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Abstract. The calculations of polarization diagrams of photoluminescence for pair centres 
in azincblende lattice, e.g. donor-acceptorpairs, are presented. Theclassical dipoleapproxi- 
mation is applied for three types of pair spectra. The extreme values of the polarization 
diagram are expressed via coordinates of the corresponding pair centre in a lattice. I1 is 
possible to identify the different typesof pair spectra and to provide enumeration ofthe pairs 
from their polarization characteristics. The calculations represent a theoretical basis for the 
new method of selectively excited polarized luminescence of pair lines. 

1. Introduction 

The impurity atoms as well as the native point defects (vacancies and interstitials), being 
introduced into a semiconductor lattice due to the doping of material or as a result 
of various technological treatments, often participate in the pair-centres which are 
characterized by discrete distances R ,  between pair components. The well-known 
example is represented by the donor-acceptor pairs [l]. An important feature is the 
observation of a set of sharp spectral lines in the photoluniinescence (PL), absorption or 
photocurrent [2] spectra. In the PL spectrum these lines arise from the optical electron 
transitions between the levels of donor and acceptor interacting with each other. The 
transition energy of each individual line is given by equation 

hu,,,(R,) = E ,  - E ,  - E ,  + e2/&R, - A(R,)  (1) 
where EG is the band gap energy of the semiconductor and EA and E,  are the binding 
energies of the hole and electron to the isolated acceptor and donor, respectively. 
The last two terms describe the Coulomb and other kinds of interaction between pair 
components [I]. Spectrally resolved donor-acceptor pairs were investigated both in 
zincblende (ZB) materials GaP [3], ZnSe [4], GaAs [5] and AlSb [6] and in wurtzite 
materials CdS [7] and Sic  [SI. 

Another two types of defect with discrete distributions of the centre-to-centre dis- 
tances are given by nitrogen pairs in GaP [9] and Frenkel pairs, i.e. pairs of vacancy and 
interstitial atoms. A set of ",-pairs with i from 1 up to 10 was observed for nitrogen 
concentration in the lO"-lO'* range. 
t Permanent address: Institute of Semiconductors of the Ukrainian Aademy of Science, pr.Nauki 45. Kiev, 
USSR. 
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Table LType-1 pairs 

Shell Lattice Local 
number vector lattice P(0) 
(4 (U. b , c )  symmetry n-o P 

. ,  ,., 
P 

.. . .. 

I 
2 
3 
4 
5 
6 
7 
8 
9a 
9b 

10 
11 
12 
13a 
13b 
14 
15 
16 
17a 
17b 
18a 
18b 
19a 
19b 
20 
21 
22 
23 
24 
E d  
25b 
Z C  

1.1.0 
2.0.0 
2. 1.1 
2.2.0 
3.1.0 
2.2.2 
3.2 , l  
4.0.0 
4 ,1 ,1 
3.3.0 
4.2.0 
3.3,2 
4,2,2 
5.1.0 
4.3,l 
G 
5.2.1 
4 ,4*0  
5.3.0 
4.3.3 
6.0.0 
4.4,2 
6.1.1 
5.3.2 
6.2,O 
5.4,1 
6.2.2 
6.3.1 
4.4.4 
7.1.0 
5 . 5 , O  
5.4.3 

0.67-1 
0.00-0.00 
0.67-0.18 
0.67-t 
0.20-0.06 
1.00-0.25 
0.67-0.18 
0.0~.00 
0.234.07 
0.67-t 
0.38-0.11 
0.92-0.24 
0.67-0.18 
0.08-0.03 
0.67-0.18 

0 . 3 a . 1 0  
Q.67-(t) 
0.48-0.14 
0.93-0.24 
0.00-0.00 
0.84-0.22 
0.11-0.03 
0.67-0.18 
0.20-0.06 
0.67-0.18 
0.37-0.11 
0.424.12 
1 . W . 2 5  
o.opo.01 
0.67-7 
0.89-0.U 

- 

0.25 
0.W 
0.25 
0.25 
0.09 
0.33 
0.25 
0.00 

0.25 
0.16 
0.32 
0.25 

0.18 
-~ ~ 

0.14 
0.25 

0.32 

0.30 o'W] 0.24 

0.25 
0.09 
0.25 
0.16 
0.17 
0.33 

:2} 22 
0.31 

t Forthe(u,a,O)dipoleorientation,onlyn-dipolesare pe~itiedduetoseleclionrulenfor 
the CA. group of centre symmetry [211. 

Due to discrete positions in a crystal of the substitutional sites and the interstitial 
sites, pair centres are oriented along different but definite crystal directions with a 
corresponding local symmetry. We defineaset of suchcentresasthe angular-distributed- 
pairs (ADP). In tables 1,2 and 3 the orientations and the local symmetry as a function of 
shell number ( m )  are presented for the type-I, type-11 and type-I11 ADP in a ZB crystal. 
These three systems of the ADP cover all possible locations of substitutional sites as well 
as those located on cubic interstitial sites in binary ZB crystals. As shown in table 4. type- 
I pairs describe the location of both components on lattice sites and interstitials of the 
same sublattice. The position of the type-II pair components are attributed to opposite 
sublattices. As to the type-Ill pairs, their participants are those 'lattice site-interstitials' 
that belong to the same sublattice [lo]. 

In fact, the atom can be replaced from the site of the ideal crystal lattice and from 
the geometrical centre of interstitial position as a result of bond relaxation due to the 
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Table 2. Type-I1 pairs. 

Shell Lattice Local 
number vector lattice P(0)  
(m) (a. b , c )  symmetry x-o P 6 

1 
2 
3 
4a 
4b 
5 
6 
7a 
7b 
Ea 
8b 
9 

10a 
10b 
l l a  
l l b  
12 
13a 
13b 
13c 
14a 
14b 
15 
16a 
16b 
17a 
17b 
1 7c 
18a 
18b 
19a 
19b 
20a 
2Ob 
21 
Z a  
22b 
22c 
22d 
U a  
23b 
23C 
24a 
24b 
25a 
25b 

1.1.1 C," 
3.1,1 C, 
3.3,l  C, 
5.1.1 C, 
3.3.3 C," 
5.3.1 E 
5.3.3 c, 
7.1.1 c, 
5.5. 1 c, 
7.3.1 E 
5.5.3 c, 
1.3.3 C, 
5 . 5 . 5  C," 
7.5. 1 E 
7,5.3 E 
9.1.1 c, 
9,3,  1 E 
9,3.3 C' 
7,7 ,1  C, 
7.5,s  c, 
9,5,  1 E 
7.7.3 c, 
9.5.3 E 
7.7.5 C, 

1 1 , l . l  c, 
9.5,s  c, 

11.3, 1 E 
9,7,1 E 
9.7.3 E 

11.3.3 c, 
11.5.1 E 
7.7.7 C," 

l l , S , 3  E 
9.7.5 E 
9.9.1 c. 

13, 1.1 C, 
11,7,1 E 
11.5.5 c. 
9.9.3 c, 

13,3.1 E 
11,7.3 E 
9.7.7 c, 

13,3.3 C, 
9.9.5 c. 

13,s. 1 E 
11,7.5 E 

I.(xM.25 
0.37-0.11 
0.76-0.20 
0.15-0.05 
1 . 0 0 . 2 5  
0.54-0.15 
0.814.21 

0 . 7 0 . 1 9  
0.334.10 
0.8M.U 
0.556.15 
1.00-0.25 
0.60-0.17 
0.7C4.20 
0.05-0.02 
0.224.07 

0.080.03 

0.374.1 I 
0.69-0.19 
0.91423 
0.46-0.13 
O.E(M.21 
0.580.16 
0.94-0.24 
0.03-0.01 
0.754.20 

0.63-0.17 
0.734.19 
0.274.08 
0.34-0.10 

0.44-0.13 

0.6W.18 
0.024.01 
0.SM.15 
0 . 6 0 . 1 7  
0.74-0.20 
0.114.03 
0.60-0.17 
0.94-0.24 
0.204.06 
0.86-0.25 
0.274.08 
0.74-0.20 

o.15-0.ns 

1 . 0 ( ~ . 2 5  

0 . 8 ~ 0 . 2 2  

0.33 
0.16 

0.33 
0.21 
0.29 

0.26 

0.31 
0.21 

0.23 

0.02 
0.10 

0.31 

0.29 
0.23 

0.02 

E} 
0.24 

0.12 0.27 I 
0.33 

0.30 
0.25 

0.23 
0.27 

0.32 

0.30 

0.27 

0.135 

0.15 

0.20 

0.24 

0.19 

0.24 

0.22 

0.17 

0.18 

0.22 

0.18 

0.24 

0.19 

0.18 

0.195 

0.195 

Jahn-Teller distortion, strain fields, or formation of the anisotropic centre. Thus, the 
axes of ADP are expected to be sensitive with respect to these anisotropic factors. 

The complex structure of the pair defect induces an anisotropic electrical or local 
strain field leading to the polarization of corresponding optical transitions. This aniso- 
tropic fieldremovesdegeneracy of the energy levelsof one or bothof the pair components 



4734 S S Ostapeflko 

Table3.TypeIll pairs. 

Shell Lattice Local 
number vector lattice P(0) 
( m )  (6, b. c) symmetry z-o P P 

1 
2 
3 
4 
5a 
5b 
6 
7 
8 
4a 
9b 
10 
1 1  
12 

1.0,O Dld 
1.1.1 c, 
2.1.0 c, 

2.2,1 c, 
3.0.0 Did 
3.1.1 C, 
3.2.0 G 

4.1.0 c, 
3.2.2 C, 
3.3. I C, 
4.2.1 E 

- - 

- ~ 

- - 

o.wo.00 0.00 
1.WO.25 0.33 
0.38-0.11 0.16 - - ~ 

0.8fA.22 0.30} o,24 o.oLM.00 0.00 
0.3&0.11 0.16 
0.52d.15 0.21 

~. . - 
0.13-0.04 O.ffi] o,18 , 

0.86-0.22 0.30 
0.7bo.u) 0.27 
0.47-0.14 0.19 
- - 

0.604.17 0.23 
13a 5.0.0 Dad 
13b 4.3.0 CI 
14, 5. I ,  1 c, 0.154.05 0.07} o,135 
I4b 3.3.3 c1, L.wo.25 0.33 
15a 5.2.0 c* 0.27-0.08 0.121 o,u 
15b 4.3.2 E 0.82-0.21 0.29 

17a 4.4,1 c, 0.74-0.20 0 2 7 }  o.235 
17b 5,2.2 C, 0.5LM.14 0.20 
18 5.3.1 E 0.52-0.15 0.21 
19 6.1.0 CI O.OfA.02 003 
20 
21a 6.2. 1 E 0 25-0.08 0.11 
21b 5.4.0 c, 0.63-0.17 0.24) 0 195 
21c 4.4.3 c 0.94424 0.32 

- - - - 

22 5.3.3 c 0.82-0.21 0.29 
23a 5.4,2 E 0.82-021 0.291 ~ _ _  
23 b 6 .3 .0  C,- 0.38-0.11 0.161 ””’ 
251 7.0.0 DU 0.006.00 0.00] o,19 
25b 6.3.2 E 0.52-0.15 0.21 

and thus reduces the pair symmetry. In the case of shallow donor-acceptor pairs it has 
been shown that the polarization of emission of the individual pair results from the 
splitting of the degenerate hole level by the Coulomb donor held (111. In the case of 
nitrogen pairs their low symmetry, attributed to the anisotropic field of the defect. has 
been revealed [12]. The optical anisotropy of a complex centre can be investigated by 
methods of polarization spectroscopy [13] that involve piezospectroscopy, induced 
linear dichroism, Stark, Zeeman and Faraday effects as well as the polarized lumi- 
nescence. The last is known also as the method of polarization diagrams (PD). It is based 
on selective polarized excitation of the PL centre and measurement of its induced 
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Table 4. The combination of pairs of A and B atoms in a ZB lattice that give rise to the three 
types of pair spectra. A, and B, are substitutional sites; A, and B, are cubic interstitial sites. 

Type4 Type-I1 Type-IIi 

polarization degree (see below). The PD method was elaborated and applied for the first 
time to associated complex defects in dielectric crystals [:14]. Later it was developed 
theoretically for anisotropic semiconductors [15,16] and recently generalized for the 
two-dipole [I71 and multipole [18] approximation. The experimental simplicity of the 
PD method and the possibility of investigating both sharp and broad spectral lines makes 
it attractive. 

The theory of the PD method was previously developed for thecentresoriented along 
(loo), (111) and (110) directions in cubic crystals [16], which are specified in a ZB lattice 
by Dui, CS and C& symmetry, respectively. The application of the PD method for the 
ADP is impeded, however, by the absence of calculations for the pair centres with the 
arbitrary orientation in a lattice and the local symmetry lower than GV, i.e. G, C, and 
E. In fact, just these centres are responsible for the majority of ADP, as one can see from 
the tables 1,Zand 3. 

In this paper the polarized luminescence of the ADP in cubic ZB crystals is for the first 
time considered theoretically in the framework of the classical dipole approximation. 
The PDS of the pair centres oriented along arbitrary crystal directions are calculated and 
classified. The analytic relationship between PD extreme points and lattice coordinates 
of the pair centre is derived. The strong dependence of the PD characteristics on the pair 
number is predicted for each type of ADP. The latter enables one to accept this technique 
as the new method of selectively exciting polarized luminescence of the angular dis- 
tributed pairs in cubic semiconductors. 

2. The basis of the PD method 

The PD method applied to cubic crystals is based on selective excitation by linearly 
polarized light of the orientationally degenerate anisotropic  centres treated as classical 
dipoles (141. The resulting luminescence demonstrates linear polarization due to the 
removal of the orientational degeneracy of these dipoles. The PL polarization degree, 
P, is a function of the dipole direction and depends on the angle, q?, of the polarization 
plane of an exciting light, E,,, with respect to the chosen crystal axis. The PD is defined 
as having the following angular dependence: 

where l ,(q) and I , ( q )  are the intensities of two orthogonally polarized PL components 
when the polarization plane of the luminescence analyser is oriented correspondingly 
parallel, E!",, and perpendicular, EA,, to the electric field vector of the exciting light 
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I/ - Figure 1. The scheme for the polarized lumi. 
nescencemeasurements. E,  and E,,, are theelec- 
tric field vectors of the exciting light and of the 
luminescence, k,. and k,, are their wave VCC~OIS. 

The sample is oriented in (100) plane. 

(figure 1). It is supposed that the directions of the exciting light propagation and of 
the PL recording are parallel, that is the case in our study; alternatively, they can be 
perpendicular one to another. The final numerical results depend on the chosen PL 
registration scheme. However, they can be easily adapted to the case of practical interest 
using the method proposed. By measuring the complete curve of the PD and comparing 
it with the developed theory, one can determine the orientations of both emitting and 
absorbing optical dipoles as well as the type of dipole transition [17]. 

In the experiment the optical anisotropy of the PL centre is demonstrated by obser- 
vation of the PL 'induced polarization'. The latter means the fulfilment of at least one 
of two inequalities for the PD extreme points: 

P(0) = P ( 4 2 )  # 0 P(?r/4) = P(3Jr/4) # 0. (3 )  
As will be shown below, the values of P(0) and P ( z / 4 )  are sensitive to the centre 
orientation in a lattice. 

The important peculiarity of the PD method has to be underlined: excitation of the 
PL band with light of frequency above that of the band-gap results in the absorption of 
all anisotropic centres independently of their orientation and, hence, leads to the 
unpolarized luminescence. Consequently, to apply the PD method, polarized excitation 
has to be performed in the absorption maximum corresponding to the chosen PL band. 
In the case of .ADP luminescence, this selective excitation of the individual pair line is 
provided by resonance excitation using time-resolved measurements [ 191 oral ternatively 
via the excited states of the centre [ZO]. A technique of selective  excitation is suitable 
for these measurements. 

3. Calculations 

To calculate the PD of the pair centre in a ZB crystal the following are assumed: 

(i) The electrical dipole transitions dominate the light absorption and emission. Due 
to this the multipole terms can be neglected and the classical dipole approximation is 
utilized; 

(ii) The direction of the absorption dipole coincides with that of the emitting dipole 
(one-dipole model) as a result of direct pair excitation; 

(iii) This direction also coincides with the pair-centre axis given by a vector (a, b,  c ) ;  
(iv) The pair centres are affected by orientation degeneracy, i.e. occupy symmetry- 

equivalent orientations with equal probability. The symmetry-equivalent orientations 
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inazelatticearegiven bychangingthe sequenceofa, bandcand theirsigninaccordance 
with the symmetry operation of the Td group; 

(v) The optical transitions represent a superposition of oscillator (n) and rotator ( U )  

and are characterized by the parameter p [17]. The value of 6 is changed in the range of 
0 5 p 5 1 as a result of the variation of the z/u-dipole ratio and is 0 for a ‘pure’ n-dipole 
and 1 for a ‘pure’ u-dipole. To simplify the final result of calculations, the value of p is 
supposed to be the same for excitation and luminescence transitions, p,, = PI,,. 
Thisconsiderationofoptical transitioninamodelofnand udipolesis basedonselection 
rules of group theory [21]. The allowed dipole transitions are given by irreducible 
representations of the symmetry group of a particular centre. For instance, the centre 
of C3” symmetrypossesses A,, A2 and E representations. Thus, the A,  + A2 transition 
is described by a n-dipole along the (111) centre axis, while the AI + E transition is 
attributed to a u-dipole in a plane perpendicular to the same (111) axis. Ifcorresponding 
spectral bands are overlapped (e.g. due to temperature or electron-phonon broaden- 
ing), then both transitions can be observed simultaneously and the model of superposed 
n/u dipoles is valid. This suggestion is illustrated by expeiiments on the symmetry of 
deepcentresinZnS[22]. ItshouldbenotedthatinthecaseofacentrewithC,symmetry, 
only n dipoles are allowed and hence, no U dipoles can be involved in the theory. This 
fact is reflected in table 1 for corresponding (a, a, 0) orientations. 

We consider the PL to be excited in and measured from the (100) crystal plane while 
the angle p is relative to the (011) axis (figure 1). This crystal plane provides the highest 
‘induced polarization’ degree of the PL as compared with others [14]. Evidently, the 
results of computations are linked to this experimental geometry. The general relation 
for intensities of two orthogonally polarized PL components, Ill and 11, for the n-dipole 
is given by 

r,I.,(p?)=~.j~,,(p).e,I’I~li;~(p).e,l’ (4) 

where summation is over all symmetry-equivalent dipole orientations and e, denotes 
the unit vector of the dipole direction. The same expression (4) holds in the case of the 
U dipole if e, is replaced by a unit vector which rotates in a plane perpendicular to the 
dipole direction [15]. The following expression for the PD of orientationally degenerate 
dipoles (a ,  b, c )  is derived from (4) 

p(p) = (1 - Z/3)z[(l - 3p) sin’ 2 p  + 2pcos’ 2p]/[1 + 2B2 - (1 - 2a)’p] 

p = (a’b’ + b2cZ + a’c’)/(a’ + b’ + c*)’. 

( 5 )  

(6)  

In figure 2(a) the PDS are shown for the pairs oriented along (loo), (111) and (110) 
directions that have been calculated in [14]. The PD family for some of the type-I pairs 
is plotted, using (5)-(6),  in figure 2(b). It demonstrates the strong change of the PD 
amplitude as a consequence of different orientation of the corresponding dipoles in a 
crystal lattice. 

The PD of various pairs can be classified using the orientational parameter p, which 
is defined by (6) and shown for each type of ADP in tables 1-3. The value of p is linked 
to the pair orientation and is changed in the range 0 5 p 5 t. The following relation of 
the PD extreme points, I P(0) I 2 1 P(z/4) I, is valid when 0.2 5 p =z f, while inverse 
inequality, I P(0) I 5 I P(z/4) 1, occurs for 0 5 p 5 0.2. The limiting cases correspond to 
the dipoles along (100) axes (p  = 0) and (111) axes (p  = A), figure 2(a). 
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t. dear 

Figure 2. The PD curves for ( U )  the dipoles aligned along the main cuhic direciions [14] and 
( 6 )  for some of the type-I ADP. The angle p, is related to the value of/? lor the pairs with 
equal p values. 

As will be shown below, the coordinates of the ADP dipole can be related to the values 
of P(0) and P(~r/4). The expressions for the P(0) and P(n/4) are derived from (5) as 
follows: 

P(O)= (1 -2/3)’(2p)/[l+2/3’-p(1-2/3)2] (7) 
P(~r/4) = (1 - 2/3)*(1- 3p)/[l + 26’ - p(1 - 2/3)‘]]. (8) 

The computed P(0)  values of the type-I, I1 and 111 ADP for then  and U dipoles are shown 
in tables 1-3. These values define the range of the P(0) variation if p is changed within 
limits 0 < /3 < 1. The corresponding range for the P(n/4)  value can be calculated from 
equation (8). The curves of P(0)  as a function of@ are plotted in figure 3 for some pairs. 

It should be noted that definite pairsare characterized by the same shell number m. 
possessing, however, different orientations as shown by brackets in tables 1. 2 and 3. 
This is the case for type-I pairs with m = 9,13,17-19 and 25, for type-I1 pairs with m = 
4 ,7 ,8 ,10 ,  11. 13. 14, 16-20 and 22-25 and for type-I11 pairs with m = 5, 9, 13-15,17, 
21.23 and 25. If the transition energies are weakly affected by anisotropic interaction 
between pair components [l], then the lines of the pairs with the same shell number are 
unresolved in the PL spectrum. For these lines the calculated degree of polarization, 
P(O), is averaged at the polarizations of the individual sublines. The results of the 
averaging are presented for the corresponding lines in figure 4 by special labels along 
with the data for non-degenerate pairs. It is worth noticing that averaging the P(0) 
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<2 2 2, 

<6 2 0, 

m 

m 
.; 0.2 

0 

0 0.2 0 . 4  0.6 0.8 1 

B 

Figure 3. The dependence of the P(0) value on 0 
for three pairs. The case 010 = 0.5, the portions 
of x dipole and o dipole in luminescence and 
excitation are equal. 

values on pairs with various orientations in a ZB lattice reduces the difference in the 
corresponding PL polarization degree. If the superposition of lines with the same m is 
removed in the PL spectrum, then each subline is specified by its own P(0) value, as 
shown in tables 1-3. An example of such 'polarization splitting'is demonstrated in figure 
4(a) for the pair with m = 9, being a superposition of two pairs oriented along (41 1) and 
(330) axes. 

The results presented in figure 4 show the strong variation of the P(0) value from 
one pair to another as well as between different types of ADP. In particular, some of the 
pair lines possess near extreme P(0) values. In fact, the magnitude of P(0) reaches 0.74- 
1.0 for pairs with ml = 6 , l l  and 24 (type-I), mll = 1,3 and 6 (type-11) and mllI = 2,lO 
and 22 (type-111). while it is equal to W . 2 5  for ml = 2. 5. 8 and 20, mll = 12 and 
mill = 1 and 19. Thus, the polarization of these pair lines can be used as a method of 
distinguishing different sets of ADP and of providing their correct numbering. 

The analysis shows that the dependence of P(0) on the shell number presented in 
figure 4 is maintained if all pairs possess the same /3 value, i.e. characterized by the equal 
superposition of n and odipoles. Only the scale of P(0) will be affected. To check if this 
is the case for a given system of ADP, one can measure the complete PD curve of different 
pair lines and evaluate the angles of intersection, q,, (figure 2). This angle has to be the 
same for the set of pairs with equal values. In fact, the angle q, is unambiguously 
related to the value of /3 as follows: 

t a n z q ,  = (1 + 2B2)/(1 + /3)*. (9) 
However, thevalueofq,ischangedfrom 19.6"to22.5"onlywhenOs f ls  1,asfollows 
from (9). Evidently, this range is too narrow to allow the evaluation of a reliable value 
of /3, taking into account experimental inaccuracy that is usually of the order of 1". 

To exclude the influence of /3 on the polarization of ADP the following relation 
between PD extreme points and the coordinates of the corresponding dipole is derived 
from (7)-(8): 

p = (azb2 + b2cZ + azcC')/(a' + bZ + c ' ) ~  = P(0)/[3P(O) + 2P(n/4)]. (10) 
The right hand side of (IO) includes only experimental points of the PD as its extrema 
P(0) and P(n/4) ,  while the dipole coordinates are assembled in the left hand side of 
(10). In figure 5 and tables 1-3, calculated values of p for each type of pair, and p 
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Figure4 The shell number dependence of the P(0) value for the ( a )  type-1, (b)  type-11 and 
(c) type-I11 pain. The case of ji = 0 is presented. The pairs with lhe shell degeneration are 
marked by (D). 

corresponding to pairs with shell degeneration are presented. It is remarkable that 
the value of p is p-free even if one assumes a different value of p in excitation and 
luminescence, i.e. pcx # &,,. Thus p dependence on m can be taken to be the 'finger 
print' for the corresponding system of ADP. Thus, the comparison of the experimental 
p(m) dependence and the calculated one (figure 5) enables one to identify the ADP 
system (type-I, I1 or 111) and to determine the real orientation of the individual pair 
centre. It is also useful. evidently, to use (10) to demonstrate the difference in dipole 
orientations for some of the pair lines characterized by various p magnitudes. 
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(iii) the proof of the accuracy of pair numbering 

The latter is especially important for the closely spaced pair components when the shift 
of the optical transition energy is not described by a simple Coulomb relation due to the 
increase of the short-range interaction term A(&) in (1). 

It should be notcd that the relation (10) is valid only if the orientation of the pair 
centre in a crystal lattice coincides with the direction of absorbing and emitting optical 
dipoles, as assumed above. This condition can be violated when the polarization of the 
optical transitionresultsfromother factorssuch asinternalstress fieldsor low symmetry 
of pair components. 

The calculations presented form the theoretical background for the application of 
the new method of selectively excited polarized luminescence of angularly distributed 
pairs in ZB semiconductors. The theory was applied recently to the donor-acceptor pair 
luminescence in AlSb crystals [23]. The experiments on GaP pair lines are in progress. 
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