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As is well known (See, e.g., {1]), the’ presence of defects even in- mmor ,
o concentratlons can essentrally modify electronic properties of materrals first .
= of all semrconductors ‘This problem’ was studied in detail for point impuri-
- ties [2] and llnear translational defects - dislocations [3-6]. In both cases, the -
w lnteractron of an electron with the longitudinal acoustic vibrations can result
AT in locahsatxon of the: electron at defects. The electron states in disclinated
- materials are less well understood yet. ,
~ * cently in [7, 8] showed the possrhrhty for the hrndlng of electrons to negatrve'-' o
S :’-drschnatlons S e
oo In this Letter, we study the problem of an: electron locahsatron in drsch-; R
S ‘nated materlals numerrcally in the context of the gauge model proposed in[9)."
""" This model is the natural extension of the Edelen-Kadi¢ gauge model {10} for -
+elastic continuum with drslocatlons and dlschnatlons ‘The interaction of elec-

" trons with elastic media is considered in the framework of the deformation-

“potential theory The validity.of the effective mass approxrmatron is assumed

.~ 'When the del'ect fields are considered as the external ones, the statronary

i nSchrodlnger equatlon takcs thc l'ollowmg goncral form (cl [7])
: o

: [’ E, o

o :Here mi g is the effective electromc mass tensor, and V(r"') is the deformatron :
potential. The electron energy E is measured relatlve to the: bottom of the
, conduction band in the undeformed crystal. As is seen, the most important
R ,devratron i'rom the standard model. i is the replacement of the conventronal R
"8/3z 4 by the covarlant one Dy. In: the: presence of drslo-"i»"* T
v catlons ‘the translatlonal symmetry of elastic medra is broken, so that the
, ‘In this case [11], the covariant derivative coincides .
.- with the conventional one, so that we arrive at the standard model known in v
o drslocatron theory [3-6]. - : '

" For drschnatrons the gauge group is the rotatronal one
,_klnds of symmetry which are appropnate for dlschnatron problems

-the known’hedgehog’ in liquid: crystals {12].

Qua.htatlve analysrs performed re-

There are two R
The — }
‘first ‘one is the spherlcal symmetry ‘which’ occurs for pomt d1schnatlons hke"ﬂ
o In this case “the gauge group -
. 'is.G.= S0(3).and the covariant derivative i 1s determrned to be (DA\IJ),

L 9,95 —teJkW Uy, where W¢ are the gauge ﬁelds due to disclinations and e

‘,liyii'lS a completely antlsymmetrlc tensor. The second kind of symmetry is - the :

S

DADB+V(ﬂ1wE(o Ews(r‘) (1)

',cyhndrlcal one that holds for: lmoar drschnatrons In this case only rotations = .

4 i the plane normal to the defect lme are of unportance, 50 that the gauge' o
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- -/ 8roup reduces to G SO(2) The mvarrant derrvatrve takes then the {orm p L
DR = (8,, - zWA)lIJ Thus, for rotatronal defects a perturbatlon appears_ -
e * not only in the potentlal energy due to, the deformatron potentra.l but in the o
kmetrc energy as well.. SR o
Let us restrict consrderatron to acoustlc deformatlons As is known [1] in ‘v o
general there are six 1ndependent components of the deformatlon-potentxal*;f e
tensor. For cubrc crystals they can be reduced to two components, 50 that'_gy‘ st
the deformatron potentlal takes the form R

C oy where EAB is the stram tensor and 71.45 = EAB 36ABS’pEAB In the followrng, L
‘ j‘we will Testrict consrderatlon to materrals of zrnkhlende or wurtzrte structures A ~’;f
R ,where ‘carriers helong to a singlet band . centered at k»-- 0, kis the: wave,
S vector The only straln component that can affect the energy of such a hand: sy
is the drlatatron i.e. only the ﬁrst term in (2) has to be taken 1nto account R
Accordlngly, the effectlve mass tensor reduces to’ a scalar m‘ e
‘ T‘Let us, consrder the hnear dlschnatron onented along the z-a.xrs In thrsffg" :
a cas’e, the exact solutlon of the prohlem was found to’ have a vortex-hke form "

o Partlcularly, the gauge ﬁelds WA were found to be [13] SR ' :

o obtauned for two cases:, a) small v, thls corresponds to the partra,l topolog-:‘
f.‘rca.lly unst”able drschnatlons, and’ h) V = ’1 a: complete topologrca,lly stahle‘ S

T ls\lmportant to note that in elther case the drlatatlon was‘lfound tO“:’: )
depend only on the. radial vector 7 in the zy pla:ne The electron wave func—;_ A
- tion’ can be chosen as lIf;g(:zc,y,z) = ‘I’E(T, )‘I’E(z) Then, the statrona;ry

/ w7

jitee zﬁlGdSpEw)ut(r) k’uE(r)

o j (_FW dr Wr?
e Here we’ have used the ansatz lI'E(F) ):J u’ (r) ] = 0 :|:1 :|:2 .
LR = 2m"E/h2 The effectlve ‘potential in (@)- cons1sts of two parts, the T

S deformatron potentlal energy aud the: so-called centrlfuga.l energy, and takes\\«; S
e theform : : e S

hi(j = oy
U (r) - eG,rSpEAB + —2(;’,;;‘;)—

o 1
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’ " ’:f 6] that the localised electron states always exist (at least wrth ji= 0) provrded"
*_that the deformatlon potentral is the attractive one. Thrs is not ‘the case for

’k “evenfor j=0 there exrsts a compensatlng posrtlve term 1n (5) caused by the
':‘,centrlfugal energy. Hence the problem of the electron locahsatron in thls case

B model parameters used At u = 0 1 the lowest electron levels are found to be

',"Let us note once more that the most lmportant drstlnctron from the case of

) f'f\'drslocatrons and- pornt lmpurrtres is that the mteractron of an: electron w1th'_ i e
o the gauge ﬁeld ‘due to dJsclmatlons mod_lﬁes the krnetlc term as well. 1t is .
"'vclea.r that thrs modlﬁcatlon will result in pr1nc1pally new srtuatlon for the .

o localrsatlon process. A theoretrcal a.nalysrs of drslocated materrals showed (5,0 - -

topologrcally unstable dJschnatlons w1th the: fractlonal Frank 1ndex wherel-b

‘_lrequrres an addltronal ana.lysrs To proceed further We need‘the exphcrt form :
- of the deformatron potentlal . N ; S

‘ ‘Let us consrder ﬁrst a d1schnatron w1th a srnall Frank 1ndex in a. cylrnder ',v
; wrth an 1nner radlus li‘.c and an external rad1us R. In thrs case . the expl crt' o
form of the straJn tensor was obtaJned 1n the form‘[14 ‘15]

gt 20 )
- se) !

: An exact analytlcal solutlon of (3) w1th the potentral (7) 1s not known yet A
srmple qua.htatrve analysrs shows that the potentral (7) 1s repuls1ve for v <0
‘ ';(rt corresponds to the posrtrve d1sclrnatron [14]) and obv1ously, the locallsed
- ;electronrc states do not appear in’ thrs case On the other hand for u > 0
g i‘f(negatrve drschnatlon) tlle eﬂ'er'tlve potentlal (7) may be- the attractrve one.
"“'1 hrs\case is of our 1nterest here \ ‘

T We performed numerrcal calculatlons w1th the wide' set - of pa.rameters'
3 ‘Physrcally rnterestlng reglon in ‘Ris R~ 10"6 10 5cm Whl(\:h corresponds
~“to the" ‘mesoscopic. structural level of the plastrc deformatron ‘As is. known
:"(see, e.g. [15]), in crystallrtes of thrs srze the creatron of the small-angle (par-
j"gtral) drsclrnatrons becomes energetrcally preferable in. compa.nson wrth drs-
_locatlons of the Same geometry Notrce that in: this case’ R/R,; ~ 102, 180
* that the, last - ‘term in (6) is neglrgrble Flgure 1 shows (7) Hor: dlﬂ'erent V.
*"‘A depth of the potentlal well is’ found to’ vary. over. a‘wide. range w1th the

Gd (2 lIl

0. 2. _0 66eV E’*‘ = _0 13eV and*E”'O

a Frgure 1 The effectrve potentral (5) (rn eV) for the small—angle strarght

o wedge drscllnatron

Jets ma.rked by squares
.5 x lO“eV G— 10eV o

F 1gure 2 Normallsed wave functrons of the ground state wrth v= 0 1 -~solld
lme, V= 0 08 dashed lrne, V= 0 06 marked by squares The parameter

NG e o e

v =0. 1-% solid: lrne, v=0. 08 - daslred line, v-= 0. 06"
The parameter set used rs R~-;\5,x 10 °cm m*
,41a] S S R
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JV_ = 0 08 E"Ov -J-—O 48eV whereas at’v= 0.06 " E’"0 =; '0 48eV The levels- S e i3
i "of localrsed electrons become deeper when the depth of the well 1ncreases St
i The electron wave functlons are presented in ﬁgure 2. One can see that the_»\'v =
T a.mphtude of the locahsed wave function decreases rapldly with' decreasmg'f? ;
“‘of v.. The electron states. are found to be e1ther strongly locallsed near the i
dlschnatron line or become delocahsed over the reglon R. s b
Strrctly speaking;’ descrlptlon of strongly localised states is beyond the”{v‘
apphcabrhty of the eﬂectlve mass approxrmatlon That is. why the resultsig ;
concernlng deep electron levels must ‘be considered' only as the’ quahtatlve" S
L ;‘ones ‘Let us’ remark however, that sometimes’ the use of the’ effective mass L
“_;approx1matlon for descnptron of strongly locahsed electron states (e g, elec—
‘;"trons localised. in the core region of a- dlslocatron [16] or electrons localised ",
‘in the plane, see d1scusslon in. [17]) glves even a quantrtatlve agreement wrthi :
xpenmental results : ! '
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; Flgure 3 The effectlve potentlal (N (ln‘eV) for the complete stralght wedge
. dlschnatlon w1th V = 1 ro = 20A— sohd hne, ro = 151&— marked by squares -

‘core reglon ‘of the dlscllnatlon Namely, we found the exphclt form of the
eformatron potentral ln a. w1de space reglon lncludmg the core of a defect

=, 4(A +u)/3 A + 2u), ; land u‘ are the Lame"'constants, K(]) =
(G- V)2h2/2m‘ The’ point r'="rg i 1n (8) turns out to be the boundary between‘
”two reglons the core reg1ox} where deformatlons are large, and the reglonv
";beyond the corewhere deformatlons decrease slowly and tend to ‘a constant
,«ya.lue at'r —»"60 . In: this’ paper ‘we will analyze the case l —’0 One can ‘see
»;:’!that for j=1 the potentlal (8) becomes the attractlve one, and therefore,
" 'the drscrete levels exist at’ -any, set of the model parameters ‘This conclusrona
s conﬁrmed by numerrcal calculatrons F 1gure 3 ShOWS the effectrve potentral
jfor dlfferent Toi “The correspondlng,wave functlons etpresented in’ ﬁgure
LA AL ro 20A the’ lowest electron level is: E’ =l :—2‘l5eV For the state;
;lwrtb j= 0 the locallsatlon takes place as well but w1th the: lower amphtude,
~and’ E’ =0~ —0 62eV. As o' 1ncreases, the depth of the potentlal ‘well rapldly‘
' "”lncreases and. the first electron level becomes remarkably deeper Conversely,‘.;
for small ry the well is shallow and the: lowest level}hes ‘close to the edge of
i he: contlnuum electron spectrum "For 14 ; - ‘
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ﬂ"‘where the effectlve potentlal takes thie form [18]

.

B A

Let us cons1der the pornt hke dlschnatlon wrth the exact solutlon [18] called ‘f e

the dlschnatlon monopole The gauge ﬁelds WA were found to be: [18]

Lt : (xB)—EABrzr ' " (9)

""r »_"“‘ ;,f‘,‘;,;
- ? . . ;

":bBecause of the spherlcal symmetry, the solutlon of (1) can be chosen in the ﬁl
form \Il(:c“) = \Il(r)lII(() ¢>) Then, for the radlal wave functlon Eq (1) 1s

'awrlttenas

T !. (E U(r)))%(r)-—' (10)

U( )_ (3/2)Gq BGdcoshz[:,cosh‘l(ro/r)?] -l—K(J)/r2 , " r<r0 -
{(3/2)Gd- BG‘,;cos2[§cos-l(ro/r)2 + 37rl] + K(J)/r"’ > ro s

(1)

_-\.Here B= 2(3)\ + 2u)/3(,\ 4 2,l), K(J) [J(J 1)z 1/4]h2/2m‘ ‘ J = 1/2/ :
atje0, cJ=gxl/2at =120 Quahtatrve analysrs showed [19] thata .-
B I potential well can occur,in ‘the core. Tegion. For a suﬂicrently deep well the
i ";q’dlscrete electron levels- a.nd the loca.hsed states can appear. o
' “Let'us study thlS problem in detall by solv1ng (10) with the’ potentlal (11) i
_ . numerically. F]gure 5 shows the exact form of the wave functlons for different ;
s p. One can- see that ‘the locahsed states rea.lly appear but thelr amphtudes‘c
' decrease with decreasrng of ro. It should be noted that there is an important -
‘:”dlﬁ‘erence between the results, obtalned for the dlsclmatlon monopole and:'s L
p those for a complete Wedge dlsclmatlon Namely, as was found a.bove, the R I
e l;loca.hsed electron state: always eXlStS for the complete wedge dlscllna.tlon, at
' *: least for ji=11In the case of the dlschnation monopole the last term in ( 11)7 e
wot ‘turns out_to- be non- zero for any. j. Thus the potentlal well may appear 10
- be too shallow to locallze the electron. In fact the depth of the well is found" L
Sl to be. very sens1t1ve to the value of oL At ro = IOA the lowest electron level LR
S By =-3.3eV whereas at ro'=9A. By~ =-11eV.. ' S et
_ Let us. summarlze the main. results We showed that the blndmg of elec— s
trons to a. small—a;ngle stralght wedge dlsclmatlon take place ‘only” for the
i .;_negatlve dlschnatlon ‘The -amplitude and ‘the pos1t10n of the- loca.hsed elec-
e tron state depend on the depth of the potentlal well. The first excited: state'f.?'j'
.- is that with j=1.. For the complete strarght wedge dlsclmatlon (v=1)the =~
R locallsatlon was found to always be present for a state with’ ] =1. In contrast -
. j‘to the small—angle defect the first exclted state in thls case is the state’ w1th
e ‘] = 0 In both these cases an electron is free to move a.long the z- -axes. For )
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