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Effect of Eshelby twist on core structure of screw dislocations in molybdenum: Atomic structure and electron microscope image simulations

Introduction

It is generally accepted that the plastic deformation of pure BCC metals is controlled by 1/2〈111〉 screw dislocations (for reviews see [1][START_REF] Duesbery | Dislocations in Solids[END_REF][START_REF] Takeuchi | [END_REF][START_REF] Duesbery | Understanding Materials: A Festschrift for Sir Peter Hirsch[END_REF][START_REF] Seeger | [END_REF][START_REF] Vitek | Dislocations in Solids[END_REF]). The reason is, as first suggested by Hirsch [START_REF] Hirsch | Proc. 5th Int. Conf. Crystallography[END_REF], that these dislocations possess non-planar cores extending into several planes of the 〈111〉 zone. This core nonplanarity leads to a very high Peierls stress that is responsible for a rapid increase of the flow stress with decreasing temperature and increasing strain rate. The non-planar core also produces a strong dependence of the flow stress on the orientation of the crystal relative to the loading axes and related break-down of the Schmid law. Such non-planar spreading of the core has, indeed, been found in all atomistic studies performed in the last forty years (for reviews see [START_REF] Duesbery | Dislocations in Solids[END_REF][START_REF] Vitek | Dislocations in Solids[END_REF][START_REF] Vitek | [END_REF][9][10][11]). Transmission electron microscopy (TEM) observations of dislocation substructures after deformation [12][13][14][15] and in-situ studies [16][17][18][19][20][START_REF] Vesely | Understanding Materials: A Festschrift for Sir Peter Hirsch[END_REF] of the glide of dislocations reveal the presence of long screw dislocation segments that indicates their very low mobility relative to the dislocations of other orientations. However, no direct experimental observation confirms the non-planar core structure unambiguously.

In recent years, advances in high resolution electron microscopy (HREM) spawned an interest in utilising this technique to investigate in detail the structure of dislocation cores in thin metallic foils of BCC metals. Two attempts had been made to observe the core structure of the 1/2〈111〉 screw dislocation in molybdenum by HREM [START_REF] Sigle | [END_REF]23]. Apart from severe experimental difficulties, these studies are burdened by two fundamental problems. Firstly, the image principally reflects the displacements at the exit surface, and because of interband scattering the image peaks are displaced relative to the actual positions of atoms at the surface [24]. Secondly, the screw dislocation normal to and terminating at traction-free surfaces generates the so-called Eshelby twist. This deformation field, derived theoretically for an isotropic material by Eshelby and Stroh [25], is characterised by counterrotations of the upper and lower parts of the foil and it is much larger than the core displacements in the bulk. In an attempt to separate the core and Eshelby twist displacements, Mendis et al. [23] revisited the concept of the Nye tensor and showed that it captures only the incompatible part of the deformation field. Their Nye tensor plots show that the displacements due to both the Eshelby twist and the dynamical scattering of the electrons behave as compatible deformations and that, therefore, they do not appear in the components of the Nye tensor.

Since the HREM image reflects the displacements at the exit surface, the fundamental questions are: (i) whether the HREM observations relate to the core displacements in the bulk, and (ii) whether the stresses associated with the Eshelby twist produce such significant changes in the dislocation core structure that the relation to the core structure in the bulk becomes obscured. The objectives of this paper are to elucidate these points by carrying out an atomistic simulation of the 1/2〈111〉 screw dislocation in a thin foil of Mo of thickness typical for HREM observations, and to simulate the HREM images of the calculated structure. The atomic displacements of the relaxed structure automatically contain the surface-induced relaxation displacements, and the effects of the surface relaxation stresses on the core structure. These displacements can then be identified as the difference between the relaxed positions of atoms in the foil and their relaxed positions in a block that is periodic in the direction parallel to the dislocation line, i. e. without free surfaces. Finally, the calculated relaxed atomic positions in the foil can be used as input for the image analysis. This provides the positions of image 

Atomistic evaluation of the Eshelby twist and its separation from the core displacements

Computational model

The object of the calculations is to determine the atomic positions around a 1/2[111] screw dislocation that is normal to a thin foil of Mo, and compare them with those in an infinite crystal. The procedure adopted in this paper requires two atomistic simulations in which the energy of a cylindrical block (with its axis of revolution coincident with the screw dislocation) is minimised with respect of the positions of the atoms. To obtain the atomistic positions near the core in an infinite crystal we utilise an atomic block which is effectively of infinite thickness. To ensure that the atoms in the block assume positions that approximate to those in a crystal of infinite radius, we impose the boundary condition that the atoms in an outer rim of the block assume the positions given by the anisotropic linear-elastic strain field of the screw dislocation in an infinite lattice. After inserting the dislocation into the block, the two terminating (111) planes contain ledges that arise necessarily due to the screw character of the dislocation. We do not give the atoms at these surfaces any special treatment and let them relax as it is done with any other atom in the block.

To determine the positions of the atoms in a thin foil we utilise a cylindrical block of the same radius but of finite thickness, terminated by traction-free surfaces normal to its axis of revolution. To ensure the correct boundary conditions in the radial direction appropriate to those expected for a foil of infinite radius we need the linear-elastic solution of the Eshelby twist strain field for an anisotropic lattice. Such a solution is not known. Instead, as an approximation, we impose a boundary condition consisting of the anisotropic linear-elastic strain field for the screw dislocation in an infinite crystal, plus the Eshelby-Stroh solution [25] of the additional tangential displacements due to the Eshelby twist in an isotropic crystal. In that way the constraint of the part of the foil outside the simulated block of finite radius is taken into account in an approximate manner. In the former, the elastic moduli of molybdenum are taken from Ref. [26]: C 11 = 464.7 GPa , C 12 = 161.5 GPa and C 44 = 108.9 GPa . Since the anisotropy ratio 2C 44 / (C 11 -C 12 ) is 0.7, molybdenum is not strongly elastically anisotropic.

Moreover, the Eshelby-Stroh formula for tangential displacements is independent of elastic moduli, which avoids the ambiguity of reducing the set of three anisotropic elastic moduli above to their two isotropic counterparts. Both these observations further justify the use of the isotropic Eshelby-Stroh displacement field far away from the dislocation. The effect of the Eshelby twist is then determined by the differences of the displacements computed in the thin foil and infinite crystal.

The reason for making the blocks cylindrical is to avoid complications associated with possible unequal distances from the dislocation centre to the lateral face of the block that arise for other geometries. This is particularly important in this case because the displacements due to the Eshelby twist are long range. In both simulations, the coordinate system was chosen such that the axis of revolution of the cylinders coincides with the z axis that is parallel to the [111] direction and thus to both the dislocation line and the Burgers vector, the x axis parallel to the [ 12 1] direction and the y axis direction. This choice of axes makes the coordinate system right-handed. In both relaxation calculations below we used the Bond Order Potential (BOP) for Mo [27] that captures the mixed nearly free electron and covalent character of bonding in this metal.

In calculations for the infinite crystal we utilise an atomic block that is periodic along the dislocation line and effectively infinite in the plane perpendicular to the dislocation line. The repeat cell is composed of three (111) planes that represent one 1/2[111] period of the BCC lattice with the outer radius equal to 15a, where a=3.1472 Å is taken as the lattice parameter of Mo. The 1/2[111] screw dislocation was inserted in the middle of the block in the direction parallel to the z axis by displacing all atoms according to the anisotropic linear-elastic strain field of the dislocation in an infinite lattice. The total number of atoms in this block was 1221. During the relaxation, 675 atoms at the distance from the core 10 < r / a < 15, were held fixed, while the positions of 546 atoms at the distances r / a ≤ 10 were adjusted. The former group of atoms thus represents an outer rim of the block in which the positions of atoms are determined by the linear-elastic anisotropic solution for an infinite Volterra dislocation. The positions of the atoms that constitute the inner part of the block are found by the relaxation during which all these atoms are allowed to move in all directions. Close to the centre of the dislocation these atomic positions define the core structure. The relaxation was terminated when the magnitudes of forces acting at all atoms fell below 0.005 eV/Å. The relaxed position of an atom i can then be written as

x ∞ i = X i + u dislo i , (1) 
where X i is the initial position of the atom i in the perfect lattice, and u dislo i the displacement of this atom due to the dislocation. The positions x ∞ i are the atomic positions in a block that is infinite in all directions and contains a screw dislocation in the middle.

In the second simulation, for the thin foil with the 1/2[111] screw dislocation perpendicular to the traction-free foil surfaces, the simulation cell is constructed by taking the relaxed periodic block of 1221 atoms from the first simulation and copying it 18 times along the z direction. This cell, which represents the foil, had the following additional properties. The origin of the z axis was chosen such that z = ±h / 2 correspond to the positions of the two free surfaces terminating the block in the z direction. Along the z direction the block was composed of 19 complete periods, i.e. 57 atomic planes of the (111) type with the layer-to-layer distance of a / 2 3 . Hence, the total thickness of the simulated foil was 5.09 nm. The diameter of the block in the (x,y) plane was about 30 lattice periods and the block contained 23199 atoms of which 12825 atoms were located in the outer rim (i. e. at 10 < r / a < 15) and the remaining 10374 atoms with positions r / a ≤ 10 in the inner part of the block. We imposed the traction-free conditions on the upper and lower flat surfaces by displacing all atoms in this block by the isotropic Eshelby-Stroh displacement field [25] 
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Here, b is the magnitude of the Burgers vector, r the distance from the dislocation, and w n ± = (2n + 1)h / 2 ± z . Only the terms of the series corresponding to 0,10 n ∈ are considered; all higher order terms not accounted for in the sum have negligible effect on the displacement field.

During the subsequent minimisation of the energy, only the atoms in the inner part of the block move while those in the outer rim are held fixed. Consequently, the displacements of the atoms in the outer rim are given by the superposition of the elastic long-range displacement field of a straight dislocation in an anisotropic crystal and the isotropic Eshelby-Stroh field [START_REF] Duesbery | Dislocations in Solids[END_REF]. This block has many more degrees of freedom than the infinite periodic block and thus the relaxation approached the stable equilibrium much more slowly than in the periodic case. Hence we stopped the relaxation of the atomic positions in this block when the forces on all atoms fell below 0.06 eV/Å. Further relaxation is unlikely to affect the positions of atoms near the centre of the dislocation. The calculated position x f i of each atom i in the inner part of the block is then

x f i = x ∞ i + u twist i = X i + u dislo i + u twist i , (3) 
where x ∞ i is the position of the atom obtained from the first simulation, and u twist i the displacement due to the Eshelby twist (including the effects of surface relaxation on the core displacements) owing to the traction-free surfaces on the upper and lower flat surfaces of the cylinder. From symmetry, the Eshelby twist vanishes in the middle plane of the foil (i.e. at z = 0 ) and, therefore, the atoms in this plane are displaced in the same way as in the periodic block. This provides a check on the calculation. The field

{x f i ,i = 1..N} ,
where N is the number of atoms, then represents the positions of atoms in a thin foil that is finite in the z direction but (approximately) infinite in the (x,y) plane. These positions are used in the image simulation in Section 3.

Structure of the dislocation core

In Figs. 1 and2 we show the maps of the differential displacements parallel and perpendicular to the dislocation line (and to the Burgers vector), respectively, for three slices taken from the upper and lower surfaces and from the centre of the relaxed block that represents the foil. The atomic arrangement is shown in the projection perpendicular to the direction of the dislocation line. The circles stand for the atoms in the three consecutive (111) atomic planes (differentiated by shading) and the lengths of the arrows are proportional to the magnitudes of the relative displacements of neighbouring atoms either in the direction parallel (screw displacements; Fig. 1) or perpendicular (further called edge displacements; Fig. 2) to the dislocation line, i.e. corresponding to the relative displacements in the z direction and in the (x,y) plane, respectively. The colours of atoms are chosen such that they get darker with increasing position along the z direction in the ideal lattice. For example, when plotting Figs. 1a and 2a (upper surface), black corresponds to the atoms in the (111) plane that terminates the foil at the upper surface, grey are the atoms in the next (111) plane below, and white correspond to the atoms in the third (111) plane from the upper surface. Figs. 1a and 2a correspond to the slice composed of three (111) planes at the upper surface and Figs. 1c and2c to the slice composed of three (111) planes at the lower surface. Figs. 1b and2b show the central slice. The magnitudes of the edge displacements are much smaller than the magnitudes of the screw displacements. However, the edge displacements near the surfaces are about 5 times larger than those in the centre of the foil and, therefore, the displacements in Fig. 2b are scaled by a factor of 10 while those in Figs. 2a,c only by a factor of 2. The atoms in the centre slice, shown in Figs. 1b and2b, experience very similar displacements as in the case of an infinite straight screw dislocation and thus the displacement maps shown in Figs. 1b and2b are practically the same as those presented in Refs. [27,28]. In the centre of the foil the core possesses very closely both the [111] threefold screw axis and [101] diad symmetry, i. e. it is practically the same as the non-degenerate core found in studies of infinitely long straight screw dislocations [27,28].

However, near the surfaces the [101] diad symmetry is removed. This is similar to the situation encountered in the case of infinite dislocations when an external shear stress in the (101) plane or tension along an axis within the standard triangle is applied [28][29][30]. The core extends into the (101) plane on both surfaces, while the displacements in the (110) and (0 11) planes are suppressed.

Moreover, as mentioned above, the edge displacements in the surface slices are much larger than those in the middle of the foil. This means that there are significant atomic relaxations in the direction perpendicular to the Burgers vector on both the upper and lower surfaces.

Further insight into the effect of the free surface on the structure of the dislocation core can be gained by considering the directions of edge displacements. It was shown in [30] that in the case of infinite straight dislocations these displacements are practically parallel to the lines connecting the neighbouring atoms so that the bond angles remain close to those found in the ideal BCC structure. This means that the edge displacements produce a predominantly local expansion. The same is found in the middle of the foil (Fig. 2b) where the displacements due to the Eshelby twist are negligible. On the other hand, near the surfaces (Figs. 2a,c) the Eshelby twist rotates the atomic bonds towards the directions perpendicular to those in the twist-free region (Fig. 2b). Hence, near the surfaces the system minimises its energy by keeping the local density as unchanged as possible and thus the nearest neighbour separations constant, whilst the bond angles are forced to change.

Determination of the anisotropic Eshelby twist

The anisotropic Eshelby twist can now be calculated by comparing the relaxed positions of atoms in the foil with those in the cell that is periodic in the z direction and effectively infinite in the (x,y) plane, both of which were obtained in Subsection 2.1. The difference

u twist i = x f i -x ∞ i , (4) 
where x ∞ i and x f i are obtained from Eqs. Eshelby twist evaluated fully anisotropically with the constraint that these displacements approach the isotropic Eshelby-Stroh solution (2) at r / a = 10 . For an isotropic material it was shown in [25] that the Eshelby twist causes opposite tangential displacements on the two free surfaces and thus necessarily counter-rotations of the upper and lower parts of the block. Similar response is expected in anisotropic crystals. This is demonstrated in Fig. 3 where we show the (x,y) component of the The dots represent positions of atoms in three consecutive (111) planes (not differentiated) in the perfect crystal at the upper surface (Fig. 3a) and at the lower surface (Fig. 3b), respectively; the triangles mark the centre of the dislocation in the infinite periodic block. The differences in the displacements of the atoms nearest to the core in the upper and lower surfaces, respectively, result because the depicted atoms have different distances from the middle plane of the foil. One can clearly see that the displacement field u twist i has a predominantly tangential character and represents rotations in opposite directions in the upper and lower parts of the foil. Since these tangential displacements vary along the z direction and become negligible for z = 0, the induced twist is not uniform throughout the block but varies with both the depth in the foil, i. e. coordinate z, and the distance from the centre of the dislocation. It is apparent from this figure that the main differences between u twist i component in the (x,y) plane and the Eshelby-Stroh linear-elastic displacements (Eq. 2) occur close to the core. This is seen more clearly in Fig. 4 which shows these two displacements for the three (111) planes at the lower surface (Fig. 3b) as a function of r / a ; the main deviations occur for r / a < 3 . At larger values of r / a the varying deviations of the values of u twist i at a given r / a relate to the effect of anisotropy. We note that the displacements calculated by the atomistic simulation approach those of the isotropic Eshelby-Stroh displacements with increasing r / a . To check the sensitivity of the displacements near the core to the boundary conditions at r / a = 10 , a calculation was performed with stress-free boundary conditions at r / a = 10 . The differences were less than 10% at r / a < 3 .

We are now in a position to answer the first question stated in the Introduction, i. e. whether or not the Eshelby twist affects the dislocation core. It will be convenient to utilize the concept of the Nye tensor [31] within which an arbitrary displacement field can be represented by a continuous field of infinitesimal (i. e. virtual) dislocations. The density of the Burgers vectors of these infinitesimal dislocations is then represented by a symmetric tensor α . It satisfies the Bianchi identity ∇ ⋅ = α 0 which constrains the dislocation network such that no dislocation begins or ends inside the body [START_REF] Kröner | Continuum theory of dislocations and self-stresses[END_REF].

The component α ij represents the density of the infinitesimal dislocations whose line directions are parallel to x i and their Burgers vectors are parallel to x j . An important property of the Nye tensor is that it describes only the incompatible part of the elastic-plastic deformation field [23,[START_REF] Kröner | Continuum theory of dislocations and self-stresses[END_REF]. Therefore, any compatible distortion of the lattice for which the displacement field remains single-valued and the strain field integrable does not affect the Nye tensor. Consequently, if the Eshelby twist did not affect the dislocation core, the Nye tensor plots calculated for the two surface slices would have to be identical to that taken from the middle of the foil. In Fig. 5 we show the three relevant components of the Nye tensor for the upper and lower surfaces and the middle of the foil. Since the dislocation line is parallel to the z direction, α 33 corresponds to the screw component of the dislocation density.

Similarly, α 31 and α 32 relate to the two edge components, for the Burgers vectors parallel to x and y, respectively. We represent the dislocation core by a region around the dislocation in which the α , are larger than some threshold. Since the Eshelby twist strongly affects the edge component of this field (as seen in Fig. 5), i.e. the relative displacements of atoms perpendicular to the slip direction, the dislocation core close to the two free surfaces is very different from that in the center of the foil. We thus conclude that the Eshelby twist strongly affects the dislocation core near the foil surfaces but not in the bulk of the foil. The Eshelby twist thus induces both compatible deformation away from the dislocation core and the incompatible deformation in the core region. The latter is not surprising since the surface relaxation strains are very large. For example, using the Eshelby-Stroh formula (Eq. 2) [START_REF] Vesely | Understanding Materials: A Festschrift for Sir Peter Hirsch[END_REF], the shear strains at about 3 Å from the core are about 0.1. The existence of these large surface strains is further corroborated by the edge components of the differential displacement maps shown in Fig. 2, where the surface strains (Figs. 2a,c) are a factor of 5 larger than the strains in the middle of the foil (Fig. 2b).

HREM Image analysis

Simulated HREM images were calculated using the multislice method incorporated into the QSTEM software package [START_REF] Koch | QSTEM[END_REF][START_REF] Koch | Determination of core structure periodicity and point defect density along dislocations[END_REF]. A model consisting of atoms of Mo placed at the set of atomic coordinates given by x f i was used, with the illuminating beam taken to be incident parallel to the [111] direction of the sample (i.e. parallel to the dislocation). Reference images were also calculated for a perfect reference crystal with a set of atomic coordinates given by X i . In both cases the imaging conditions were: an accelerating voltage of 300 kV, an incident beam divergence of 0.2 mrad and a Gaussian distributed defocus spread (arising from chromatic aberration) with a standard deviation of 2.9 nm. No lens aberrations were included in the calculation. Although these zero-aberration conditions do not give weak-phase contrast, the sample here is thick enough to be strongly dynamical leading to significant amplitude changes in the exit wave. Furthermore, the presence of aberrations would lead to increased delocalisation in the image and greater complexity in the contrast from atomic columns. The simulated image of the perfect crystal (Fig. 6a) shows that the zero-aberration conditions assumed here gave simple peaks with a single maximum at the location of each atomic column. Introducing aberrations was found to result in a more complex "donut" contrast for each atomic column. With spherical aberration correctors becoming more commonplace, the zero-aberration condition is now feasible to achieve experimentally. The simulated image of the relaxed model including the Eshelby twist (coordinate set x f i ) under these imaging conditions is shown in Fig 6b.

The effect of the Eshelby twist on the image can be clearly seen where the bright peaks are now displaced and asymmetric bright-dark contrast is seen. Closer to the core, the dark regions are not as apparent.

In order to determine the extent to which the images can be compared with the atomistic model, the intensity peak for each atomic column was located, and the displacement from the perfect crystal position computed. The images were simulated with a pixel size of 0.03 Å, and this represents the precision to which the peaks were located. The precision to which peaks in an HRTEM image can be located is a function of image resolution and signal-to-noise ratio, but the precision used in the image simulations here is similar to the highest precisions that have been observed experimentally [START_REF] Hytch | [END_REF].

Results and implications

This paper raises the question of what information on the core structure of screw dislocations can be obtained from HREM images of such dislocations viewed end-on. There are two issues: (i) the extent to which the images reflect accurately the surface core structure of the dislocation, and (ii) the information that can be gained on the core structure in the bulk.

On the first point, the images reflect the displacements at the surface, but modified by interband scattering [24] and the microscope transfer function. Fig. 7 shows a comparison of the absolute displacement (scaled 5 times) at the exit surface around the screw dislocation obtained from atomistic simulations (black) and from the peak positions in the image analysis (red). Close to the core the directions and magnitudes of the displacements obtained in these two ways differ significantly, while further away the directions are similar. The displacements from the image peak positions are slightly larger than those from the atomistic simulations. The discrepancies between the two plots show the effect of interband scattering and the microscope transfer function on the image peak positions, which are largest close to the dislocation core.

Fig. 8 compares the edge component of the differential displacement maps obtained from atomistic simulations (a) and from image analysis (b). The arrows in both plots have been scaled by a factor of 2. While on the whole the magnitudes of the differential displacements are comparable, there are significant differences in detail, again illustrating the effects of interband scattering and the microscope transfer function.

Mendis et al. [23] simulated images of a singular screw dislocation in an elastically isotropic thin foil including the Eshelby twist using the Eshelby-Stroh formula [24]. They found that the Nye plots were featureless, showing that the effects of interband scattering and the microscope transfer function did not introduce apparent incompatible deformation. Fig. 9 shows a comparison of Nye plots of the edge components α 31 and α 32 obtained from our atomistic calculations (Fig. 9a) and from the positions of image peaks (Fig. 9b). While some features are similar, there are clearly some significant differences. We conclude that in these image simulations both the interband scattering and the microscope transfer function do affect the incompatible as well as the compatible deformations.

However the magnitudes of α ij in Fig. 9b reflect those at the exit surface, which are considerably greater than those expected from the atomistic simulations in the bulk. The assumption made in a previous image simulation of such dislocations by Mendis et al. [23], that the interaction between surface relaxation stresses and the core structure is negligible, appears to be invalid. The possibility of such an interaction was raised in [36], but its magnitude was not known.

It should be emphasised that the interband scattering is sensitive to image conditions; e.g. small changes in thickness or orientation can result in considerable changes in interband scattering. The displacements observed in the experimental images of Sigle [START_REF] Sigle | [END_REF] and Mendis et al [23], which do not conform to those expected from Fig. 5, may well have been affected by small changes of crystal [23] were carried under different imaging conditions from those used in the present paper. Repeating our analysis, but using the imaging conditions of Mendis et al. (data not shown), gives displacements about 3 times smaller than those plotted in Fig. 7, and Nye tensor plots with values two orders of magnitude smaller than those in Fig. 9. Changing the microscope transfer function can clearly have a very significant effect on the measurement of the incompatible deformation using HREM.

In conclusion, the atomistic simulation of the core structure of the screw dislocation normal to the surface of a thin foil of Mo has shown that the surface relaxation displacements are large and that the surface relaxation stresses have a large effect on the core structure at the surface, with serious implications on the interpretation of HREM images of such dislocations viewed end-on. The results of the image simulations in this paper suggest that the displacements, differential displacements and Nye tensor plots obtained from the image peak positions do not reflect accurately the structure at the surface. On the other hand, the apparent displacements derived from the peak positions in the image, which include the effects of interband scattering and the microscope transfer function, are large enough to be measured in an HREM experiment. To that extent, therefore, the much larger displacements at the surface expected from the atomistic simulations are helpful, and suitable for comparison with image simulation from assumed models. But to obtain any meaningful information of the core displacements in the bulk, quantitative comparison between experimental images and those obtained from assumed structures would be essential. Furthermore, the magnitude of edge component of the core displacement in the bulk (~0.01 nm) is smaller than the currently demonstrated precision to which peak positions have been measured in a typical HREM experiment. A similar order of magnitude of these edge displacements is obtained also with other boundary conditions, e.g. when all faces of the cylinder are traction-free. Data that would provide sufficient sensitivity for the core displacements to be determined will require improvements in image signal-to-noise ratio, and therefore microscope and sample stability and cleanliness. 
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 2 Figure 2: Map of edge differential displacements for the 1/2[111] screw dislocation calculated for three slices taken from the block representing the foil at: (a) z = +h / 2 (upper surface), (b) z = 0 (centre of the foil), and (c) z = -h / 2 (lower surface). The displacements in (b) are scaled by a factor of 10 while those in (a) and (c) by a factor of 2.
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 3 Figure 3: The displacements of the Eshelby twist for (a) the upper and (b) the lower surface of the thin foil. The dots represent the positions of atoms in the three successive (111) planes adjacent to the two free surfaces; triangle shows the position of the dislocation centre. The calculated anisotropic Eshelby twist is shown in black; the isotropic Eshelby-Stroh field is in red. Note the opposite rotations in the two slices. The lengths of the arrows are scaled by a factor of 5.

Figure 4 :

 4 Figure 4: Comparison of the decay of the absolute displacements around the dislocation at the lower surface of the foil, u / a , with the distance from the dislocation, r / a . The purely tangential displacements obtained from the Eshelby-Stroh formula (2) are shown in red. The calculated displacements of atoms in the three (111) planes adjacent to the lower surface of the foil are plotted by black. The black dots above the Eshelby-Stroh displacements come from the atoms in the (111) plane that terminates the foil.
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 5 Figure 5: Plots of Nye tensor components for three slices taken from the upper ( z = +h / 2 ) and lower surfaces ( z = -h / 2 ) of the foil and from the middle of the foil ( z = 0 ). The colours correspond to the density of the Burgers vectors of continuously distributed infinitesimal dislocations. The component α 33 corresponds to the screw component; α 31 and α 32 to the two edge components parallel to the x and y axes, respectively. The circles represent the relaxed positions of atoms in the three consecutive (111) planes.
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 6147 Figure 6: Simulated HREM images of: (a) a perfect crystal containing no dislocation; (b) the relaxed crystal containing the screw dislocation with atom positions given by the set of coordinates x f i .
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 8 Figure 8: Comparison of the edge component of the differential displacement maps obtained from atomistic simulations (a) and from image analysis (b). The lengths of arrows in both plots are enlarged twice. The intersection of the dislocation line with the plane of the figure is marked by the red triangle.
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 9 Figure 9: Comparison of the Nye tensor plots α 31 and α 32 obtained from (a) atomistically calculated positions of atoms in the three (111) planes adjacent to the upper surface of the foil, and (b) image simulations at the exit surface of the beam.
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