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Original scientific paper 

An attempt is made to study the doping dependence of the dia- and paramagnetic susceptibilities of the electrons in semiconductor superlattices under strong mag­netic quantization, taking Ga 1 _xAf�s-AIAs superlattice as an example. It is found, that the values of both the susceptibilities are higher than their bulk values of GaAs and for relatively higher carrier degeneracy, they approximately obey the Landau relation. 
1. Introduction

In recent years with the advent of MBE, MOCVD and other techniques semiconductors with superlattice structures (SL's), in which alternate layers of two different degenerate materials set up a periodic potential with a periodicity many times the crystal dimensions resulting in energy minibands] have been experimentally realized 1 - 4>, The SL has found wide applications in many newdevice structures, such as avalanche photodiodes5>, photo detectors6>, transistors7>,light emitters8>, electro-optical modulators9>, etc. Though considerable work hasalready been done on the various physical aspects of SL's, there still remain sco­pes in the investigations made while the interest for further researches of the diffe­rent other parameters of such heterostructures is becoming increasingly important. One such significant physical feature is the magnetic susceptibility of the electrons in degenerate materials which has been studied in the literature under various physical conditions 1 0 - 1 3>, Nevertheless, such susceptibility in SL's has yet to 
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be worked out for the more interesting case which occurs from the presence of magnetic quantization. In the present communication an attempt is made to stndy theoretically the doping dependence of the dia- and paramagnetic susceptibilities of electrons in semiconductor superlattices in the presence of a quantizing magnetic field along superlattice direction, taking Ga 1 _ xAf _xAg-AlAs superlattice as an example. 
2· Theoretical background 

-+ The E - k dispersion relation of the electrons in SL's can be expressed1 4> in the absence of any quantization, under tight-binding approximations, as 
E = ;�* [k; + k;] + Bos - Eis COS (2nk:fk0) (1) 

where the notations are the same as in Ref. 14. Incidentally, the presence of a quantizing magnetic field B in the z-direction, the energy eigenvalue equation takes the form 
E-rp = H?p (2) 

where 'I' is the wave-function under magnetic quantization and the Hamiltonian H can be written as 
p2 1 H = 2� + 2m* (py - eBx)2 + E0, - Bi, cos (2nkJk0) (3) 

-+ -+ in which p = liK and e is the electron charge.Thus the modified electron energy spectrum in SL's under magnetic quan­tization can be expressed as 
E = ( n + ! ) liro0 + E0, - ( E 1s cos (2nk:f k0) (4) 

where n (= 0, 1, 2, . . .  ) is the Landau quantum number and ro0 = eB/m*. The use of equation ( 4) leads to the expression of the density-of-states func­tion as 
(s) 

(E) 
eB Rmos nmos ak: N = - l; l; - -n21i n=O (s) aE -

eB nmas 
n�)s [ {((  1 ) )/  } 2

] - 1/2

= n2fido n� t> (Ei,)- 1 1 - n + 2 liroo + Bo, - E  Bi,
nm1n 

where d0 is the superlattice period. 
(5) 
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Therefore the free energy of the electrons in superlattices can be expressed 
by using equation (5) in the range of very low temperatures and considering only 
the first miniband, since in an actual superlattice only the lowermost miniband is 
significantly populated at low temperatures where the quantum effects become 
prominent, as 

eBc nma:c 
U (B) = noEF + 2fid 

1: [a cos- 1 a +  v1  - a2 ]
:n; 0 n=O 

(6) 

where n0 is the electron concentration, BF is the Fermi energy under magnetic 
quantization as measured from the edge of the conduction band in the absence 
of any quantization, 

c = E1 1, a = (A - EF)fc and A = ( n + ! ) fi<JJ0 + E01•

Thus, the diamagnetic susceptibility is given by 

2 B- 1 8Ep + 2eB 
{ 

n�a 
(1 2)- 1/2} 

a2EF - n0 - - -- .,. a - a -- -
8B :n:lido n=O aB2 

- 2eB 
n

�
.x 

{ (n + ..!..) liwoB- 1 - 8EF}
2 

{3 (1 - a2)- 112 - a 2 (1 - a2)- 3/ 2}]
:n; lidoc n=O 2 8B 

(7) 
where 

+ ,.!!0 ]: [ { n + ! ) li0,0B- 1 - ��] [cos - •a - 2a (1 - a2)- 112].

aEF a2EF Therefore, the determination of ,ed requires the expressions for aff and aB2 

which in turn require the corresponding electron statistics. Thus, using the same 
logic as used in obtaining equation (6), the electron concentration can be expres­
sed as 
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n0 = 2/id :E cos- 1a.
:n; 0 n=O 

(8) 
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Since the electron concentration is not affected by magnetic quantization (neglec­ting magnetic freeze-out), we can write from equation (8), the expressions or aBF a2BF . aB and aB2 respectively as
(9) 

and 
82B

: = [ nf
;c (I _ a2) _ 1 12] - i [2n2no:cdo + _!_ { n

l:

= ( l  _ a2) _ 312 } (
8Bp) 

2
] . aB n=O eB C n=O aB (10) When spin-splitting is considered the magnetic moment can be expressed as 

eBRg nma;sc M = ;" 0 � [ cos- 1 b _ - cos - 1b +]411: doli n=O 
(1 1) 

where g O is the magnitude of the spectroscopic splitting factor at the edge of the 1 A - Bf ± 2 coBPconduction band, P is the Bohr magneton, b± = and Bf i the Fermi energy when spin-splitting is considered. Therefore, using equation ( 1 1) the diamagnetic part of the susceptibility can be written as 
"" = µoMB- 1 + eg�µoB nf

;sc CS+ - S_) + ( nir L) eB�oµoP . aBF (12)411: lidoc n=O n=O 411: lidoc aB where 
and L = [( l _ b:..)- 11 2  _ (1 _ b;_)- 112] .
Incidentally, following the method as given above the expressions for n0 and �1:-{ in the presence of spin-splitting can respectively be expressed as 
and 
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n0 = (eB/2n2lid0) :E [cos- 1 b_ + cos - 1b+l
8Bp [ nma;c ] - i [ 2n2/id0cn0 nma;sc S _ S +]- =  � L - ---- + � - + -8B n=O eB2 n=O B B 

(13) 
(14) 

FIZIKA 21 (1989) 3, 227-232 



GHATAK AND MITRA: ON THE MAGNETIC SUSCEPTIBILITIES . . .

3. Results and discussion

Using the appropriate equations together with the parameters 1 5 - 1 6> m* = 
= 0.069 m0, g O = 2, E0 = 0.05 eV, E 1 = 0.01  eV and d0 = 60 nm for Ga i -xAI.:iAs -GaAs superlattice, the doping dependence of the dia- and paramagnetic suscep­tibilities of electrons has been plotted at low temperatures corresponding to two given values ot the magnetic field as shown in Fig. 1 .  It appears from the figure 

1 8  

1.5 

t l2 

� 
,c. 9� �
I 

6 

3 

-- 8 • 16 T 
- - - B =  32 T 

35 

30 

25 
t 

20 r-, 
/ GIie, 

,_ >l ._  
I � 

/ , 15
I I 

/ I 
/ _, 

/ I 
V I 10 , 

/ 
/ "' ,,,"' 

/
,,. --

11 ... 02=2,-----=-=---------lo'-,,2...-3 ---�
3 

r.ro1J 

r. J -3 lPo m -

Fig. 1. Doping dependence of the diamagnetic and paramagnetic susceptibilities of the electrons 
in Ga1 -zAI;xAs-AlAs superlattice at low temperatures. 

that the values of "d and ,e,, are both higher than their bulk values of GaAs and increase with increasing electron concentration. It has also been observed that,e4 = -l,e ,,, where the factor ..:t decreases with increasing electron concentrationin the presence of a constant magnetic field (the value of ..:t being typically varying between 1 to 1/3). Thus at relatively high values of carrier degeneracy, we have 
approximately the relation "d = - ( ! ) ,e,, which is in fact the relation first derivedby Landau 1 0> for 3D electron gases by considering the magnetic quantum num­ber to be fairly large. It appears then that a strong quantizing magnetic field would not affect the validity of the Landau's basic relation for a superlattice structure. This follows from the fact that the electron concentration increases very much with the consequent rise of the Fermi level with respect to the bottom of the lowest Landau level resulting in the occupation of a large number of Landau levels even under strong magnetic quantization. Thus the magnetic quantum number beco­mes large for large values of the electron concentration leading to the picture assu-
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med in the Landau theory. Incidentally, the effect of collision broadening has not 
been considered here. Though the effects of collision broadening are usually small 
at low temperatures, the sharpness of the amplitude in the figure would be reduced 
by its influence. It may also be stated that the electron-electron interactions which 
become increasingly important with increasing electron concentration have not 
been considered in the present treatment. Besides, if the orientation of the quan­
tizing magnetic field be taken as an arbitrary one instead of the superlattice direc­
tion as assumed in the present work, the expressions of the dia- and paramagnetic 
susceptibilities would be different analytically. Finally it may be remarked that 
though in a more rigorous treatment, the above modifications should be conside­
red along with a self consistent procedure, this simplified analysis exhibits the 
major features of the magnetic susceptibility of the electrons in semiconductor 
heterostructures. 
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ELEKTRONSKA MAGNETSKA SUSCEPTIBILNOST U SUPERRE�ETKI 
POLUVODICA U PRISUSTVU KVANTIZIRAJUGEG MAGNETSKOG 
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Originalni znanstveni rad 

Proucavana je ovisnost o dopiranju dia- i paramagnetske susceptibilnosti elektrona 
u poluvodicima u rezimu jake magnetske kvantizacije. Kao primjer uzeta je super­
resetka Ga i -xAf xAs-AlAs. Nadeno je da su vrijednosti obje susceptibilnosti vece 
od vrijednosti u unutrasnjosti GaAs, te da za relativno visoke degeneracije nosilaca 
naboja zadovoljavaju Landauovu relaciju. 
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