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Dechanneling by dislocations: A model quantum-mechanical calculation
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A quantum-mechanical treatment of the effects of dislocations on planar dechanneling is given. A simple
harmonic model for planar potential due to two planes surrounding the channel and corresponding bound states
in this transverse potential are considered. The transition probabilities among these states, due to distortions in
the planar channel and the resulting dechanneling probabilities for varying distortion are calculated. The energy
dependence of these dechanneling probabilities for initially well channeled particles has been estimated.
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I. INTRODUCTION oscillator-type potential for smaller amplitudes. With these
basic concepts, a quantum-mechanical formulation is devel-
The effects of defectéboth point defects as well as ex- oped, and a description for dechanneling is given with spe-
tended defecjson charged particle propagation along majorcific reference to dislocations.
crystallographic directions and planes have been studied for In this work we concentrate on a quantum-mechanical
some time. The motivation has been to be able to us@&odel for the effects of dislocations on initially well-
charged particle probes to study the materials for their puritghanneled particles in a planar channel. For the case of stack-
because the properties like conductivity, stress, and tensil@d faults, the effect is obstruction type and the treatment is
strength, etc., are influenced by the presence of defect§imple, whereas for the case of dislocations the channels are
These defects have a great influence on the characteristitistorted and these distortion effects on channeling are incor-
properties of the materials in general, and semiconductors jRorated by introducing an energy tef(2E/R)x] due to
particular, where the formation of the dislocations during thetransverse deflecting centrifugal forte being the average
growth modifies the properties like carrier density, lifetime €nergy in the curved part of the channel with radius of cur-
of minority carrier, etc. Another motivation is to study the vatureR andx being the position of the particle in a trans-
strain created vis-a-vis defects generated during growth oferse direction. This term is to be added to the well-known
semiconductor devices like quantum well heterostructhires Continuum potentiaf surrounding the channel, which acts as
In the case of point defects, one can study the related effecss restoring force. We are considering the regions outside a
due to impurity scattering by evaluating, quantum mechanicritical region around the dislocations. The regions within
cally, the corresponding scattering cross sectfossmilar ~ that critical radius are distorted heavily, which leads to
quantum treatment for the effects of extended defects likélechanneling of most of the particles arriving in that region.
dislocations has not been given so far. However, the regions outside that core region are only mod-
The extended defects can be broadly classified betweegfately affected, and the channeling and continuum model is
obstruction type(like stacking faults and distortion type still valid and used extensively by incorporating the effects
(like dislocation$. Recently, we considered the dechannelingof distortion through the above-mentioned centrifugal force
effects due to stacking faults, quantum mechanicatiere  term. The situation in these regions is similar to that found in
we present a quantum-mechanical model calculation for théhe bending of beams by bent crystal channéfirxplained
dechanneling effects due to distortions of the planar channé¥ith continuum model. The condition is that bending should
caused by dislocations. The presence of dislocations and tH€ less than the critical angle for channeling. The critical
resulting distortions affects the spectrum of channeled fluxminimum radius of curvatur®,. of channels below which
even though the energy loss of well-channeled particles i§he particle will dechannel completely can be obtained by
not significantly affected.Classical calculations related to equating the deflecting centrifugal force to the restoring
the effects of defect€ on channeling are good enough for force due to planar potential, evaluated at the minimum dis-
heavier particles like protonsy particles, and heavy iofs. tance of approachsg, and is given by****°
However, the interaction of lighter particles like positrons
and electrons with solids should be described quantum 4E
mechanicall§f because these particles cannot be regarded as Rmnc= 72.2,62CN..
. : . 142 p
being localized but rather as an extended wave in the
crystal? Moreover, these light particles are very sensitive toHere, N,=Nd,=2NI, with d,=2I as width of the planar
probe various kind of defects present in the sofidduring  channela;g is the Thomas Fermi screening radi@js the
the propagation of the channeled particles, the longitudinalindhard constant given by3, z,, z, are the atomic num-
energy is nearly constant and the motion is of a free particlders of the projectile particle and target atom, respectively,
type. In transverse space the particle sees a continuum pandN is bulk density of atoms in the crystal.
tential due to an atomic string/plane. For positive particles All the particles coming in the channels with a radius of
like positrons, this may be approximated to a harmoniccurvature less thaR,,. will get dechanneled. Using the stan-
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The expression for the dechanneling radigsn terms of
the minimal critical radius of the curvatui,,. is obtained
by equating the restoring force-(ydV/dy) to the maximum
value of the deflecting force due to curvature, as described in
Sec. | and one may notice that, due to these relativistic ef-
fects,r in Eq. (1) is enhanced by a factor afy.

As in the stacking fault casethe quantum description
means transition among the energy levels in the transverse
potential. These transitions are induced by the distortion cre-
ated due to dislocations. As before, we use a harmonic os-
cillator model for the transverse potential and the sudden
approximation for transitions. The coupling constantap-
pearing in the normal harmonic oscillator model potential
a=+mlL w/f) will change toa’ in the distorted portion
because the oscillation frequency of the particle gets modi-
) fied in this distorted portion.

FIG. 1. The planar channels that are distorted due to presence of ¢ o0 constant that is modified due to the distortion of
a dlslocatl_on. Herdr,, is minimal radius of curvature of a typical the channel is obtained with the consideration of the har-
channel situated at a distancg. - . . - .

monic approximation to the above effective planar potential.
dard displacement equations, the corresponding critical distNiS analysis is appropriate for the channels that are situated
tance of such channels from the dislocation cogeis far away from the dislocation, which in turn implies that we
calculated®®** As shown in Fig. 1, the channels outside this @re considering crystals with low dislocation concentrations
region of radiusr, around the dislocation core, called the (typically, 10—1C° per cnf).
dechanneling cylinder, are distorted slightly and result in Classically, initially a well-channeled particle in an undis-
only a slight modification of the state of motion of the chan-torted region starts oscillating about the axis of the distorted
neled particles. We concentrate on the simplest case of screshannel. Once it enters into the distorted portion, the poten-
dislocations with low concentrations so that there is notial minimum is shifted due to curvature by an amount of,
nucleation of dislocation loops. Here we consider the chansay a,, which reduces the available space in the channel.
nels situated farthest from the dislocation axis. The amounthe expression for the shift in the potential minimuan
of distortion present in a channel depends on the averag@bout which the particle oscillates the distorted channel
concentration of the dislocations One can make an esti- is obtained with an approximation, namely, neglecting fourth
mate for the farthest distance from the dislocation in terms ofind higher-order terms of L that in turn means that we are
dislocation concentratiofr §®=3(n"?)]. dealing with those channels that are not heavily distorted

On the other hand, by solving the displacement equation§.€., not very close to the dislocation axisThis in turn
for screw dislocation, the minimal radius of curvature is ob-introduces a max. error of about 6% and the shift in the
tained from which one may obtain the mean dechannelingquilibrium axis is given by
radius, and is given By

bRy, B2\ L2 B RV,a
r(,:\/( 1°), D a= (F)+7—E; B=——2—, L=ltar.

with b as the Burgers vector. ()

IIl. QUANTUM DESCRIPTION The channeling/dechanneling phenomena under this situ-

We consider the motion of the positrons described in thedtion is governed by the overlap integrals of the appropriate
rest frame of the particle. In this frame the particle “sees” Wave functions in various regions. As shown in Fig. 2, there
the continuum potentiahV/(x) in the transverse direction are three boundaries over WhICh. the particle has to cross
because of the fact that for the relativistic energies, the conduring the passage through the distorted channel, to find it-
tinuum potential in the transverse space is enhanced by $€lf again in a straight channel. These three boundaries are
factor of y [=1/m]' due to the length contrac- not so sharply well defined. However, for simplicity of the

tion in the direction of propagationz]. When the particle presen{mode) calculat!o_ns, We use ia.sudden approximation
. to calculate the transition probabilities across these three

enters into the distorted portion, the motion of the particle i . ) o .
P P %oundarles, and, in what follows, we will identify these

modified due to the influence of the curvature, and in thi dari hree interfad@sil. and IN. Th ‘
distorted part of the channel the modified continuum poten: oundaries as three interfadgsll, and lll). The wave func-

tial as “seen” by the particle becomegVq4(x), which is tion of the particle in different regions may be denoted as
written as

Veir= YV(X) — y*mu > EM X (2 =i = ¢ 1lzex o Hi(ax) (4)
YVett=Y Y z 7T(r3+y222)2 : i L 2 ilax),
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FIG. 2. (a) Typical planar channel of some finite curvatiRe
a, is the shift in equilibrium position due to distortion(b)
Straight model channel replacing the channel of g@rtHere, I, 11,
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for the present case of AlL11), b is taken as 2.86 R This
Erl,)ax approaches, ., for those channels, at the farthest dis-
tance from the core.

A. Channeling probabilities across(l) interface

The channeling probability of the particle with an initial
state|i) to cross the first interface and to be in the stafen
the distorted part can be defined as

pim = )2, 9

where the subscript 1 in the state denotes the relevant wave
function that corresponds to the distorted channel after the |
interface. The corresponding probability of occupying any
one of the statef ) (j max<ima? iS

Jmax

p!=]_§0 (D)2, (10

So the dechanneling probability éf is y!=1—p!. We
introduce a parametersuch thate’ = 7, which represents

and Il are various portions of distortion through which the particle gistortion effects. The evaluation of the above integrals is

passes, and, is the equilibrium position about which the particle

will oscillate.
12
a/
= w|: ex

Jm2lj!

—a'?(x+a,)?
2

1
Y

XHj(a'X-i-a'ar), (5
’ 172 12 2
a —a'“(x—a,)
””Z*”F(m) o=
XH(a'x—a'a,), (6)

242

2

1/2
Y= tp=| ——]| ex Hi(ax).  (7)
Jm2ff

The maximum number of quantum states supported by
planar channe{surrounded by two plangss estimated from
the equation

)

with o= \k/ym. To calculate the force constant, we con-
sider the planar potentfat!~14

: 2
('max+ %)ﬁw: %kxmaX'

1 1
+ ;
|+amp—Xx |+apet+x

V(X) = 2V0a.T|:

— 2
Vo— 77'21226 Ca-,—,:Np .

straightforward, though laborious, and the details are given
in the Appendix.

B. Channeling probabilities across the(ll ) interface

The channeling probability of the particle with the inter-
mediate stat¢j) to cross the second interface and to occupy
a statg k) can be defined as

Pi_k= (2 V).

Here the subscript 2 denotes the wave function in the second
part of the distorted channel after crossing the Il interface.

Corresponding the probability of the particle to occupy
any one of the staté&) (Kmnax<ima) IS

(11)

(12

kmax
p;|<1>2k20 (K[ X}I(nz 1- p;|<1>-
a

To evaluate the various matrix elements in this case, we
make use of the general expression obtained jfide) in our
recent work® and one may easily verify thgtk(®)|j(1))|2
= [j @[k,

C. Channeling probabilities across the(lll ) interface

The channeling probability of the particle with intermedi-
ate statgk) to cross the third interface and to occupy any
one of the statef)(f<i) is

3
=3 (KD di=1-pll, a3

The maximum number of quantum states in undistorted

continuum potential 5= frmax is found to be 3 for a specific
case of 12.25 MeV {=25) positrons channeled along

Al(112). The number of quantum states available in the dis-

with

pra 1= [(FIK@)|%. (14

torted portions 1 and 2 are estimated with the above proce-

dure, replacingV(x) by Vg(X) and found to be 1] 1;x

=ki?) =1), corresponding to a channel situated at a distance

of 15r, from the dislocatiorir, obtained from Eq(1) and

For example,

Pu)_o=1(0]0@)|2=28Ex=|(0V]0)|2.
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Similarly, one can obtain other amplitudes and verify that 3.00
[(f]k@)]2=|(jD)]i}|? for the same quantum numbers lof
andj. The transition probability for the passage of an initially
well-channeled particle through dislocation will be the prod-
uct of the transition probabilities across various parts of the
channel where the effects of distortion are suitably incorpo-
rated. The general expression for the total channeling prob-
ability of the particle with a specific initial stafé) so that
the particle feels itself again in the straight channel with final
state|f) (after passing through the various portions of dis- 2.00

2,50

PR N B O S Y I}

tortion) has been obtained and is given by >c; :

E ]

K i e} :

max max .

Pii= X | Prad X Pi—jwXPjv) k@ | | =Pt_i- ]

k=0 M=o 1.50

(15 ]

The total channeling probability for an initially well- ]

channeled particle to find itself again in the straight channel ]
after passing through various portions of the distortions is 100 1
given by 15 25 35 45 55 65 75

. s (a) distance ( units of r,)
Po= 2 (Po_1); Xo=1—po. (16) 115
f=o . 030

070
[lI. RESULTS AND CONCLUSIONS 060

050

M R e |

We have developed a quantum theory of dechanneling

due to defects with special reference to dislocations. The 040
theory is valid as long as the number of quantum states sup- 1.0 030
ported by the transverse potential due to the two planes is 020
small. This happens for light particles like positrons in the 010

shitt (apr) in bohr units

o
o
o

MeV range. We studied the dechanneling processes by con-T  1.08
tinuous distortions of the planar channels, mapping to three
distinct regions(Fig. 2 and corresponding displaced and

modified wave functions. This happens for channels far away

15 25 35 45 55 65 75
distance (units of 1))

PR RN T T VY NN T S S W Y )

from the dislocation, which in turn implies applicability of 108
the present calculation to lower concentrati¢ins., no inter- ]
action between dislocationgOn the other hand, for channels 1.03 ]
close to the dislocation axis, the distortion is so heavy that R
one cannot talk of crystallographic chann&dse Fig. L ]
In Fig. 3(a), we have shown a variation of a max. number 1.00 ] | —
. ‘III|II|l|lllI|ll"ll'llll

of allowed states in the distorted channel as a function of
distance from the dislocation. The atomic planes at consid- . .
erably larger distances from the core are distorted slightly ® distance ( units of r,)
and thus  carries the signature of the distortion effects. We

notice thatj ,.x approaches asymptotically t@.,{=3) asrg R
increasegi.e., the channel is almost straighs mentioned planar char_mel v_wth distortion of thg c_hannel_wher_e these effects are
expressed in units afy. (b) The variation of distortion parameter

earlier, this depends on the concentration of dislocation;” " =7 . . X !
: . (7=a'la) as a function of distance from the dislocation.

s. Thus, for lower concentrations, we have a family of

channels through which a particle can propagate successfultfie particle recognizes the absence of distortions in those

without much dechanneling. We consider the channels startegions and obviously the nondiagonal matrix elements van-

ing from 15, (this corresponds to a concentratien3  ish fora, =0, implying that a well-channeled particle cannot

X 10® dislocations/crfi below this the channels are distorted suddenly go to oscillatory behavior in an undistorted chan-

heavily leading to the formation of dislocation logp® a  nel.

farthest distance 3@ (this dislocation concentration is typi- The results for channeling probabilities obtained from ex-

cally ~2x10’/cn?). In Fig. 3b), we show the variation of pressiong15) and(16) have been plotted in Figs. 4 and 5 for

the distortion parameterwith r,. We notice that, for larger an initially well-channeled particléi.e., ground stafeand

ro, the radius of curvatureR) of the distorted planar chan- first excited state, respectively. One may notice that, at some

nel increases to infinitya,—0 and7—1 as expected, be- values ofr,, there is a sharp increase in the probability for

cause the coupling terms in the wave functions are identicaindividual transitions. This is a result of the change in the

15 25 35 45 55 65 75

FIG. 3. (a) The variation of number of states supported by a
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1.00 FIG. 5. Influence of the channel distance from the dislocation on
total dechanneling probabilities for the initial std@ and|1) de-
noted byy, and x;, respectively.

> 080 always less for any channel as comparedg idparticle ini-
= tially in the first excited stajebecause a well-channeled par-
2 ticle, even after making transitions to other excited states in
© distorted portions of the channel, manages to remain chan-
n 060 - ~
o) neled for higher curvaturedesser radii of curvatur¢ghan
,‘5_ does the initially excitedoscillating particle. In the present
simple model calculation, these effects are manifested in a
2 0.0 natural way.
r)
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FIG. 4. (a) Influence of channel distance from the dislocation on ‘0-_ 4
channeling probabilities corresponding to an initially well- 0.30 J
channeled particle|()=|0)). (b) Influence of the channel distance g’ 1
from the dislocation on channeling probabilities corresponding to = :
the initial state]1). g 0.20
c 4
m -
number of states supported in the distorted portions of the < 0.10 -
: . o E o 0.10
channel(i.e., after the | and Il interfacesThis is also re- @ 1
flected in the overall dechanneling probabilitigs and x4, © )
respectively, because corresponding channeling probabilities  0.00 ++ e

approach unity for the channels situated farthest from the
dislocation axis, which means that a slight dissociation of

dislocations reduces their long-range distortion, as discussead

in classical analysi&As expected, the overall dechanneling
probabilities for an initially well-channeled particley() is

FIG. 6. Energy dependence of total dechanneling probability of
the initially well-channeled particlg .
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If the particle, after passing through various portions ofalized in classical descriptions. Figure 6 shows the energy
distortions, goes to a state which is the same as the initialependence of dechanneling probabilities for initially well-
state, the corresponding channeling/transition probability ighanneled particles. At the lower end of these relativistic
much higher as compared to other transitions. This is exenergies, it is linear in variation, and as the energy increases
pected, and can also be seen through the assymmetric natyéethe higher side of the relativistic energy, the energy de-
of the planar channel. The channeling probabilities, corrependence tends to be slower than linear.
sponding to a different initial and final-state combination, are
very low, and approach zero as the channel distance in-
creases from the dislocation. So, the dechanneling probabil-
ity depends upon the final state of the particle, which in turn
reflects the phase dependence of the approaching particle L.N.S.P.G. is grateful to the University Grants Commis-
near the distortion. sion for financial support. A.P.P. thanks Professor Yu Lu and

Equation(15) carries the signature of an interesting left- Professor P. N. Butcher for hospitality at ICTP, Trieste,
right symmetry built into the problem that is not clearly re- Italy.
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APPENDIX: EVALUATION OF INDIVIDUAL TRANSITION AMPLITUDES: [G@i?

aa’ aIZ -

w21V & PENE)
o 1

f_ exp{—z(a2+a’z)

Here we denoteg8= 7/(1+ 72); £=72/(1+ 7?), andEx=exp{—&a?a?}, and this notion makes the final expressions for tran-
sition amplitudes more compact. By substituting the Hermitian functions corresponding to various states and evaluating the
integrals, the expressions for individual transition amplitudes are obtained, and they are

We have

(i ®li?=

X X+

ar
a’+a'?

2
]Hj(a’x-i- a'a)H(ax)| .

[(0™M]0)|?=2BEX,

2
[(1]0)|?=4B%a*afEX,

2
EX,

1—-72
1+ 72

(@l0)=5 | agtatar—2

B
|<3<1>|o>|2:2—4 [@a, (2472 — 367+ 127) + o2’ (8733 + 247¢%2— 87°) %X,
(0[1)|?=4B¢aalEX

(1M]1)|>=8p%1- £a?aZ]’EX,

(29| 1>|2=§ [, (2457~ 20¢) + oPa}(872£°— 167262+ 87%¢) |°EX,

(3] 1>|2:4£8 [(48B&—24B) + a”a?(967¢° — 1687¢2+ 727¢) + a*ay (167°E* + 48765 - 167°¢) |°EX,

2
EX,

1—-72

1+ 72

O2)2=4 |2

+ 4§2a2ar2

|<1<1>|2>|2:§ [8B&2a%a’+4Baa, — 24B¢aa, |2EX,
|<2<1>|2>|2:3£2 [4882+ a®aZ(967°£% — 9662+ 8726+ 16¢ — 87%) + a*al(1672¢% — 32r2£% + 167%¢2) — 4]°EX,

|<3<1>|2>|2=%2 [aa, (—4808£%+4328¢+ 4872 — 483 — 721+ 247)
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+a®ad(—320r&*+ 6247¢3 — 3367¢2+ 167°£3+ 327+ 4813 — 167°) + a®ay(— 32r° 6% — 967% + 32r%¢2) °EXX,

B
|<o<1>|3>|2=2—4 [12¢aa, — 24B%aa, — 8£%aca’]?Ex,

2
B+968£%a%a’— 48B¢a’a’— 16B&%aa) + 24B8¢£a%a?| EX,

B 1- 7
(1) 2 -
A=t 2d 1

|<2<1>|3>|2=%2 [, (1442 — 4808%E — 1206+ 2408°) + aa’( — 320¢% + 487263+ 4006° — 96£° — 967242 + 487%¢)

+ ada’(— 327265 — 32723+ 64724 2EX,

_ 2
|<3<1>|3>|2:i[ 960/33—288%—144;3(17:

115 + a?a?(288(0B¢% — 3456842+ 1008r£2+ 8648 — 5767¢° — 432r¢)

+ a*a} (96075 — 2016r£%— 967°£4+ 288r3¢° 4+ 1248r£° — 1927¢% — 2887362+ 967°¢)

2
Ex.

+a%a’(647°£5— 1927°E%+ 19273 ¢ - 647°E°)
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