
HAL Id: jpa-00219993
https://hal.science/jpa-00219993v1

Submitted on 4 Feb 2008

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

FREE CARRIER ABSORPTION OF RADIATION IN
FERROMAGNETIC SEMICONDUCTORS

R. dos Santos, M. Coutinho-Filho

To cite this version:
R. dos Santos, M. Coutinho-Filho. FREE CARRIER ABSORPTION OF RADIATION IN FERRO-
MAGNETIC SEMICONDUCTORS. Journal de Physique Colloques, 1980, 41 (C5), pp.C5-343-C5-
346. �10.1051/jphyscol:1980558�. �jpa-00219993�

https://hal.science/jpa-00219993v1
https://hal.archives-ouvertes.fr


JOURNAL DE PHYSIQUE Colloque CS, supplPment au n O 6 ,  Tome 41, juin 1980, page C5-343 

R. J.V. dos santosX and W .D . ~ o u t i n h o - ~ i l h o * *  

" ~ e p a r t a m e n t o  d e  F i s i c a ,  U n i v e r s i d a d e  Federa l  d e  AZagoas 57000  Maceid, B r a s i l .  
* * ~ e p a r t a m e n t o  d e  F i s i c a ,  U n i v e r s i d a d e  FederaZ de  Pernambuco 50000 R e c i f e  Bras<L. 

RSsurn6 - Nous avons 6 tud i6  l ' a b s o r p t i o n  des po r t eu r s  l i b r e s  dans l e s  semiconducteurs 
magngtiques. Pour s a t i s f a i r e  l a  cond i t i on  de  conservat ion de l ' g n e r g i e  e t  du moment 
nous avons considSr6 les mgcanismes de d i f f u s i o n  su ivan t s  : phonons acous t iques ,  
magnons e t  impuretes ion isSes .  
Les r g s u l t a t s  s o n t  appliquSs a l l i n t e r p r S t a t i o n  des va l eu r s  du c o e f f i c i e n t  d 'absorg-  
t i o n  de  EuO r i c h e  en Eu. 

Abs t r ac t  - We i n v e s t i g a t e  t h e  absorp t ion  of r a d i a t i o n  by f r e e  c a r r i e r s  i n  f e r r ~ m a -  
g n e t i c  semiconductors.  To al low energy-momentum conserva t ion  t h e  fol lowing s c a t t e -  
r i n g  mechanisms were considered : a c o u s t i c a l  phonons, magnons and ion i sed  impur i t i e s .  
The r e s u l t s  a r e  used t o  i n t e r p r e t  absorp t ion  c o e f f i c i e n t  d a t a  of Eu-rich EuO. 

I n  t h e  l a s t  two decades t h e  s tudy  of  

t h e  phys i ca l  p r o p e r t i e s  of magnetic semicon- 

duc tors  has been t h e  s u b j e c t  of  much expe- 

r imenta l  and t h e o r e t i c a l  i n v e s t i g a t i o n .  A 

most i n t e r e s t i n g  a s p e c t  i n  t he se  systems i s  

t h e  i n f luence  of  magnetism on t h e i r  o p t i c a l  

and e l e c t r i c a l  p r o p e r t i e s ,  which makes t h e i r  

behavior  r a t h e r  p e c u l i a r  when one compares 

w i th  observa t ions  i n  non-magne t i c  semicon- 

duc tors .  A s  an example, Eu-rich samples of 

EuO show a s t r i k i n g  insu la tor -meta l  t r a n s i -  

t i o n  /1/ a s  t h e  temperature is decreased 

below t h e  ferromagnetic-ordering temperature 

(Tc around 69 K) . I t  is ev iden t  t h a t  t h e  

appearance of  magnetic o rde r ing  i n  t h e  sys- 

tem is  r e spons ib l e  f o r  t he  d e l o c a l i z a t i o n  

of t h e  e l e c t r o n s  t rapped a t  t h e  oxygen va- 

canc ies .  

The purpose of t h i s  paper is t o  inves-  

t i g a t e  t h e  abso rp t ion  o f  r a d i a t i o n  by f r e e  

c a r r i e r s  which were i n j e c t e d  i n t o  t h e  con- 

duc t ion  band dur ing  t h e  insu la tor -meta l  

t r a n s i t i o n .  This problem has been the  o b j e c t  

of  var ious  experimental  s t u d i e s  /2,3,7/ and, 

w e  b e l i e v e ,  $ome t h e o r e t i c a l  e f f o r t  is  des i -  

r a b l e .  I n  one of t he se  s t u d i e s  /3 / ,  a c l a s -  

s i c a l  theory (Drude model) has been used t o  

d e r i v e  t h e  dens i ty  and s c a t t e r i n g  t i m e  o f  

t h e  c a r r i e r s  a s  a  func t ion  o f  temperature.  

However, some observed f e a t u r e s  can n o t  be 

expla ined  by t h e  c l a s s i c a l  theory.  I n  par- 

t i c u l a r ,  f o r  moderately o r  heav i ly  doped 

samples t h e  absorp t ion  c o e f f i c i e n t  i nc reases  

more r a p i d l y  t han  k2, where X is t h e  wave- 

l eng th  of  the r a d i a t i o n ,  a s  expected when 

quantum e f f e c t s  a r e  n o t  n e g l i g i b l e .  A s  is  

we l l  know /4 / ,  i f  fiw>Ef, where w i s  t h e  

r a d i a t i o n  frequency and Ef is  t h e  Fermi 

energy, a  quantum approach should be used 

t o  c a l c u l a t e  t h e  abso rp t ion  c o e f f i c i e n t  a .  

I n  t h i s  paper we use  a  quantum-kinetic ap- 

proach t o  de r ive  a .  To al low energy-momen- 

turn conserva t ion  t h e  fol lowing s c a t t e r i n g  

mechanisms were considered : a c o u s t i c a l  

phonons, magnons and ion i sed  impur i t i e s .  It 

is  shown t h a t  t h e  processes a s s i s t e d  by 

ion i sed  impur i t i e s ,  t oge the r  with a smal l  

phonon con t r ibu t ion ,  can account f o r  t h e  

frequency and temperature dependences of 

a  / 3 / ,  i n  t h e  frequency i n t e r v a l  3 p  t o  low, 
The observed / 5 , 7 /  resonancr a t  h igher  
f r equenc ie s ,  b u t  below t h e  band edge, can 

be expla ined  by t h e  processes a s s i s t e d  by 

magnons i n  which an e l e c t r o n  s p i n  f l i p  occurs .  

This resonance seems t o  p e r s i s t  / 6 /  even 

when t h e  e l e c t r o n  i s  bound t o  an impuri ty 

c e n t e r  a t  temperatures  above t h e  i n s u l a t o r -  

metal  t r a n s i t i o n .  

The absorp t ion  c o e f f i c i e n t  is def ined  

b y a = -  n 1 dN x, where q is the  r e f r a c t i o n  

index of t h e  c r y s t a l ,  c  is t h e  v e l o c i t y  of 

t h e  l i g h t  and N = n - no is t h e  depa r tu re  

of  t h e  number of photons from t h e  thermal 

equ i l i b r ium va lue  no = ( c  fiw/kT-l)-l. ~h~ 

photon mode is cha rac t e r i zed  by wave vec to r  
-f qo, frequency a, p o l a r i z a t i o n  i n d e x y  = 172 

+ 
and p o l a r i z a t i o n  vec to r  E -The time r a t e  of 

Y 
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change of t h e  number of photons is d e s c r i -  
bed by the  k i n e t i c  equat ion  

3 
where f (k6 i s  t h e  d i s t r i b u t i o n  func t ion  f o r  

-+ 
e l e c t r o n s  with wave v e c t o r k  and s p i n d a n d  

the P's r ep re sen t  t h e  probabi l i ty  amplitude 

f o r a n  e l e c t r o n i c  t rans i t ionwhere  t h e  supers  - 
c r i p t  ( s u b s c r i p t )  ind ica tes theemiss ion  (+) 

o r  absorption ( - )  of a  nhoton (sca$teringexci- 

t a t i o n ) .  The probabi l i ty  amplitudes a r e  cdlcul- 

a tedus ing  second-order pe r tu rba t ion  theory.  

I n  eva lua t ing  a we have neglec ted  

t h e  photon wave vec to r ,  i - e . ,  t h e  e l ec -  

t r o n  only  ga ins  o r  l o s e s  energy by in t e r ac -  

t i n g  wi th  t h e  r a d i a t i o n  f i e l d .  On t h e  o t h e r  

hand, by in t e r ac t ing '  wi th  t h e  s c a t t e r i n g  

mechanism t h e  e l e c t r o n o d y  ga ins  o r  l o s e s  

momentum, s i n c e  t h e  energies involved a r e  

much sma l l e r  than the  photon energy. The 

c a r r i e r s  a r e  considered t o  form a  degene- 

r a t e  e l e c t r o n  gas and t h e  d i s t r i b u t i o n  

func t ions  a r e  s t e p  func t ions .  A s  a  r e s u l t  

of t h e  s-f exchange i n t e r a c t i o n  between 

t h e  conduction e l e c t r o n s  and t h e  l o c a l i z e d  

s p i n s ,  t h e  conduction band s p l i t s  i n t o  a  

band of  s p i n  up (zero  energy l e v e l )  and 

another  of s p i n  down sepa ra t ed  by J 
s-f 

< S  '> ( i n  molecular  f i e l d  approximation 

/ 9 / ) ,  where Js-f is  t h e  s-f exchange 

coupling and <SZ> is t h e  thermal average 

va lue  of t h e  l o c a l i z e d  s p i n s  ( 2  is  t h e  

d i r e c t i o n  of t h e  magnet iza t ion) .  I f  Jsmf 

< ~ ' > > ~ f ,  on ly  e l e c t r o n s  wi th  s p i n  up e x i s t  

i n  t h e  conduction band. This seems t o  he  

t h e  s i t u a t i o n  of experimental  i n t e r e s t  

/3/.We have a l s o  performed an average over  

a l l  t h e  p o s s i b l e  p o l a r i z a t i o n  d i r e c t i o n s  

of  t h e  r a d i a t i o n .  With t h e s e  a s s m p t i o n s  

t h e  fol lowing p r o b a b i l i t y  ampli tudes were 

eva lua ted  : i) Ionis-ed impur i ty  s c a t t e r i n g :  

i n  t h i s  case  w e  have assumed a  screened 

coulomb p o t e n t i a l  i n  t h e  Thomas-Fewi ap- 

proximation /8/. The ion l sed  impur i ty  con- 

t r i b u t i o n  f o r  a is found t o  be 

where Ai = 64~no /3cqs23 '03  ,Eo=m2 K2/2m,~ 

= ( ~ I T ~ ~ M ~ / E E ~ )  i s  t h e  i nve r se  of t h e  

screening  r ad ius ,  m and no a r e  t h e  mass and 

dens i ty  of t h e  c a r r i e r s  r e spec t ive ly ,  and 

E i s  t h e  d i e l e c t r i c  cons t an t  ( t h e  o t h e r  

q u a n t i t i e s  have t h e  u sua l  meanings ) .  

ii) Acous t ica l  phonon s c a t t e r i n g :  w e  s h a l l  

assume t h a t  t h e  electron-phonon i n t e r a c t i o n  

is  t h e  deformation p o t e n t i a l  /8/. A s  f i w  > 

E f t  t h e  minimun phonon wave v e c t o r  p a r t i c i -  

pa t ing  i n  t h e  s c a t t e r i n g  i s  (2mw/fi) 'I2, of 
7 orde r  I 0  cm-l. Thus i n  c a l c u l a t i n g  t h e  phonon 

con t r ibu t ion  f o r  a we have considered a  

cons t an t  phonon d i s p e r s i o n  r e l a t i o n .  The 

f i n a l  r e s u l t  i s  

where A = 8/(2N+ + l ) m 3 e Z ~ ;  / ~ I T ~ D C ~ ~ ~ ~ W ~ W $ ~  
P  90 I 

w-t and N+ a r e  t h e  energy and number 
90 90 

+ 
of phonons wi th  wave vec to r  qo (qo is  an 

e f  f e c t i v i  wave vec to r  s a t i s f y i n g  ( 2 m h )  

< qo< maximum of t h e  B r i l l o u i n  zone) ,  c1 

is  t h e  deformation p o t e n t i a l  and D i s  t h e  

c r y s t a l  d e n s i t y  ., 
iii) Magnon s c a t t e r i n g A :  The e l e c t r o n  system 

i n t e r a c t s  wi th  t h e  l o c a l i z e d  s p i n s  through 



the s-f exchange interadtion /9/. By as- processes,which involve electron spin flip 

suming a quadratic magnqn dispersion rela- transitions. 

tion w- = gp H h + 21Sadq2,with kBT > W+, 
q a 6  q 

we have 

; )tn (Ef+ 4 Ef (Ef+A) 1 Xo (A' - B' - -  I EfA 

, (4) / (A - B ' )  E£ + JBI ( ~ l - 1 1 1 ~ ~  ( E ~  + A) 1 
Fig. 1 : Absorption coefficient as a function of 
frequency. The lines are the theoretical results - - 

2 from the ionised impurity and phonon scatterings. 
where AM - - Js-f e2makg~/121cn 1166w3,~ = Experimental points are from ref. /3 / .  The derived 

densities are (0) no = 2.45 x ld9, (.) n = 1,95 
h w  - Js-fS, B = A + X ,A1 = AB/2Xo, 

0 x 10" , ( A )  n = i i z O  x 1~'~: ( ) no=8.& x1018, 

2 2 ( ) no = 5 -30 Ox 10 (cm -3) - 
B '  = B /4xo, x0 = giig~o 2 / q m ~ ~ a  , 

Js-f is the s-f exchange coupling, a is 

the lattice constant, I and S are the ex- 50 1 I I I I 

change constant and magnitude of the loca- 

lized spins, Ho is the applied magnetic 40 - T = 50° 
19 

field and T is the temperature. no= 2.45 x 10 ~ r n - ~  

These results will be used to interpret - 30 - 
the data /3,7/ for' the absorption coef fi- - 

I 

cient of Eu-rich EuO. Let us take the £01- - 
- 

lowing typical values for the parameters . 
involved : D = 8. 25g/cm3,c = 25,a = 5 14A0, 

E = 10 ev, J ~ - ~ S  =0.35eVt n = 2.5, S=7/2,I 10- - 1 

=0,67%, w = 260 cm" andHO = lo4~. 
40 

0 5 10 15 20 25 
In figure,l we present a fitting to the X2(/A21 
data of Oliver et a1/3/. The main contri- 

bution comes from the ionized impurity 

scattering, the phonon contribution acting 
Fig. 2 : Illustration of the three scattering con- 

as a background. The derived densities tributions for the absorgtion coefficient. tlagnon 

increase with decreasing temperature, as (---); acoustical phonon ionised impurity 
( -  - .); total contribution (-). 

an indication of the insulator-metaltransi- 

tion. Figure 2 shows the effect of each 

contribution in a different frequency scale 

As we see the magnon effect goes to zero 

when 6 w  < Js-fS - E f .  This represents a 

threshold frequency for the magnon assisted 
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The maxi~un effect occurs around f i w  ;Js,fSI 

reflect'inq the fact that all electrons with 

spin up are able to contribute to the absor- 

ption of radiation. Therefore, although 

the electrons have becornitinerant, the 

magnon assisted process is a resonance - 
like effect /7/, similar to that found /6/ 

when the electrons are bound to an impurity 

center at temperatures above the insulator- 

metal transition. 

Note added in proof.- We thank Dr Godart 

for pointed out recent published data on 

reflectivity spectra of Eu rich EuO near 

the absorption edge (Escorne,M. , Mauqer,A. 
Godart,C., and Achard,J.C., J.Physique 40 

(1979) , 315) .Their interpretation is in 
aocard with the results of this .paper con- 

cerning the maqnon assisted process. 
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