are interpreted as 4-vectors which are confined to a particular 3-D projection of 4-space with the rule that the first three indices sum to zero. The direction [uvtw] is that of the cartesian 4-vector [u,v,t, w], and the normal to the plane (hkil)

is the cartesian vector [h,k,i, l/ ], where =(2/3) 1/2 (c/a), and 2 =4.969 in case of alumina.

The approach combines the benefit of the Miller Bravais indexing system with the advantage of an orthogonal reference frame.

In the experimental case of figure 1 the transformation matrix represents a rotation of °180 about 011 1

[ ] and takes the form:

This matrix operates on 4-D vectors as originally defined by Frank [26], which are related to vectors expressed using the Miller -Bravais system as follows: u,v,t,w

[ ] MB u,v,t, w [ ] 4 D
A review of crystallographic calculations in the hexagonal and trigonal systems using these methods can be found in [START_REF] Pond | An eightieth birthday Tribute[END_REF]. 

P = 1 3 2 + 2 ( ) 2 + 2 ( ) 2 2 + 2 ( ) 2 2 + 2 ( ) 0 2 2 + 2 ( ) 4 2 2 2 1 ( ) 6 2 2 + 2 ( ) 2 2 1 ( )
) ). Inserted is the simulation (thickness: 5nm, defocus : -39nm ). The glide component parallel to the GB is visible ( ) below the interface before the defect) to B ( ) (at 3d 01 1 2 ( ) below the interface). Other possible Burgers vectors are also shown. 

  of the structure of GB defects at the atomic level in the undoped bicrystal is a prerequisite to further analyses of the doped bicrystal. This is the aim of the present work.

Conventional 2 -

 2 beam diffraction contrast analysis was performed on a JEOL 2000EX.Classical HRTEM images were recorded along the 2 1 1 0

  contains two periodic arrays of disconnections X and Y, alternately distributed and spaced by 26 nm, which account for the tilt deviation from the perfect twin orientation (figure1). Their Burgers vectors are r b x and r b y respectively. The deviation axis and angle ( , ) are determined by setting common axes of the twin parallel to the electron beam. In the experiment, the axes are not strictly parallel and ( , ) are deduced from the measured displacement vectors joining the Kikuchi map centers for each nearly common axis.The deviation is mainly tilt in character with = 0.8°. The low magnification high resolution image in figure2reveals that different step heights are associated with each type of dislocation3-1-Twin structureThe rhombohedral twin is described by a common dense 01 1 2 ( ) plane, and a common 01 1 1

Figure 5 depicts 2 ( ) and 01 1 4 (

 524 Figure 5 depicts HRTEM image of X and Y disconnections. An example of the circuit around the defect in each crystal is shown in (a). The additional 01 1 2 ( ) and 01 1 4( ) planes are

  r b Y have the same component along the projection axis (but with alternate sign), eliminating the long range stress field.

  appear. These are pictured in the dichromatic pattern on fig.6.We analyze firstly the defects with small step heights r b 1/ 2 and r b 2 / 3 : They possess a component along the projection axis. These Burgers vectors have a glissile part along 01 1 1

Figure 9

 9 Figure 9 depicts the phase of the electron exit wave function for the disconnection r b 3 / 4 . In one part of the image, the atomic columns of oxygen and aluminum are clearly distinguished(inserted magnification) at a spacing of 85 pm[12]. In the vicinity of the disconnection, the

  structure. The circuit made around one of the defects with translation vectors cannot be closed as the twin structure is different on each side of the partials (figure 10(a)). If we report geometrically the total circuit in the dichromatic complex, the closure failure corresponds to half of the total Burger vector r b 3/ 4 in projection (fig. 10(b)). The simplest way to interpret the defect is to consider the partial defect as being 1 2 r b 3/ 4 . A geometric model of the corresponding "faulted" structure is in agreement with the experimental image (figure 10(c)).

  the spacing d of the 01 1 2

Figure 1 :

 1 Figure 1 : Bright field 2-beams with common r g image (JEOL 2000 EX). The bicrystal

Figure 2 :

 2 Figure 2 : HRTEM (TOPCON) image of the twin recorded with the electron beam parallel to

Figure 3 :

 3 Figure 3 : "Perfect" rhombohedral twin : (a) Comparison between experimental and simulated image (defocus -55nm, thickness 15nm). The GB is centered on non-occupied Al sites (white dots, image TOPCON). (b) On the geometrical model,the octahedral sites near to the interface (schematized as 2 triangles), are slightly distorded. (Small circles correspond to aluminium columns, large circles to oxygen coumns).

Figure 4 : 1 [

 41 Figure 4 : HRTEM image (TOPCON) recorded in the projection 202 1 [ ] (GB plane

Figure 5 :Figure 6 : 3 / 4 .

 5634 Figure 5 : HRTEM images of some disconnections : (a) r b 3/ 4 (Y defect), and (b) r b 4 / 5 (X defect). The disconnection cores display different widths and structures, which are delimited by arrows. The addditional inserted planes are indicated by the usual symbols for edge dislocations. A circuit around one Y defect is shown on (a). (Same imaging conditions as in

Figure 7 :

 7 Figure 7: Schema illustrating the translation vectors around the step in each crystal.

Figure 8 :

 8 Figure 8 : Conventional bright field images of the grain boundary. (a) Disconnection Y is out of contrast. r g r b < 0 for X disconnection. (b) The two disconnections have opposite contrast

Figure 9 :

 9 Figure 9 : Phase of the electron exit wave showing atomic resolution. The defect (arrowed) corresponds to r b 3/ 4 . Inserted image corresponds to an enlargement of the lower crystal.The basal plane is vertical, normal to the image.On the model, small dots correspond to oxygen columns, large dots to aluminium columns. The distance between Al and O columns is 85pm.

Figure 10 (

 10 Figure 10 (a) : EWR image showing another GB structure at the disconnection core (arrowed). The circuit around the partial disconnection on the right of the defect is also shown; it is not closed.

Figure 10 (

 10 Figure 10(b) : Circuit closed in the dichromatic complex around the partial defect of figure 10 (a). The Burgers vector r b correspond to half the total Burgers vector in projection.

Figure 11 :

 11 Figure 11 : Schematic illustration of the formation of interfacial defects by a Volterra-like process. A defect is formed by joining crystal surfaces with incompatible steps [7].
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Appendix :

A bicrystal is created by joining the white ( ) and black (µ) crystals displaying surfaces with different orientations (figure 11). The step in the boundary is related to translation vectors of each crystal, r t ( ) and r t µ ( ) respectively. Thus, when a step is introduced in the GB, an