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SPIN DEPENDENT CARRIER CAPTURE PROCESSES OBSERVED BY ODRR ON THE 0.84 e V LUMINESCENCE 
IN sI-r~As:Er 

N. Kl l loran and B.C. Cavenett 

Department of Physics, University of Hull, Hull, U.K. 

(Received on 18 February 1982 by C,W. McComble) 

Optically detected magnetic resonance (ODHR) observed on the 0.84sV 
Cr-related emission in seml-lnsulatlng GaAs:Cr lmplles that the excited 
state associated wlth this internal transltlon of the axial 

Cr2+-X] centre is formed by the spin dependent free carrier capture 

process :  [Cr3+_X] + ecB ÷ [Cr2+_X]" 

The r e s u l t s  imp l y  t h a t  the  luminescence fs  not  due to  the  presence o f  

Cr2+-X] ground state cen t res  in  the m a t e r i a l  as p r e v i o u s l y  assumed. 
~ 9 

A competing charge transfer process, possibly involving Lcr4"l is ~Ga" 
observed as a quenching DDMR signal on the 0.84eV luminescence. 

Introduction 
The observation of ODMR In semiconductors 

has established many spln dependent radiative 
and non-radlatlve processes which have recently 
been reviewed (1). Bound triplet exclton and 
donor-accaptor pair recomblnatlon has been 
characterized In considerable detail but recom- 
bination at deep treps such as those associated 
with transition metal Ions is less well under- 
stood. Recently, studies of Cu in ZnSe (2)(3) 
and ZnS (4) have made some progress in thls 
field. Thls communlcatlon presents results 
which are interpreted In terms of a free carrier 
capture process in GaAs:Cr where above band gap 
excltatlon creates spln polarized free carriers, 
Subsequent electron capture at axial [Cr3+-X] 
centres produces the excited state involved in 
the  0.84pV r a d i a t i v e  t r e n s i t l a n ,  which i s  due to  
an i n t e r n a l  t r a n s i t i o n  o f ' t r t g o n a l  Ccr2+-X] 
cen t res  ( 5 ) ( 6 ) .  Ev idence l s  a l so  p resen ted  f o r  
a charge t r a n s f e r  process I n v o l v i n g  [Cr4+]Ge 
which competes w i t h  the r a d i a t i v e  p rocess .  
P r e v i o u s l y  i t  has been assumed t h a t  the  lum in -  
escence Is due to a direct excitation of 
[Cr2+-X] cen t res  p resen t  i n  the  m a t e r i a l .  Our 
r e s u l t s  suggest  t h a t  t h i s  I s  no t  the  case and 
that the ground state of the process i s  the 
t r l g o n a l  defect [Cr3+-X]~ 

Expe r imen ta l  
The p r i n c i p l e s  and techn iques  o f  ODMR have 

been rev iewed by Cavenet t  (1)~. The ODMR 
measurements r e p o r t e d  here were c a r r l e d  ou t  
us ing  a s p l i t - c o i l  superconduc t ing  magnet In  
the Faraday c o n f i g u r a t i o n ,  at 9,0GH~ wlth the 
samples a t  2K. E x c i t a t i o n  of the  sample, 
mounted in the microwave cavity, was accomplished 
using circularly polarized 752nm or 799nm 
radiation (above band gap excitation) from a 
Coherent Radiation CR3OOOK krypton ion laser. 
Luminescence was detected by a North Coast Ge 
detector, via a SI filter and neutral denslty 
filters (to avoid saturation of the detector) or 
a Hllger end Watts 0.3m spectrometer. The 
;amples for whlch ODMR signals were observed 

were Sumttomo SI-GaAs, which in  f a c t  were doub le  
doped w i t h  Cr and O. 

Expe r imen ta l  Resu l t s  
F i gu re  (1) ( l owe r  curve)  shows the lun t lnes-  

cence e x c i t e d  w i t h  799nm r a d i a t i o n .  The no-  
phonon l i n e  (NPL) i s  a t  0.838eV and a week under -  
l y l n g  bend w l t h  NPL a t  an es t ima ted  energy o f  

0 .gev can a l so  be observed .  Th ls  l a t t e r  band 
i s  p a r t i c u l a r l y  s t r ong  w i t h  1.06p Nd:YAG 
e x c i t a t i o n  (see f i g u r e  (1) upper  c u r v e ) .  The 
ODMR spec t ra  f o r  B / /  <100 > are  shown in  f i g u r e  
(2) where the upper  curVe (e) was recorded  using 
l i n e a r l y  p o l a r i z e d  e x c i t a t i o n ,  the  c e n t r a l  curVe 
(b) was recorded  w l t h  o+ e x c i t a t i o n  end the  

curve  (c)  was recorded  w i t h  o- e x c i t a t i o n ,  
Three l i n e s  l a b e l l e d  A, B end C ere  observed 
f o r  o+ p o l a r i z a t i o n  though the v a r i a t i o n  o f  
shape o f  the c e n t r a l  l i n e  a t  g = 1.93 ± 0.06 
under d i f f e r e n t  e x p e r i m e n t a l  c o n d i t i o n s  
I n d i c a t e s  t h a t  t he re  are  two s l g n e l s  i n  t h i s  
r e g i o n ,  one w i t h  p o s i t i v e  AI end the  o t h e r ,  
the  s t r o n g e r  resonance (B~ w l t h  ~ n e g a t i v e  
(end the  s m a l l e r  g - v a l u e ) .  The spec t re1  
dependences were measured using the monochz~o- 
metor and ere shown in figure (3). Thls 
measurement conflrms that the signals ere 
related to the O.B4eV emlsslon. Note that for 
the underlying bend wlth NPL at ~ 0.9eV a 
s i g n a l  w i t h  a g - v a l u e  s i m i l a r  to  t h a t  o f  
resonance B l s  observed as an i nc rease  i n  
l i g h t  sugges t ing  that t h i s  emiss ion  i s  a 
compet ing process to  the  0.84eV emiss ion .  

D e t a i l e d  a n g u l a r  dependence s t u d i e s  are  
shown i n  f i g u r e ( 4 ) .  The s p l i t t i n g  o f  resonance 
A, which cor responds t o  a p o s t t l v e  &I ,  i m p l i e s  
that all centres associated wlth thls signal 
are equivalent for B//<IO0> suggesting a <111> 
oriented defect. Lines B and C are isotopic 
within the experimental errors. 

Discussion 
The 0.84eV Cr-related luminescence in 

SI-GaAs:Cr has been variously attributed to 
FB or OAP recombination (7)(8), conduction 

[Cr2+]Ga 5T 2 ~round s t a t e  t r a n s i t i o n  (9) band 
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F i g .  I. Photoluminescence obtained from the Sumltomo material using 

above (0.799um) and below (I.064um) band gap excitation showing 

the 0.84eV band, together wlth the broad underlying band. 

and the internal transition 5E ÷ 5T 2 of 
[Cr2+]Ga (I0)(11). However. hlgh resolution 
ca thodo lumtnescence  and a b s o r p t i o n  measurements 
pe r fo rmed  on the  0.83BEY no-phonon l i n e  system, 
by Lightolwers, Henry and Penchlne (12)(13), 
established the existence of considerable flne 
structure in the 0.838eV spectrum. An empirical 
level scheme was proposed from the temperature 
dependence of thls data, which was clearly + 
incompatible wlth the level scheme for [Cr 2 ]Ga 
deduced from EPR (14) and from far Infra-red 
absorption measurements (15). Subsequent Zeeman 
measurements on the 0.838eV no-phonon llne 
system, reported by Kllloran et al (5)(8) and 
Eaves et el (18)(17), implied that the Cr- 
associated impurity centre responsible for the 
0.84eV emission has C~ v axial symmetry and 
therefore Is not the ICr2+]G a centre which 
e x h i b i t s  e tetragonal s t a t l c  Jahn Teller 
d i s t o r t i o n  (14). 

A l t h o u g h  White (18) p roposed  t h a t  the  
O.84eV e m i s s i o n  can be a t t r i b u t e d  t o  e x c t t o n i c  
r e c o m b i n a t i o n  a t  l s o e l e c t r o n t c  s i t e s  I n v o l v i n g  
Cr ,  by a n a l o g y  w i t h  the  Zn-O a s s o c i a t e  i n  GaP 
(19 ) ,  i t  would  appea r  more r e a s o n a b l e  t o  assume 
t h a t  t h i s  luminescence  i s  due to  a Cr 2+ i on  
5E ÷ 5T 2 t r a n s i t i o n  p e r t u r b e d  by e C3v c r y s t a l  
f i e l d ,  p a r t i c u l a r l y  i n  v iew o f  the  f a c t  t h a t  the  
[Cr2÷]Ga 5T 2 ÷ 5E i n t e r n a l  t r a n s i t i o n  has 
r e c e n t l y  been d e t e c t e d  i n  a b s o r p t i o n  (20) and 
p h o t o c o n d u c t t v l t y  (21) a t  0 .825eV.  Models  f o r  
the  0.84eV c e n t r e  based upon t h i s  assumpt ion.  
w i t h  the  C3v c r y s t a l  f i e l d  a r i s i n g  due to  an 
additional nearest nelghbour Impurlt~ have been 
presented by Plcoll et al (22](23) and Volllot 
et el (24)(25). The lowering of symmetry 
results in a s p l i t t i n g  of the 5T 2 (T d) o rb i ta l  
state Into a 5A 1 and a lower lying 5E (C3v) 
state (the 5E (T d) excited state becomes 

5E* ( C 3 v ) ) l n  the  absence o f  J a h n - T e l l e r  e f f e c t s .  
Both t hese  models include dynamic JahnmTeller 
effects In the description of the impurity 
states, 

The model of Volllot et el (24)(25). which 
involves an almost total quenching of the trl- 

~ on~l c~ystal fleld in the ground state of the Cr +-XJ centre by a dynamic Jahn-Teller inter- 
actlon, was Inltl~lly proposed to fit their 
high resolution luminescence spectroscopy and 
thermal activation measurements (24). Thls 
data resulted In a reinterpretatlon of the zero 
magnetic field excited and ground state level 
scheme of Llghtowlers et al (12)(13) for the 
0.84eV system. Voillot et al (25) subsequently 
obtained a f i t  to the Zeeman date of Kllloran 
et al (5)(6) using thls model and have since 
applied thls description to the analysis of 
unlaxial s t r e s s  measurements on the  0.838eV 
no-phonon l i n e  system (26) and phonon s c a t t e r i n g  
da te  o b t a i n e d  from GaAs:Cr (27). 

The compat ib i l i ty  between the symmetry 
properties of the ODMR signal A and the Zeeman 
sp l l t t l ngs  of the 0.838eV no-phonon l ine system 
led to our i n i t i a l  proposal (8) that signal A 
was the resul t  of resonant microwave modulation 
of the 5E" excited state of the [Cr2+-X] centre. 
However, attempts by us and Voillot et el (28) 
to reconcile thls proposal wlth the spin-orbit 
and magnetic spllttings determined ~or the bE" 
s t a t e  were no t  s u c c e s s f u l  and we t h e r e f o r e  have 
had to reconsider the inter~retatlon of the ODMR 
data. In fact. a comparison of our results, for 
signal A, with the EPR data of Whltehouse et el 
(29) for  Cr associated t r lgonal  centres in 
electron i r rad ia ted p-type GaAs:Cr,Zn suggests 
that we are observing a s imi lar  type of centre 
in 0DMR. These eythors observed the resonance 
occurring in the |±I  > ground state doublet of 
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F i g .  2. ODMR s i g n a l s  a t  9 GHz o b t a i n e d  by m o n i t o r i n g  the  0.84eV 

photo luminescence from the  Sumitomo m a t e r i a l  w i t h  Ca] l i n e a r l y  

p o l a r i z e d  e x c i t a t i o n ;  (b) and (c} o p t i c a l  pun~lng w i t h  

c i r c u l a r l y  p o l a r i z e d  e x c i t i n g  l i g h t  o* and o- r e s p e c t i v e l y .  

t r i g o n a l l y  d i s t o r t e d  Cr ~÷ i ons ,  i . e .  [Cr3÷-X] 
where X In th ls case is thought to be an I n t r l n -  

i r rad ia t ion  induced defect, e.g. [Ga]i, and sic 
~he Cr Ion Is subst l tut iqnal  on a Ga s i te .  The 
F ground term of the 3d ~ Ion is sp l i t  to glve a 
~A 2 o rb i ta l  s lnglet  ground state in C3v symmetry 
and the inclusion of a f i r s t  order spin-orbl t  
interact ion results In the S - 3/2 ground state 
being s p l i t  in to two doublets, I±3/2> and l±i>, 
separated by 2D i f  the fol lowing spln Hamilton 
lan is used: 

1 S {S+ l } ]  # - o [ s  2 - 

+ ~B [g,, BzSz + g¢ (BxSx + BySy } ] .  

In  the w e e k - f i e l d  a p p r o x i m a t i o n  i t  can be shown 
t h a t  the  l ower  l y i n g  I± t> d o u b l e t  can be 
t r e a t e d  as an e f f e c t i v e  sp in  S - ~ system, the  
co r respond ing  e f f e c t i v e  g - v a l u e s  be ing  g i ven  by:  

g~ - g, 
gl " g~ i s .  t )  

where ga = 2,0023 
g¢ < 2.0023 

Whttehouse et  e l  (29] o b t a i n e d  the  f o l l o w i n g  
parameters  on the  bas i s  o f  t h i s  model :  

gn " 2.0098 

g¢ • 1.977 
-1 20 - I (2 .0023-g¢)  - 2 .3  cm 

where a va lue  o f  90 cm - I  was used f o r  the  f r e e -  
ton  s p i n - o r b i t  c o u p l i n g  c o e f f i c i e n t  ~. Using 
the  same a n a l y s i s  we o b t a i n  f o r  l i n e  A o f  our  
ODMR data: 

gm= 2.13 ± 0.05 
~ : 1.89 ± 0.03 

10.1 cm -1 
Th is  n~odel i s  success fu l  i n  d e s c r i b i n g  both  se ts  
o f  da ta ,  a l t hough  Whttehouse e t  a l  (29) note 
t h a t  a h i g h e r  va lue  o f  e f f e c t i v e  s p i n ,  S ( e . g .  
S - 5/2)  cou ld  lead  t o  the  observed g - v a l u e s  
but In that case a theoret ical  f i t  would require 
a for tui tous (and therefore unl ikely)  ra t i o  of 
c r y s t a l  f i e l d  parameters .  

The m a t e r i a l s  s t u d i e d  by the  two techn iques  
are ve ry  d i f f e r e n t  s ince  in  the ODMR exper iment  
dev i ce  grade s u b s t r a t a  m a t e r i e l  was examined 
w h i l s t  h i g h l y  i r r a d i a t e d  bu l k  m a t e r i a l  was 
s t u d i e d  by EPR (29) .  However, i t  i s  c l e a r  from 
a compar ison o f  the  r e s u l t s  t h a t .  a l t hough  the 
observed cen t ras  are  no t  p r e c i s e l y  the  s ~  i n  
the two materials, the OOMR slgnal A end the EPR 
(29} are bo th  a s s o c i a t e d  w i t h  the  ground s t a t e s  
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The a n g u l a r  dependence o f  the ODRR s i g n a l s ,  A, B and C f o r  

r o t a t i o n  o f  the magnet ic  f i e l d  in  the (1~0) p lane .  The open 

c i r c l e s  cor respond to  da te  p o i n t s ,  w i t h  the h a l f  w id ths  o f  

the s i g n a l s  i n d i c a t e d  by the bars .  A t h e o r e t l c a ]  f i t  

( s o l i d  l i n e s )  i s  a l so  shown end i s  d iscussed In the t e x t .  



Vo!. 43, No. 4 SPIN DEPENDENT CARRIER CAPTURE PROCESSES 265 

F ig .  5. 

~ J  

g 

+ 

\ 
NEAR-BAND 
GAP 
EXCITATION k 
(Eg= 1.S:J eV 
AT OK) 

\ 

[C)'-X] + eCB / /  C~ ' - x }SE"  

~ "  SPIN DEPENDENT 
CARRIER CAPTURE O- 8"J8 eV 

~ ICr2tXl5E 

/ ICr~'-X] + evB 

CONFIOURATION COORDINATE, O 

Conflguratlonal coordinate diagram showing excitation and 

emiss ion  processes i n v o l v i n g  Ecr-X] cen t res  i n  SI-GaAs:Cr.  

[Cr3+-X] centres. This assignment and the of 

optical pumpln~ results In~ly that the foz~netlon 
of the [Cr2+-X] 5E" exclted stats occurs via a 
sp in -dependent  f r e e  c a r r i e r  cap tu re  process 
i n v o l v i n g  the [Cr3+-X] 4A 2 ground s t a t e  o f  the 
same i m p u r i t y  complex,  Emission o f  the 0.84aV 
band d e - e x c i t e s  the cen t re  t o  the [Cr2* -X]  5E 
state and hole capture returns the centre to the 
ground state. These processes are summarized as 
follows: 

hVexcltatlon ÷ eCB + hvB 
eCB + [Cr3*-X]  4A2 * [Cr2" -X]  5E" 

[Cr~÷-X] ~E" * [Cr~÷-X]SE + h~O.6,eV 
EcrU÷ X] ~E + NB * [Cr~*-x] ~A~ 

A con~i~Jmtional coordinate dlmgrem illustrating 
the excitation and recombination paths is shown 
in figure (5). We have considered the alterna- 
tive possibility that [Cr2+-X] 5E is the ground 
state for this system and that __rcr3+-~ WA 2 is 
formed by hole capture prior to the formation 
of [Cr2+-X] 5E*. This model would require that 
[Cr3+-XJ 4A 2 is an excited state with a lifetime 
sufficiently lon~ for thermallzatlon to occur. 
Also,tz:l~maZ gZ~centres in GeAs:Cr have not 
been observed so far by ground state EPR. At 
this stage of the investigation therefore we 
beiieve that this alternative model is less 
likely. 

So far we have only considered the aniso- 
tropic signal A in figure (2). The Isotropic 
line B with g = 1.93 ± 0.06 is a decrease in 
the 0.84eV emission intensity and can be 
attributed to --.rCr~+]G a centres formed on laser 
excitation which take part in a charge transfer 
process that competes with the 0.84eV emission. 
For example, after bandgap excitation hole 
capture converts [Cr3+L, to [CrW*]Ge. Then 

÷ . . . .  _ . 

the excited [Cr 2 -X] 5E* state can de-exclte by 
a spin dependent electron-hole transfer with 
the ~r~+]centre in a similar manner to that 
suggested by Stauss et al (30). These processes 
can be summarized as follows: 

~r3+]Ge + hvB ~ ~r4+]~a 

 r2+.X] dE. ÷  r'+]Ga *  r3+-X]%2 ÷ r3÷]Ga 

The curve Ca) in figure (3) shows that a g = 2 
resonance with positive AI occurs on the broad 
underlying 0.9eV band suggesting that this band 
may be the radiative energy dissipated in the 
above de-excltation process. Note that the 
resonance C also occurs on the 0.geV band but so 
far we have no explanation for the origin of 
this signal. 

The optical pumping dependence of the ODMR 
slgnals provides the Key to the understanding of 
these results since it is well established that 
near bandgep excitation in a material such as 
GaAs with Eg = A, the spin orbit splitting of 
the valence band, results in spin polarizatlon 
of the conduction electrons of up to 25% [31). 
These polarized electrons combine with [Cr ~-X] 
centred by a spin dependent carrier capture 
process. In a magnetic field the lowest state 
of the [Cr3+-X] centre can be considered as a 
spin S = ~ doublet and the ODMR monitors the 
change of conduction band electron capture rate 
as the spin of the thermallzed [Cr3÷-X] doublet 
is changed at resonance. The process is some- 
what analogous to a PAP recombination, though in 
the present case the final state is one of the 
[ Cr2÷ -X] 5E* manifold. Details will be 

published elsewhere (32). 
We can conclude that the ODMR aliows the 

observation of the ground state of the defect 
which gives rise to the 0.84eV emission. A 
comparison of our data for the resonance A 
with the EPR results for electron irradiated 
GaAs:Cr,Zn (29) implies that this ground state 
is that of trigonally distorted Cr 3+, where the 
C3v symmetry of the system is most probably due 
to a nelghbouring impurity. Excitation wlth 
near-bandgap radiation results in free electron 

3+ 2+  capture at the ~Cr -X] centres to form [Cr -X] 
centres in the ~E* excited state which decay to 
the [Cr2+-X] $E ground state giving the O.B4eV 
emission. Thus, the 0.84eV luminescence in 
SI-GaAs:Cr originates from an excitation of 
Cr 3+ centres, with <111> symmetry, present in 
the as grown material in concentrations smaIler 
than can be observed by conventional EPR 
(~ 1014-10 IS cm-3). £iectron irradiation of 
GaAs:Cr, Zn creates similar <111> axle1 Cr 3+ 
centres in much larger concentrations. 



266 SPIN DEPENDENT CARRIER CAPTURE PROCESSES Vol. 43, No. 4 

Acknowledgments - We are grateful for 
discussions with Drs Whitehead, Brousseau and 
Barreu. N.K. wishes to thank SERE for a 

research asslstentshlp end we are grateful to 
SERE, The Royal Society and Ministry of Defence 
for financial support. 

References 

1. B.C. Cavenett, Advances in Physics 30, 475 
(1981). 

2. M. Godlewski., W.E. Lamb and B.C. Cavenett, 
Solid State Commun. 39, 595 (1981). 

3. J.L. Patel., J.J. Davies and J.E. Nicholls, 
J. Phys. C: SoIid State Phys. 14, 5545 
(1981). 
M. Godlewski., W.E. Lamb and B.C. Cavenett, 
J. Phys. C: Solid State Phys. in press. 
N. Killoran., B.C. Cevenett and W.E. Hagston, 
Solid State Con*nun. 35, 333 (1980). 
N. Killoran., B.C. Cavenett and W.E. Hagston, 
Proc. Int. Conf. Semi-Insulatlng III-V 
Materials, Nottingham 1980 (Ed. G.T. Rees: 
Shlve) p.190. 

7. H.J. Stoker and M. Schmldt, J. App. Phys. 
47, 2450 (1976). 

8. N.V. Vorob'eva, Yu. V. Vorob'eva end 
I.A. Kolomiets, Sov. Phys. Semicond. ~, 
388 (1974). 

9. H.J. Stoker and M. Schmldt, Pcoc. Int. Conf. 
on Physics of Semiconductors, Rome 1976 
(North Holland) p.611. 

10. W.H. Koschei., S.G. Bishop and 
B.D. McCombie, Soiid State Commun. 19, 521 
(1976). 

11. K. Kocot and G.P. Pearson, Solid State 
Commun. 25, 113 {1978). 

12. E.C. Lightowlers and C.M. Penchlne, J.Phys. 
C: So l id  State Phys. 11, L405 {1978). 

13. E.C. L i gh tow le r s . ,  M.D. Henry and 
C.M. Panchina, Proc. Int. Conf. on Physics 
of Semiconductors, Edinburgh, 1978 (Inst. 
Physics) p.307. 

14. J.J. Krebs and G.H. Stauss, Phys. Rev. 816, 
971 [1977). 

15. R.J. Wagner and A.~%. White, Solid State 
Commun. 32, 399 (1979). 

16. L. Eaves., Th. E n g l e r t . ,  T. Ins tone . ,  
Ch. U lh l e i n  and P.3. Wi i l iams,  Proc. I n t .  
Conf. on Semi-Insulating III-V Materials, 
Nottingham 1980 [Ed. G.J, Rees:Shiva) p.145. 

17. L. Eaves., Th. Eng ler t  and Ch. U ih le in ,  
'Physics in High Magnetic Fields', 
Springer Series in Solid State Sciences, 

4. 

5. 

6. 

(Ed. S. Chlkazumi and N. Miura: Spr inger 
Var lag 1981) p.130. 

18. A.Mo White, So l id  State Commun. 32, 205 
(1979). 

19. C.H. Henry.,  P.J. Dean and J.D. Cuthbert ,  
Phys. Rev. 166, 754 (1968}. 

20. 8. ClerJaud., A.M. Hennel and G. Martlnez, 
Solid State Commun. 33, 983 (1980). 

21. L. Eaves°, Th. Englert and Ch. Uihlein, 
Pmoc. 3rd 'Lund' Int. Conf. on Deep Level 
Impurities in Semiconductors, Southbury 
1981, to be published. 

22. G. Picoli., G. De~e~d end D. Galland., 
Prec. Int. Conf. on Semi-Insulating III-V 
Materlals, Nottingham 1980 {Ed. G.J. Rees: 
Shire) p.254. 

23. G. Picoli., B. Deves, d and D. Galland., 
J. Physique 42, 133 (198t) .  

24. F. V o t l l o t . ,  J. Barreu. ,  M. Brousseau and 
J.C. Brabant . ,  J. Physique Lettmes 41, 
4415 (1980). 

25. F. Voillot., J. Barrau., M. Brousseau and 
3.C. Brabant, J. Phys. C: Solid State 
Phys. 14, 1855 (1981). 

26. J. Barrau. ,  F. V o i l l o t . ,  M. Brousseau., 
J.C. Brabant end G. Po lb leud . ,  J. Phys. C: 
Solid State Phys., 14, 3447 {1981). 

27. F. V o i l l o t . ,  J. Barrau. ,  M. Brousseau and 
J.E. Brabant., J. Phys. E: Solid State 
Phys. 14, 5725 (1981). 

28. F. V o i l l o t . ,  J. Barrau. ,  M. Bcousseau and 
J.C. Brabant., private communication. 

29. i.E. Whltehouse., N.K. Goswaml and 
R.C. Newman., 3. Phys. C: So] id  State 
Phys. 14, L139 (1981). 

30. G.H. Stauss.,  J .J .  Krebs.,  S.H. Lee and 
E.M. Swiggard.,  Phys. Rev. B22, 3141 
(1980). 

31, G. Lampel., Proc. I n t .  Con~. on Physics 
of Semieonductorts, Stuttgart 1974 
(Ed. M.H. Pilkuhn: Teubner, Stuttgart) 
p.743 and references therein. 

32. N. Killoran and B.C. Cavenett, to be 
published. 


