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The electronic energy states of edge dislocations have been calculated by
considering one-dimensional model. The energy bands in the dislocation
regions are greatly perturbed and a ‘thin film’ of quasi-continuous energy
spectrum is superposed on the usual band structure of a dislocation-free
monoatomic crystal. The results have been discussed in the light of experi-
mental data,

1. INTRODUCTION

The role of imperfections on the electronic processes in a crystal has been
studied both theoretically and experimentally. In view of some recent
experimental evidences it is now believed that line imperfections like dis-
locations, in particular, greatly influence the electronic energy states of a
crystal. Johnston (1955) explained the anisotropic and enhanced conduc-
tivity during plastic deformation of AgBr by considering the role of piled up
dislocations along the slip planes. Reviewing the recent experimental data,
Bradsley (1960) quite definitely indicated the existence of energy levels of
acceptor type, connected with dislocations. Enhanced conductivity by at
least two orders has been reported by Gibbs and Tucker (1958) in «-Al,O4
and in LiF by Laskar and Tucker (1961) in their recent study of conductivity
through a small cluster of dislocations. Apart from electrical measurements,
the study of change in fundamental absorption band, observed by Lipson
et al. (1955) and Boas (1956), in Germanium and Gold-Silver-Copper couple
during plastic deformation indicates the effect of the onset of dislocations on
the energy spectrum. From theoretical considerations Shockley (1953) and
Read (1954) predicted that dangling bonds associated with dislocations may
give rise to acceptor levels in a valence crystal. Considering the strong
coupling between the electrons and the elastic field due to dislocations, Celli
et al. (1962) obtained similar results for Germanium. The results of Landauer
(1954) is rather different. It is, however, recognized that the role of dis-
locations on the energy states of a crystal is yet to be put on quantitative
basis by performing more precise experiments, whereas the theoretical situa-
tion is none too clear. In the present paper, the energy states of dislocation
VOL. 29, A, No. 4.
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have been numerically‘ computed with the help of Phariseau’s (1961) pertur-
bation formulae and Peierls’ (1953) atomic distribution formula for dislocation.
The results have been discussed in the context of experimental situation.

2. MobEer axp THEORY

An ideal crystal with a single edge dislocation is considered here to deter-
mine the electronic energy states. This will also correspond to a crystal
with low concentration of dislocations when the mutual interaction between
them can be neglected. Since the essential features of the problem remain
unchanged, a one-dimensional model of the dislocation has been studied.
It is well known that, if the dislocation is along the z-axis, there is an aperiodic
variation of interatomic distances for any row of atoms in the z-plane, though
at large distances from the core of dislocation the crystalline structure is
quite periodic. The functional relation of the atom movements in the region
of dislocation along any direction  in the z-plane is given by Peierls (1953) as

a L 2(1—-v)x
U(x)=—:2—’—rtan 1 p , .. .. .o (D

for a square array of atoms with interatomic distance ¢ and Poisson’s ratio ».
Accordingly the distance between pth and (p—1)th atoms is given by

Up=a+ %[tan“l {20 —v)p—1}—tan2 {21—v)p}]. .. (2
The Schrodinger equation is now set up for an arbitrary distribution of
atoms in an otherwise perfect crystal. The equation assumes the form

2m

(di;- +k2)¢(r) =g E@. .. .. . 3)

where E,, is the potential energy of the pth atom in the field of all the atoms
in the system and can be expressed as

hZ LR
Ep=— gnunzw S(x—an),
k2 = 2;";E , B = energy eigen value of the pth atom, and w = strength of

the potential of individual atoms represented by Dirac’s 3-function. _
Phariseau (1961) has shown that the energy values of an electron obeying

the Schrodinger equation like (3) are governed by the equations :

u . A (4)
€08 Bp_30p_1 = €05 kvp_3 +‘>—Ié sin kvp_y. .. .. ..
cosec Ky _yvp_[(ep+np) €08 2p_10p 1 —(epy1+Nps)] = —kepq cosec kvpoy

+€5[2u c08 kvy_y +k cos krp_y cosec kvp_—2k sin kvp_,], .. (B
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where p,’s are the phase-changes of Bloch-wave functions at different atomic
sites, e, and p, are defined by
vp = vp_1(1+5p) . . . . (6)
Pp=tpaldmy) . . . . (D)

It is to be noted that eqn. (7) has the same form as that of the well-
known Kronig-Penny relation. This equation shows that in each cell of a
one-dimensional array of irregularly placed atoms the electronic energies
have a band structure corresponding to a crystal having as lattice constant
the local interatomic distance. Eqn. (5) gives the local disturbance of a
band structure by allowing for the electron certain energy values which are
not permitted by eqn. (4). Using the distribution of atoms given by eqn. (2),
numerical calculations have been made of the energy band structure corre-
sponding to each interatomic distance according to eqn. (4). Perturbation
of the energy bands has then been calculated according to eqn. (5).

3. NUMERICAL RESULTS

Table I shows the calculated results for interatomic distances according
to eqn. (2).

TaBLE I

» Numerical
r b4 value of v »
1 vy 0-8487a
2 Vg 0-9588a
3 Uy 0-9815a
4 Vg 0-9910a
5 vg 0-9948c

First and second allowed energy bands for the first three cells in the
dislocation region have been calculated according to eqn. (4) and using the
values of v, in Table I. Table II presents the results of these computations.
In these and subsequent calculations, @ and u are taken as unity.

TasrLe II

Numerical Range of K values Width of Range of K values Width of

¥s  value of v » for 1st band 1st band for 2nd band 2nd band
vy 0-8487 1-05694 to 3-701 2-642 3-994 to 7-402 3-408
Vg 0-9588 0-9792 to 3-275 2-206 3.578 to 6:550 2:972

vg 0-9815 0-9709 to 3-201 2-301 3-510 to 6-402 2-892
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The change in gy, over the entire range of each of the allowed energy
bands is #. Using this condition, the values of 7, are calculated from eqn. (7)
while e,’s are calculated from eqn. (6), utilizing the values of v, given in
Table I. The results are presented in Table III.

TaBLE IIT

Numerical ' Numerical
? value of ¢, 7 value of T

€ 0-12620 72 —0-11090
e 0-02688 73 —0-02618
€ 0-00967 ne  —0-00958
e 0-00383 7 —0-00382
Using the proper values of vpep, . .., etc., in eqn. (5), one gets the fol-

lowing three equations for the first three interatomic cells in the dislocation
region.

cosec ¥1[0-0153 cos 2y; —0-00070] = 0-2524 cos 6;+0-14868, cos 26, cosec 8,

—0-29720, sin 6, —0-02686, cosec 8y, .. (8
cosec Yy[0-0007 cos 2¥5— 0-00009] = 0-0536 cos 0,4 0-02800, cos 28, cosec 0,

—0-05600; sin §;—0-010128, cosec O, )
cosec Y3[0-00009 cos 2Y3—0-00001] = 0-01935 cos 03+0-00986603 cos 265 cosec 0,

—0-019728; sin 6;—0-0039083 cosec by, .. (10)

where Y1 = K191, Yo = Hg¥g, V3 = Ugvg, 01 = k’Ul, 02 = k’Uz and 03 = kv3.

The graph in Fig. 1 shows the general form of the left-hand side of eqn. (5).

It can be shown analytically that at the points X and Y, 7, =g and %7-7 res-
pectively and the left-hand side of eqn. (5) takes up all the wvalues
between + o to —[(ep+79p)+(eps1+np,1)] When ¥p changes from 0 to # and
it takes up all the values between —o to [(ep+np)+Mprrtepis)]
when v, changes from = to 2=. Applying this condition, the limiting values of
the left-hand side of each of the eqns. (8), (9) and (10) are calculated. The right-
hand side of eqns. (8), (9) and (10) are plotted in the graphs of Figs. 2, 3 and 4.
From these graphs, one obtains the range of the values of  for which
the value of the right-hand side of a particular equation lies within the limits
specified by the left-hand side of the same equation. From these values of 8,
one finally calculates the range of & values and these ranges of k£ values pre-
cisely give the energies allowed for the electron according to eqn. (5) in addi-
tion to those allowed by the usual Kronig-Penny relation (4). The results
of these caloulations are presented in Table IV.
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Fig. 5 shows a schematic diagram of the energy band for the first three

g7 Allowed K valves
according to
Kronky-fenny
relstions
AMlowed K valves
due to
dislocations
[ forbidden
N-valveos

K in arbitrary uvnit —

cell ng.——w

Fia. 5. Schematic diagram of allowed values of K for
the first three cells in the dislocation zone.
Since K is proportional to E%, the energy
band diagram will have same
general character.

cells in the dislocation zone. This diagram is drawn by combining the calcu-
lated results for the electronic energies allowed by eqns. (4) and (5) as sum-
marized in Tables II and IV respectively.

4, Discussion

From Fig. 5 it is observed that the position of the energy bands moves
down as the interatomic distances increase. The width of the allowed energy
band also decreases with the increase ¢f the interatomic distance and this
decrease is larger for higher energy bands within the same cell. One would
expect a curvature in the energy band in the dislocation zone. However,
at large distances, the usual energy band as given by Kronig-Penny relation
will be obtained. On this energy band scheme, the energy values allowed
by eqn. (5) is superposed. These extra allowed energy bands are maximum
in width near the core of the dislocation and are thinner for cells away from
the dislocation as the perturbation decreases. It is of importance to note
that the energy bands are almost semi-continuous within the dislocation
regions. Apparently one would expect very high electrical conductivity
and very low frequency absorption near the dislocation. Very high electrical
conductivity has been reported recently (Tucker and Gibbs 1958; Laskar and
Tucker 1961). It would be rather interesting to verify the above predictions
if refined techniques are developed to study absorption, conductivity and
the anisotropy of electrical properties of crystals having low concentration
of isolated dislocations. Bulk measurements of electrical and optical prop-
erties do reveal the marked influence of dislocations as mentioned in the
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introductory remarks. However, the dislocation zones are much smaller in
extent compared to the dislocation free zones of a normal crystal. As a matter
of fact, a thin film of continuous or semi-continuous energy spectrum is super-
imposed on the energy levels of an otherwise perfect crystal. A strong aniso-
tropy of the electrical conductivity measured along a dislocation and in a
direction perpendicular to it should characterize the dislocation mechanism
of electrical conductivity. There are evidences of this phenomenon (Johnston
1955 ; Tucker and Gibbs 1958). These conclusions agree completely with
those of Bouch-Bruevich and Glasko (1961). Similar results have been
obtained by the above authors by considering the dislocations as charged
cylinders. General background in optical absorption has been ascribed by
them to the presence of thin film of allowed energy levels of the dislocation.
Thermoelectric measurements should be rather important in this type of
studies.

Attempts are being made to extend these considerations to helical
dislocations. It would be of interest to study these problems for a three-
dimensional crystal. However, in absence of very fine and precise measure-
ments on single dislocations, the predictions from theoretical treatment cannot
be put to rigorous quantitative test.
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