
MODEL FOR LOCALISED MODES 
IN CUBIC CRYSTALS 

' F i e  molecular moi!ci ofJnswal' h3s been evtc~idcd to take into account the 
second w ~ a h h o u ~  inlemctions. T!x- frcqucncies of  the localired modcs due to 
U.ccntrer i n  .1lka11 IhaI;J:u and sub.rt~:utionai i~npuritles in I1 l .V  semmnducrors 
have becn wn~putrd mcl dlscursed In rciation to thelr in!r;trc;i absorption spectra. 

k'or ~ h c  study of the local mode vihwtions due to point defect i n  crystals, 
the molecular luodel put forward by Jaswal' has been found to be of grcat use 
i n  c s t i n u ~ i r ~ p  tile wcakcning of the forcc constant between the defect and iis 
first neighbour by fittlng the calcularing local mode frequency for the U-centre 
with the rxperimenti~l infriired absorpt~on frequency.  Such a knowledge of 
the  forcc consiants between the U-centre and its first neighbour slkali ions in 
dilrirent :llk;tll halides was helpful i n  rxplsining thespllrting of the  degeneracy 
of the loial mode vibration due to li-centre in alkalr halides when an  addition 
irnp~irity of another alkali ion is introduced in rhe first coordination sphere o f  
(.he ti centrez. Since the infrared specrra of alkali halides containing U-centres 
ilnd additive ha loge^^ impurity In the second coordination shell have becn 
reported by Mirlin and I?eshina3, it was felt necessary to work out  the 
molecular model io take i n t o  account the substitutional impunties in the second 
neighbour coordination also. 



As a first step we have carried out numerical czli d a t h n s  ci I the boc::!iscd 
mode.; due to U-centres in alkali halides and Bocalisec modes dare lo defcctr; in 
HI-'V Semiconductors, rnarnEy with the idea of estimating t!?e weakening of rhe 
force constants between the defect and its first and se.:ond neighhours and  the 
results are presented In this paper. 

"[he theory employed is jus t  an extenrion of t h a t  ofJa6wal" hy taking a 
bigger inoiecu2nr u n i t  with the defect a t  the centre, surroundid hp  t h r  firs? 
ne~ghbours and second neighbours. We assume filar in the localised nlrde, 
th i s  unit alone takes par t  in the vibration, wi th  the  rest of the iatnice a t  re:t. 

We treat the  interaction patentiail in  the  rigid ion approxinztion and take 
the electrostatic Coulcmb interaction betwi.cn the  d i f h e n l  ions and the shor? 
range central interaclion upto secotd nelgl~bours. I F  the nwnher of Lirst 
neighbours is nx and nurnbcr of second neighbours is n,, then the potential 
can be written as 

where a ir the Madelung conrtanr of the lattice and r., represent t h e  distance 
between an atom and its first neighbour and r ,  the distanct between atom and 
its second neighbour. 

Foliowin",aswal', the coupling coefficient due to Coulomb interactiun 
between atom i and a tom I '  can be written as follows. 

1. 1'- 1. By symmetry of th; lattices of NuCI. CsCI am! Zn.7, we find 
tlaat DEp ' I -  I) which represenys the interaction on t i e  aion? 1 by the rest o f  
the crystal turns out t o  be zero. 

where e ( I )  and e ( l f )  are the charges of the ions I and 1' and j r (1-  i')I 
represents the equilibrium distance between I and Is. 

Following Xellerman4 the short range potential a', For nearest n e i g h h o ~ r s  
and Q12 for next ndarest neighhour are defined by 



where ~y :utd ra represent t h e  equiiibriurn first nelxhbour distance and 
second neighbcurs distance respectively and Y is the volume of the uni t  sell. 

( a )  N9c.k Soll Srructure: Let us designate the  defect atom (11- ion) 
as 1 biruaicd a t  the origin and we have six first neighbours N0+atom he belled 
from 2 to  7 and situated a t  ( l O O ) r o .  (iOO)r,, (O,O)r,, (0i0) i , ,  (OQl)r,, 
(OOf) PO The second neighbour 61' ions are  12 in n u m b e r  and they arc 
labelled from 1 .= 8 lo 19 and their position vectors in order are given below. 

(s) ( I I ! ) ~ ,  (9) ( i i ~ ) ~ ,  (10) ( l i o ) ~ ~  (11)  ( i i o f r 0  

( ! 2 )  ( 01  1)ra (13)  (oii)ro (14) (0 (15) ( O T L ) ~ ,  
(16 )  (1 0 1 ) ~ ~  (97) (101)~" ( 8 8 )  (h01)ro  i19) (1Oi ) r ,  

The main aim is t o  obtain the  dynamical matrix f o r  this molecule with 
19 adorns having Oh symmetry and to find out the normal modes. 

Using Eq. [2] the Coulomb pert of the dyvlarnical matrix can be written. 
The first ncighbour short range interaction is descr~bed rhrough the parameter 
A and B a n d  second neighbour short range inreractiori through A ,  and 5, as  
defined above. 1 he  Interaction betueen the defect ar;d its first neighbour is 
described thlough sirnriar paramrxrs d a n d  B' and that hetween defect and 
second neighbours through parameters A: and B : .  'We assume that therc is 
no relaxation around the defect and that makes R' - PY and B: = B, .  Ooe 
can Rowcver find out tho values o f  B' and B: by fitting the infrared data and  
in order to simplify the problem this has not been dome here. Further the 
second neighbouc interactions hetween the positive ions are  neglected. With 
these parameters the short range coupling coefficients are worked out  to be 



for 2 runn ing  from 2 to 7 

whe;e I rrrns from 8 to 19 

For first neigbbours iateraction with !gi and I ' # I ,  we have 

For second neighbour halogen-halogen interaction \ ~ , i t h  l+ l  and l '+l, one 
can obtain 



The ions are assumed to  carry u n i t  charges. The p:iratnaters A, B, A i ,  Bi 
tire related Lo the elastic constanrs and rlie infiered freylimcy a6 given by 
~ o r v l e y '  

The equilibrium condition is 

B + 2 &  - - 2 1 3  

When a M i s  the Madelung constant. From these! equations using the tivilable 
exparirnen!aI daia of C,,, C,,, w T , ~  etc. the short  range parameters are 
calculated for the sodium, poiassium and rubidium halides. We assume 
n weakening of i h o  shor t  range inreraction by 50% for I/ centres and hence A' 
is taken as ~ / 2  and A': is taken a s  A 1/2. 

With these short range nnd long range coupiing coetficlenl the dymrnical 
irlatrix of order (57 x 57) for the set of determinei~tal equations can be written 
:ind this  was diagonalised to gat the eigenvalues and eigenvectors. The 57 sigeri 
frequencies fail under the following irreducible reprcsentalions for the O,, 
poinr group 

The U centre local mode falls under F,, representation and correspol~ds to  the 
highest  three degenerate eigenfrequencies. The  other perturbed normal modes 
a t e  less than the longitudinsi optical frequency for zero wavevector of the 
perfect lattice. They cen be classiiied into the various irreducible repre- 
sentations by comparing the eigenvectors obtained a i t h  those  given in the 
tables of L u d ~ i g . ~  

l u s t  lo see t h ~ ,  nature of  Ci centre frequency for no change in force 
constants namely A' ..A A; - A,,  a simple caicuiation was done for U centre 
ill iVuCI, The U crnire frequency was found ro be 15.83 x 1013 sec-' as against 
the value of 15.90 x 10" sec-I obtained by ~aswa! '  for his Rrst neighboui 
nlodel b r  4 '  A .  



In fact. A' was given values rangin? from A to ~ / 4  and simiiarly A;  
frnm A ,  to ~ ! / 4  and a!i possible combinations of the va?ues of A' a n d  A; were 
trl-d i n  a sample calcula!ion for the V centre frequency in IVUCI. Hr is found 
that :he best fit could be made with thecornhination A' - AIZ and A :  - ~ 1 / 2  and  
zccordingly in subsequent calculations of U centres of other alkali halides, 
only this combination of A' and A: is taken. 

Table I gives the results of  our compi tatioa for V centre frequencies of 
various alkali halides. Experimenia! resul!s of Fritz ?T 01' are also given for 
comparison. We havz also made computa:ions for the gap mcde frequencies 
in KI due  to both anion and  cation in~purities. Table I I  gives our computed 
results and experimental results of ~isvers*. 

TABLE 1 
Li Crnrre fraquencier /ram Alkali Itoirder 

- 
Local m o d ~  frequency 13 units 

of 1 0 L 3  sec-' 
Crystal 

Calculated 

9.88 
9.26 
8.57 
8.91 
S.51 
7.68 
8.63 

7.94 
7.31 

Experimental 
-- -- 

10.65 

7.7L 
8.12 
9 45 
8.48 
'7.19 

8.96 

8.06 
6 81 

TABLB 2 
Gap mode /requeircies in K1 (in nnifs of !O19sec-1) 

Locaiiscd node freque;-cy in 
units of POra rec-I 

:mpo;ity - --- 
Calcu!ated Experimental 

F- 2.86 2.4 
Cl- 1.59 1.45 
Br- 1.18 1.90 
Na 2.81 1.22 
Ca 0.98 1.57 



From the results it is ewdznt {hat the weakening of the force coustant 
for Ii centre is around 50% for halkali balidcs and a scsoiid neighhour model 
dozs not improve the  caicu!ated value of U centre frequency from that  of a 
first neighbour model as can be seen from the present results of 5; cenire in 
NuCI and that of Jaswal. This is further reflected in our computed resulis of 
U Cenire in NdCl, where we found that one A' is fixed a t  AIL, di!feront values 
of A: d d  not yicld very diKerent values for local mode frequencies showing 
thereby that the condiiion of the variation of A: was less stringent for the fit. 
This shows that the O cearres give rise to ideal cases of localised modes where 
the :irnplitudes of vibration die down very fast as one goes from the site of 
the defect. There is no igreeinent between the computed and experimental 
results for the  gap modes in KI, mainly becduse most of them lie ia the 
continuum o f  the frequency distribution except that for the  C1' replacement and 
hence are not of localised nature in the strict sense. 

( h )  Caesiwta Chloride Type Lortice : Eventhough extensive calculations 
bnve not heen done as in the case of NoCI we have extended the model to 
CsCi and Z,,S type lattices as well. Samplecalculation in the CsCI lype lattice 
has been done for the U centres in CsBr. 

Here sulrounding the H- ion a t  the origion which we label as 1, we have 
8 Csfions labelled from 2 to 9, situated a t  the following sitesin order (1ll)ro. 
(iii)r,,, ( i l l ) r 0 ,  s if)^^. ( I ~ I ) F ~ , ,  ( i~i-)TO, ( ~ l i ) ~ , , .  (flijti,. A ~ W  WB 

have 8 second neighhour halogen ions labelled from 10 to 15 situated respec- 
tively at (200) ro, (200) ro. (010) ro, (020) r,. (002) ro. (OK?) 10. The electro- 
sTi?tic coupling coefficients can be written using equation [2]. 

Fcv the short range part, following the procedure of ~rishnamurthy: we 
define for the first neighbour 

[(a2@,)!(a r 2 ) ]  r;v'lro = (E'/v) A 1 4  

the case of perfect lattice and corresponding dashed parameters for the 
interaction of defect with its first neighbours. We also put B -B' .  

Similarly for second neighbours of perfect lattice we define 

[(6 @23/(3 r' I], - 2 ,  = (e2/ v ) AI [261 

I ( I , ' ~ !  ( 2  @ 2 /  r )  1 r - 2 r 0 ~  ( e l l v )  B, ~ 2 7 1  

We h,ava A :  and B: for the defect Again n e  assume 5: = B, and also that 
t h e  (Cr C$j aud (Br -Br )  ~nteractions are the same. to make the situation 
simpler. Then the non-vanishing elements of short range matrlx can be 
written as  follows : 

D : ~  ( 1  - I) = (e2/v) (llm,) [:8 A' t 16~)/3 -t 2 A! + 4 BI] 1281 



D & ( I  - 1 )  = (6.':~) (1 /m3)  [I8 A + 14 ~ ) j 3  +dl  + A :  + 4 B,] 

w'ith I running from 10 to 15. 

with I running irom 2 to 9 

for I runniog f r ~ m  10 to  IS. 

For i+I, l ' i l  the first neighbours interaction gives 

For second neighbours 

Tho elements of the resulting matrix of order (45 x 45) can be easily 
written down. The charger on the ions, z are assun:ed to  be unity. We nre 
left with only four independent parameters A, B. A ,  and BI .  Ttey u r s  related 
10 theeiastia conslanls and wr. ,  by tho relationss 

e l t  .=(el ~ r g )  [ + ( A  + 2 S ) - e # d ,  4 1.40i79z2] 1371 

~ 1 2 -  (r2 ~ r o )  [ { - ( A  - 140) - % B ,  - 1 - 3 7 9 3 5 t Z ]  [38] 

s r  - ( c ' ; ' ~  rol [t ( A  t 2 8) T f 8, - 0.70089 2'1 1391 

w:, - ' V  ,) [$ (A + 1 B j  - (4 -131 ;'I 1401 



The equilibrium cond~t ioi~ is 

From these equations using known values of elastic constants and wr.,the 
parameters A, B, Al ,  B, are evaluated. Computations have heen done for 
two cases first with A' = A  and A; - A,  and then with A' = ~ / 2  and A: - i1,!2. 

For A' = A ,  etc., the value obtained for U centre Frequency is 13.6 -i. 101' 
sec. -' and for A' = A / 2  etc . the value is 8.7 w 10" set. - I .  The experimentaEly 
observed values by Mitra e f a i "  is 6 83 x loc3 sec. -' This shows that the force 
constant changes are definitely more than 507; unlike in other alkali halides. 

(c) Z,,S Type Lattice: We had extended the tirst neighbour molecular 
model to Z,,S structure earlierl'and here we have also included the interaction 
of seconG neighbours. A sample ca1culalion has been done for the case of Al 
in LSB. 

We have A l  atom labelled as 1 at the origin with four nearest neighbours 
of Sb atoms labelled from 2 to 5 situated respectively at  ( 1  1 l)ro!2, (1 T i ) r o  
(i~i) ro ( f i i )  r ,  

There are 12 second neighbours of hi atom labelled from 6 to 17 whose 
positions in order are defined as follmws : 

(6 )  (110) r, ( 7 )  (TTo) ri, ( 9 )  (170) ro (9) ( r l O ) r o  

(10) (OIl)r,, (11) O i f ) r o  (12) ( o $ i ) r , ,  (13)  (9T1)ro 
(~4) ( I O I ) ~ ,  (15) ( i o i ) r 0  (16) (Tol)io (17) ( l O i ) r o  

The Coulomb coupling coeficienk are written using Equation [2]. We define 
parameters A ,  B, A , ,  BI, A',  A ;  etc. as in the case of NoCi t.ype lattice for 
short range interaction, with II!e further aswmptson that (In-In)  interaction 
and (Sb-Sb)  interl~ction are the  same. Then the short range matrix elements) 
can be written as follows : 

oELL ( i - I l) - ( 2 ; ~ )  (l/rn,) [ ( 2  A' + 4 8)/3 + 2 A:,+ 4 ~~j I421 

for 1 2  to 5 



For first neighbour Interdction wi!h i a n d  I' nc;t equal to I 

For second nznghbour interactxon with 1 and A" not equal to 1 



Following Rajagcpni and ~ r l n i v a s a n "  expressions were derived for the elastic 
constants C,l, C,, a i d  C4, in rerms of A,  B, A T ,  B, and  2'. 

The equilibrium condition is 

Using these relations and wr., the valuer of A,  B, A , ,  B1 and  2' are determined 
for In% a n d  A , S b  We found tha t  values of B and  5, a r c  roughly Ihe same 
for both YnSb and  A Sb respectively. 

The  resulting 151 x 51) matrix when diagonalised yields eigenfrcquencies 
which fall under the irreducible representations of the Td point group. The  
localiszd mode fails u l d e r  Fz representations a n d  gave a frequency o f  
5.3 x ld3 s'Jc.-' which is lower than  the experimental value of 5 83 x 1 0 ' ~  set.-" 
whereas a first neighbour l n o d d  itself gave the local mode frequency as 
5.57 x 1 . 0 - l ~  sec:~or A~ - A .  

Thus one may conclude that the model with second neighbour interaction 
i s  not reslly needed to explain the localised modes in  In,%, Whereas t h e  
localised modes due  to defects i n  118-V compound can be explained even i n  ihe 
mass defect approximation we End $hat for U centres a weakening o f  t h e  rorce 
constants by a b o u t  50% bas :o be invoked to  fit the computed result with those 
of the experimentai observation. 

T h e  authors are grateful t o  Prof R S Rrishnan for his guidance and 
encouragement. One of us ( T  M H) thanks the UGC for the  award of a 
Junior Research Fellowship. 
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