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In t h i s p u b l i c a t i o n we demons t ra te t h a t a c o m b i n a t i o n o f c a p a c i t a n c e ana 
ga te c u r r e n t e xpe r imen t s t o g e t h e r w i t h an a n a l y s i s o f t h e r m a l l y a c t i v a t e d 
c o n d u c t i v i t y seems to be u s e f u l f o r the d e t e r m i n a t i o n o f the d e n s i t y o f 
s t a t e s (DOS) o f Landau l e v e l s i n t w o - d i m e n s i o n a l s y s tems . The e x p e r i m e n t a l 
r e s u l t s sugges t a Landau l e v e l w i d t h not f a r away from the p r e d i c t i o n s of 
t h e s e l f - c o n s i s t e n t Born a p p r o x i m a t i o n (SCBa) i f t he Fermi l e v e l i s c l o s e 
t o t he c e n t e r o f a Landau l e v e l . The DOS between Landau l e v e l s however 
cannot be e x p l a i n e d w i t h such a narrow l i n e w i d t h and the expe r imen t s s u g ­
ge s t t he e x i s t e n c e o f a background DOS o r an i n c r e a s e d l i n e w i d t h b roaden i ng 
f o r i n t e g e r f i l l i n g f a c t o r s . 

1. I n t r o d u c t i o n 

A m i c r o s c o p i c t heo r y o f t he quantum rial 1 e f f e c t s h o u l d g i v e a c o r r e c t d e ­
s c r i p t i o n n o t o n l y o f t he q u a n t i z e d r e s i s t i v i t y v a l u e s p = h/ i e 2 but a l s o 
o f t he t r a n s i t i o n s between t he p l a t e a u s and the v a l u e s o r the f i n i t e r e s i s ­
t i v i t y p x x . Such t r a n s p o r t c a l c u l a t i o n s a re e x t r e m e l y c o m p l i c a t e d s i n c e the 
t h e o r y i t s e l f i s c o m p l i c a t e d and i n a d d i t i o n no t enough i n f o r m a t i o n i s 
a v a i l a b l e about t he s c a t t e r i n g c e n t e r s . The p u b l i s h e d t h e o r i e s a re based on 
c e r t a i n a p p r o x i m a t i o n s and a s sumpt ion s about the d i s t r i b u t i o n , the s t r e n y t n 
and t h e range o f t he s c a t t e r i n g p o t e n t i a l , a f i r s t t e s t whether such a s ­
sumpt ions a r e r e a l i s t i c s h o u l d be a v a i l a b l e f rom a compar i son between the 
c a l c u l a t e d and the measured d e n s i t y o f s t a t e s D( t ) s i n c e c a l c u l a t i o n s of 
D(E) a r e much e a s i e r than a t r a n s p o r t t h e o r y f o r p x x ( B ) wh i ch i n c l u d e s 
c o m p l i c a t e d phenomena l i k e l o c a l i z a t i o n and c o r r e l a t i o n . One o f the f i r s t 
t h e o r i e s o f t h e d e n s i t y o f s t a t e s (DOS) assumed s h o r t - r a n g e s c a t t e r e r s 
wh i ch l e a d s w i t h i n the s e l f - c o n s i s t e n t Born a p p r o x i m a t i o n (SCBA) t o a b r o a ­
den ing o f t h e d i s c r e t e energy spect rum ( e x p e c t e d f o r an i d e a l t w o - d i m e n s i o ­
na l e l e c t r o n gas w i t h o u t s c a t t e r i n g ) . i n t o an e l l i p t i c l i n e s h a p e f o r the UuS 
[ 1 ] . h i g h e r o r d e r a p p r o x i m a t i o n s show t h a t an e x p o n e n t i a l l y decay i n g DOS i s 
e x p e c t e d f o r e n e r g i e s £ - E n l a r g e r than the l i n e w i d t h of the Landau l e v e l s 
Ep [21 , so t h a t a r e a l energy gap w i t h v a n i s h i n g DOS may not be p r e s e n t bu t 
t h e DOS a t m i d p o i n t between two Landau l e v e l s s h o u l d dec rea se d r a s t i c a l l y 
i f t he magnet i c f i e l d (energy s e p a r a t i o n between a d j a c e n t Landau l e v e l s ) i s 
i n c r e a s e d . E xpe r imen ta l i n f o r m a t i o n about the DOS can be o b t a i n e d f rom 
measurements o f t he s p e c i f i c heat [31 , f rom m a g n e t i z a t i o n measurements [ 4 ] , 
f rom tempe ra tu re -dependen t r e s i s t i v i t y measurements i n t he regime of the 
H a l l p l a t e a u s [ 5 ] , f rom magne tocapac i t ance measurements [6 ,7 ] o r f rom gate 
c u r r e n t measurements [ 8 ] . In t h i s a r t i c l e we compare the r e s u l t s we have 
o b t a i n e d f rom an a n a l y s i s o f the t h e r m a l l y a c t i v a t e d r e s i s t i v i t y , magneto­
c a p a c i t a n c e and ga te c u r r e n t measurements c a r r i e d o u t on one ano the same 
sample . The f o l l o w i n g d i s c u s s i o n i s based on a p i c t u r e wn ich does not i n ­
c l u d e many-body e f f e c t s . The n o t a t i o n " d e n s i t y o f s t a t e s (DOS)" i n t h i s 
paper i s used t o c h a r a c t e r i z e the e l e c t r o n i c p r o p e r t i e s w i t h i n a s i n g l e 
p a r t i c l e p i c t u r e . A l l e xpe r imen t s d e s c r i b e d i n the f o l l o w i n y have oeen 
c a r r i e d ou t on AlGaAs-GaAs h e t e r o s t r u c t u r e s . 



The t e m p e r a t u r e dependence o f P x x

n (where P x x

n means the minimum i n t he 
r e s i s t i v i t y wh i ch co r r e spond s t o a Fermi l e v e l p o s i t i o n ve ry c l o s e t o t he 
m i d p o i n t between two Landau l e v e l s ) i n t h e t empe ra tu re range 2K<T<20K i s 
u s u a l l y dominated by an e x p o n e n t i a l te rm c o r r e s p o n d i n g t o 

pmin „ e x p f_Ia^_max } , ( 1 ) 

where E a m a x denotes the measured a c t i v a t i o n e n e r g y . Measured a c t i v a t i o n 

e n e r g i e s E a m a x f o r d i f f e r e n t samples a t d i f f e r e n t magnet i c f i e l d v a l u e s 

a r e shown i n F i g . l . The f i l l i n g f a c t o r i , d e f i n e d as i = n $ . - ^ p c o r r e s p o n d s 

a lway s t o a f u l l y o c c u p i e d l o w e s t Landau l e v e l ( i=4 f o r (100) s i l i c o n 
MOSFETs and i=2 f o r GaAs-AlGaAs h e t e r o s t r u c t u r e s ) . S i n ce the measured 
a c t i v a t i o n energy E a m a x ag rees f a i r l y w e l l w i t h h a l f o f the c y c l o t r o n 
energy Ho)p, t h i s a c t i v a t i o n energy i s i n t e r p r e t e d as the energy d i f f e r e n c e 
between tr ie Fermi energy tp and t h e c e n t e r o f t he Landau l e v e l t n . Fo r t he 
sake o f s i m p l i c i t y we assume t h a t t he m o b i l i t y edge o f the Landau l e v e l i s 
l o c a t e d a t t he c e n t e r o f t he Landau l e v e l , i n agreement w i t h c a l c u l a t i o n s o f 
t he l o c a l i z a t i o n l e n g t h [9] and p e r c o l a t i o n t h e o r i e s [ 1 0 ] . Fu r the rmore the 
m o b i l i t y edge i s assumed t o remain f i x e d , i ndependent o f the t empe ra tu re 
and t he c a r r i e r d e n s i t y . Chang ing the p o s i t i o n o f a Landau l e v e l t n 

r e l a t i v e t o the Fermi energy £p(by chang i ng the magnet i c f i e l d ) r e s u l t s i n 
a r educed a c t i v a t i o n energy E =|E n -Ep|. T h i s mot ion o f the Landau l e v e l s 
r e l a t i v e t o t h e Fermi l e v e l i f t he f i l l i n g f a c t o r o f the Landau l e v e l s i s 
v a r i e d i s c l e a r l y v i s i b l e i n F i g . 2 . A change o f the f i l l i n g f a c t o r c o r r e ­
sponds t o a s h i f t o f the Fermi l e v e l , e q u i v a l e n t t o a change &n i n t he 
c a r r i e r d e n s i t y a t f i x e d magnet i c f i e l d . Measu r i ng now the a c t i v a t i o n 
energy as a f u n c t i o n o f t he magnet i c f i e l d a l l o w s us t o deduce a mean v a l u e 
f o r t he DOS: 

D(E) « , u ) 

where aL i s t he energy d i f f e r e n c e between a c t i v a t i o n e n e r g i e s de te rm ined a t 
c o n s e c u t i v e magnet i c f i e l d v a l u e s . T h i s a n a l y s i n g t e c h n i q u e i s r e s t r i c t e d 
t o t he t a i l s o f Landau l e v e l s and has been d e s c r i b e d i n more d e t a i l i n a 
p r e v i o u s p u b l i c a t i o n [ 8 ] . F i g u r e 3 shows the r e c o n s t r u c t e d DOS o b t a i n e d 
f rom sample 1 (n s = 2.60.101 i c m - z , y= 158,000 cm2/Vs). 

(GaAs h e t e r o s t r u c t u r e s 
- m c = 0.07 m 

6 8 10 

B [Tesla] 

F i g . 1: 

Measured a c t i v a t i o n e n e r y i e s 
t a ( u a x i n the r e s i s t i v i t y a t 
a f i l l i n g f a c t o r c o r r e s ^ o n -
d i n y t o a f u l l y o c c u p i e d 
l o w e s t Landau l e v e l as a 
f u n c t i o n o f the mayne t i c 
f i e l d B. The s o l i d l i n e s 
c o r r e s p o n d t o h a l f o f t h e 
c y c l o t r o n ene r g y . 
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F i g . 3: 

R e c o n s t r u c t e d DOS f o r f i l l i n g f a c t o r s c l o s e to i=2 and i=4. The arrow marks 
the ze ro magnet ic f i e l d DOS. The energy s c a l e i s taken r e l a t i v e to the m i d ­
p o i n t between two Landau l e v e l s 

The DOS between Landau l e v e l s does no t v a n i s h but shows a v a l u e depend­
i n g on t h e m o b i l i t y o f t he sample and on the magnet i c f i e l d . Dec r ea s i n g 
m o b i l i t y and d e c r e a s i n g magnet i c f i e l d r e s u l t s i n an i n c r e a s e d DOS between 
Landau l e v e l s . The magnet i c f i e l d dependence o f the DOS between Landau 
l e v e l s - o b t a i n e d f rom an a n a l y s i s a t f i l l i n g f a c t o r s c l o s e t o i=2 and i=4 
- i s c o n t r a r y t o o u r p r e v i o u s s t a t e m e n t s . The h i gh DOS c l o s e t o fc=0 ( F i g . 
3) i s an a r t e f a c t o f t he a n a l y s i s s i n c e f o r a Fermi energy a t t=0 two L a n ­
dau l e v e l s c o n t r i b u t e t o p x x . The r e c o n s t r u c t i o n o f the DOS f rom a c t i v a t e d 
r e s i s t i v i t y measurements i s r e s t r i c t e d t o the t a i l s o f t he Landau l e v e l s as 
ment i oned above. I n f o r m a t i o n about the DOS f o r a Fermi l e v e l p o s i t i o n c l o s e 
t o t h e c e n t e r o f a Landau l e v e l can be o b t a i n e d f rom magnetocapac i t ance 
measurements d e s c r i b e d i n t he nex t c h a p t e r . 

3. Magne tocapac i t ance 

The c a p a c i t a n c e e xpe r imen t s were c a r r i e d ou t on ga ted GaAs-AlGaAs h e t e r o ­
s t r u c t u r e s w i t h a H a l l geometry . The m o b i l i t i e s o f t he samples d e s c r i b e d 
he re a r e between 83,000 and 480,000 cm2/Vs f o r c a r r i e r d e n s i t i e s i n the 



range between 2 . 2 7 . 1 0 1 i c m ~ 2 and 2 . 9 0 . 1 0 1 lan~2. F o r c a p a c i t a n c e measurements 
a l l t h e p o t e n t i a l p robes were s h o r t - c i r c u i t e d and a c t e d as a channe l 
c o n t a c t . 

The s i g n a l was o b t a i n e d by measu r ing phase s e n s i t i v e t he v o l t a g e drop 
between t h e sample and a h i g h - p r e c i s i o n r e f e r e n c e c a p a c i t o r C r e j : (see F i g . 
4 b ) . The s i g n a l V m e a s i s p r o p o r t i o n a l t o the c a p a c i t a n c e d i f f e r e n c e 
c s a m p l e ~ c r e f a s l o n g a s t n e c n a n n e l r e s i s t a n c e i s sma l l compared t o t he 
A t r e s i s t a n c e o f C s a m p - j e . F o r a Fermi l e v e l p o s i t i o n between two Landau 
l e v e l s a x x goes t o z e r o and t h e s i g n a l V m e a $ i s no t d i r e c t l y p r o p o r t i o n a l 
t o t h e c a p a c i t a n c e o f t he sy s tem but i s i n f l u e n c e d by the low c o n d u c t i v i t y 
s t a t e o f t h e c h a n n e l . 

The c a p a c i t a n c e o f a sy s tem c o n s i s t i n g o f a m e t a l - i n s u l a t o r - ( w i t h i o n ­
i z e d i m p u r i t i e s ) s e m i c o n d u c t o r - s a n d w i c h ( e . g . A u - A l G a A s - b a A s - h e t e r o s t r u c -
t u r e ) depends no t o n l y on t he t h i c k n e s s o f the i n s u l a t o r bu t a l s o on t he 
DOS a t t h e s em i conduc t o r s i d e and on pa ramete r s of t he m a t e r i a l . F i g . 4 a 
shows t h e band d iag ram o f a h e t e r o s t r u c t u r e i n c l u d i n g a :>chottky gate i n 
c o n t a c t w i t h t h e A l G a A s . I f t h e two d e p l e t i o n l a y e r s i n t e r p e n e t r a t e each 
o t h e r t h e t o t a l c a p a c i t a n c e a t a g i v e n magnet i c f i e l d can be e x p r e s s e d as 
[ 8 . 1 1 ] : 

a.) - A u H — A l G a A s — I — G a A s 

b.) 

vmeas ~ U„ * (Csample~ cref * 

F i g . 4 : 
S chemat i c d iagrams o f t he conduc ­
t i o n band edge f o r a ga ted GaAs-
A lGaAs h e t e r o s t r u c t u r e showing the 
q u a n t i t i e s used i n the d e r i v a t i o n s 
(a) and the e x p e r i m e n t a l s e t up 
(b) . U i s t he AC component o f t he 
a p p l i e d v o l t a g e w i t h an a m p l i t u d e 
o f about 7 mV and a f r equency of 
223 Hz 

1 = 1 + 1 > (3) 
XT e $ o n $ 

d ( t F - t 0 ) 1 Ep 

where C A i s t he c a p a c i t a n c e o f t he i n s u l a t i n g AlGaAs l a y e r , G $ i s t h e 
d i e l e c t r i c c o n s t a n t o f GaAs, z i s t he ave rage p o s i t i o n o f the e l e c t r o n s 
i n t h e c h a n n e l , y i s a c o n s t a n t n u m e r i c a l f a c t o r between O.b and 0 .7 , and 
d n s / d ( E F - E ) i s t h e thermodynamic DOS a t the Fermi l e v e l , i n t he f o l l o w i n g 
deno ted as d n $ / d E p . The f i r s t two terms on t h e r i g h t - h a n d s i d e o f (3) a re 



assumed t o be c o n s t a n t i n a magnet i c f i e l d , and thus changes o f the c apac ­
i t a n c e a r e d i r e c t l y r e l a t e d to changes i n the thermodynamic DOS o f the 
2D£G. A t T=0 the t o t a l i n v e r s e c a p a c i t a n c e i n a magnet ic f i e l d can be 
e x p r e s s e d as 

L- = i L + L̂ , (4) 
C C 0 e2D0 e2D 

where denotes t he v a l u e o f the t o t a l c a p a c i t a n c e a t B=0, D i s the DOS 
a t t h e Fermi l e v e l i n t he p re sence o f a magnet ic f i e l d and D i s the DOS 
w i t h i n t he l o w e s t subband, equa l t o 2.9xlOio Cm-2meV " i i n the absence o f 
a magnet i c f i e l d . A t f i n i t e t empe ra tu re s D has t o be r e p l a c e d by dn s /dEp . 

The e x p e r i m e n t a l r e s u l t s were compared w i t h c a l c u l a t i o n s o f C(B) a s s u ­
ming a G a u s s i a n - l i k e DOS o f the form: 

n/ v P 1 b „ r ( t - (n+^) H W r ) 2 . 

where r i s t he b roaden ing pa rameter o f t he Gauss ian d i s t r i b u t i o n . F i r s t t he 
p o s i t i o n o f t h e Fermi l e v e l Lp i s de te rm ined by s o l v i n g n u m e r i c a l l y the 
e q u a t i o n : 

n s = / D(E) f ( L - L p ) dL , (b) 

where f ( £ - E p ) i s t he Fermi d i s t r i b u t i o n f u n c t i o n . The c a r r i e r d e n s i t y n $ i s 
assumed t o Be i ndependent o f magnet i c f i e l d and t e m p e r a t u r e . 

In t he nex t s t ep t he thermodynamic DOS 

d n $ 

~cTT 
F ! E P 

/ D(E) 
d f ( E - L p ) 

dL (7) 

i s c a l c u l a t e d n u m e r i c a l l y . Wi th t he t empera tu re -dependen t form of (4) and 
(7) one o b t a i n s C ( B ) . S p i n s p l i t t i n g wh ich i s sma l l compared t o the c y c l o ­
t r o n energy f o r GaAs i s n e g l e c t e d i n the c a l c u l a t i o n s . 

F i g . 5 shows the c a p a c i t a n c e da t a ( f o r the same sample as d i s c u s s e d i n 
F i g . 3) a t d i f f e r e n t t empe ra tu re s t o g e t h e r w i t h a t h e o r e t i c a l c u r ve c a l c u ­
l a t e d on t he b a s i s o f a magnet i c f i e l d i ndependent l i n e w i d t h r=0.48 meV. We 
have a d j u s t e d t he f i t t o t he magnetocapac i t ance maxima s i n c e t he obse rved 
minima may be f a l s i f i e d - a t l e a s t a t h i g h magnet ic f i e l d s and low t empe r ­
a t u r e s - by t h e sma l l channe l c onduc t ance . T h i s argument cannot be used t o 
e x p l a i n the reduced depth o f the c a p a c i t a n c e minima a t magnet i c f i e l d s 
below 2 T e s l a s i n c e t he phase s h i f t due t o the channe l r e s i s t a n c e i s n e g l i ­
g i b l y s m a l l , however, i n h o m o g e n e i t i e s may e x p l a i n the e x p e r i m e n t a l a a t a as 
shown i n F i g . 6 where the change i n the c a p a c i t a n c e due t o a uau s s i an d i s ­
t r i b u t i o n o f t he c a r r i e r d e n s i t y n^ w i t h a b roaden ing pa rameter An$=0.016 
n$ i s shown. A remarkab le r e d u c t i o n o f the depth o f the c a p a c i t a n c e minima 
i s v i s i b l e whereas t he maxima remain unchanged. 

The i n f l u e n c e o f i n h o m o g e n e i t i e s has been c o n s i d e r e d i n a more s o p h i s t i ­
c a t e d way by G e r h a r d t s and budmundsson [12] i n t h e i r s t a t i s t i c a l mouel f o r 
i n h o m o g e n e i t i e s . T h e i r model i s based on the as sumpt ion o f a b a u s s i a n -
shaped DOS and t he r e s u l t o f the c a l c u l a t i o n s can De d e s c r i b e d u s i n y an 
e f f e c t i v e l i n e w i d t h r shown i n F i g . 7. Th i s e f f e c t i v e l i n e w i d t h o s c i l l a t e s 
and a maximum i s a lways o b t a i n e d f o r a Fermi l e v e l p o s i t i o n between two 



Sample 1 [!= 158,000 cm2/Vs 

Experiment 
F i t : P = (K8meV 

F i g . 5: 
Measured magne tocapac i t ance 
and c o r r e s p o n d i n g f i t u s i n g a 
b r oaden i ng pa ramete r 
r= 0.48 meV i n the model DuS. 
Fo r t h e sake o f c l a r i t y the 
c u r v e s a r e s h i f t e d v e r t i c a l l y 
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F i g . 6 : 
C a l c u l a t e d magne tocapac i t ance 
showing t he i n f l u e n c e o f i n -
homogene i t i e s assuming a Gaus­
s i a n d i s t r i b u t i o n o f the c a r ­
r i e r d e n s i t y n$ 
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F i g . 8 : 
Landau l e v e l w i d t h r v s . B. 
P o i n t s a re o b t a i n e d by compar­
i n g magnetocapac i t ance maxima 
w i t h model c a l c u l a t i o n s . The 
dashed l i n e co r re spond s t o t he 
SCBA- l i n e w i d t h (8) where y i s 
the m o b i l i t y o f the samples . 
F u l l symbols c o r r e s p o n d t o 
sample 1 and l i e i n t he range 
between open symbols c o r r e s ­
pond ing t o sample 0 and 
sample 2 

Landau l e v e l s . Th i s a s p e c t i s s i m i l a r t o c a l c u l a t i o n s of the o s c i l l a t i n y 
l e v e l b r o a d e n i n g due t o s c r e e n i n g e f f e c t s [ 1 4 - 1 6 ] . 

F i g u r e 8 summarizes the r e s u l t s o b t a i n e d from an a n a l y s i s o f t he 
magne tocapac i t ance maxima o f t h r e e samples . In t h i s f i g u r e the b roaden ing 
parameter r (see (5 ) ) i s p l o t t e d as a f u n c t i o n o f the magnet ic f i e l d and 
compared w i t h t h e l i n e w i d t h r S Q 3 A , o b t a i n e d f rom the s e l f c o n s i s t e n t Born 
a p p r o x i m a t i o n (SCBA) [ 1 ] : 

= eh /F71 (8) 
m* * u 

r SCBA 

where m* i s t he e f f e c t i v e mass and y t he m o b i l i t y o f the sample. F i t t i n g 
t he magne tocapac i t ance maxima means t h a t each p o i n t i n F i y . 8 co r re spond s 



t o a Fermi l e v e l p o s i t i o n c l o s e t o t he c e n t e r o f a Landau l e v e l . The l i n e -
w i d t h has been e x t r a c t e d f rom measurements a t d i f f e r e n t t empe ra tu re s i n d i ­
c a t e d by d i f f e r e n t s ymbo l s . F i g u r e 8 shows t h a t the e x p e r i m e n t a l l y deduced 
l i n e w i d t h s a r e no t so f a r away f rom t he p r e d i c t i o n s o f t he sCBA - t he /ST 
dependence o f t he l i n e w i d t h r i s more o r l e s s v i s i b l e f o r the sample w i t h 
t h e l o w e s t m o b i l i t y . 

Up t o now the model c a l c u l a t i o n o f t he magne tocapac i t ance was based on 
t h e a s s umpt i on t h a t t h e c a r r i e r d e n s i t y i n t he channe l remains c o n s t a n t . 
T h i s i s i n c o r r e c t , s i nee the d i f f e r e n c e i n the e l e c t r o c h e m i c a l p o t e n t i a l 
a c r o s s t h e c a p a c i t o r i s f i x e d and a v a r i a t i o n i n the c a p a c i t a n c e l e a u s t o a 
c h a r g e t r a n s f e r between the ga te e l e c t r o d e and the c h a n n e l . T h i s sma l l 
change i n t h e c a r r i e r d e n s i t y i s u n i m p o r t a n t i n an a n a l y s i s of c a p a c i t a n c e 
measurements bu t i s a f i r s t o r d e r c o n t r i b u t i o n i n gate c u r r e n t e xpe r imen t s 
w h i c h w i l l be d i s c u s s e d i n t h e f o l l o w i n g c h a p t e r . 

4. Gate C u r r e n t 

The a s sumpt i on t h a t t he c a r r i e r d e n s i t y n $ remains c o n s t a n t chang ing the 
magne t i c f i e l d i s no t c o r r e c t . A c t u a l l y no t the c a r r i e r d e n s i t y n $ bu t t he 
Fermi l e v e l i s k e p t c o n s t a n t d u r i n g c a p a c i t a n c e e x p e r i m e n t s . Us ing t he 
n o t a t i o n o f F i g . 4 a t h i s means t h a t t he ga te v o l t a g e V i s k e p t c o n s t a n t . 
V a r y i n g t he magnet i c f i e l d B then l e a d s t o o s c i l l a t i o n s o f the s u r f a c e 
p o t e n t i a l (bot tom o f t h e p o t e n t i a l w e l l ) and t o a cha rge t r a n s f e r between 
g a t e and channe l o f the h e t e r o s t r u c t u r e . S i n c e the amount o f t r a n s f e r r e d 
cha rge i s s m a l l compared t o t h e t w o - d i m e n s i o n a l c a r r i e r d e n s i t y n $ the 
subband edge ( taken r e l a t i v e t o t he bot tom o f the p o t e n t i a l w e l l ) i s a s ­
sumed t o be c o n s t a n t . The s t a r t i n g p o i n t f o r t he model c a l c u l a t i o n s i s now 
no l o n g e r (5) b u t t he f o l l o w i n g e q u a t i o n [ 8 ] : 

oo C 
/ D ( E ) f ( £ - £ F ) d£ + £ F = c o n s t , (9) 

- o o e ̂  

where t h e c o n s t a n t can be d e t e r m i n e d a t B=0. t q u a t i o n (9) has t o be s o l v e d 
n u m e r i c a l l y t o g i v e t h e c o r r e c t p o s i t i o n o f t he subband edge r e l a t i v e t o 
t h e Fermi l e v e l and then the magne tocapac i t ance can be c a l c u l a t e d u s i n g 
(7) and t h e t e m p e r a t u r e dependent fo rm o f ( 4 ) . C a l c u l a t i n g t h e magnetocapa­
c i t a n c e i n t h e way d e s c r i b e d above r e s u l t s i n a b r oaden i ng of the w i d t h o f 
t h e c a p a c i t a n c e minima compared t o c a l c u l a t i o n s assuming a c o n s t a n t c a r r i e r 
d e n s i t y n $ . The d i f f e r e n c e however i s sma l l and cannot be r e s o l v e d i n F i g . 
5. The cha r ge f l o w ment i oned above can be de te rm ined by measur ing t he c u r ­
r e n t between ga te and channe l as a f u n c t i o n o f the magnet i c f i e l d B. The 
c u r r e n t f l o w i s g i v e n by 

K B ) = A . e . ^ i = A . e ^ i . ^ , (10) 
d t dB d t 

where A i s t h e a r e a o f t h e t w o - d i m e n s i o n a l e l e c t r o n yas and dB/dt tne sweep 
r a t e o f t he magnet i c f i e l d . dn $ /dB can be de te rm ined by s o l v i n g (9) a t 
d i f f e r e n t magne t i c f i e l d s s i n c e t h e f i r s t te rm on t he l e f t - n a n a s i d e i s 
equa l t o t h e c a r r i e r d e n s i t y n$. The c u r r e n t f l o w ve r s u s magnet i c f i e l d i s 
shown i n F i g . 9. The upper c u r v e shows t he e xpe r imen t s ( c a r r i e d o u t a g a i n 
on sample 1) where a c u r r e n t minimum c o r r e s p o n d s t o a DOS maximum anu a 
maximum i n t h e c u r r e n t f l o w c o r r e s p o n d s t o a Fermi l e v e l p o s i t i o n i n a 
minimum o f t he DOS. The o r i g i n o f t he r e v e r s e c u r r e n t peak a t about 5.2 
T e s l a i s n o t c l e a r y e t . The e x p e r i m e n t i s compared w i t h model c a l c u l a t i o n s 
u s i n g a Landau l e v e l l i n e w i d t h ( b au s s i a n ) o f r= 0.48 meV (see F i g . 5 and 
F i g . 8) and 1.35 meV. The s m a l l e r l i n e w i d t h r= 0.48 meV o b t a i n e d f rom an 



Measured and c a l c u l a t e d c u r ­
r e n t f l o w between gate and 
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a n a l y s i s o f t he magne tocapac i t ance maxima o f the same sample - a ga i n d e ­
s c r i b e s c o r r e c t l y t h e e xpe r imen t f o r a Fermi l e v e l p o s i t i o n c l o s e t o the 
c e n t e r o f a Landau l e v e l . A l a r g e r l i n e w i d t h r= 1.35 meV cannot f i t the 
o s c i l l a t i o n s a t l o w e r magnet i c f i e l d bu t f i t s a p p r o x i m a t e l y the h e i g h t o f 
the measured c u r r e n t maximum a t about 5.4 T e s l a ( f i l l i n g f a c t o r i « 2 ) . 

A more q u a n t i t a t i v e a n a l y s i s however i s h i n d e r e d by the r e v e r s e c u r r e n t 
peak. I t s h o u l d be no ted t h a t t he s t a t i s t i c a l model [12,13] o r a background 
DOS a t i=2 produces more broadened c u r r e n t maxima, comparable t o the e x p e ­
r i m e n t a l one s . 

5. Summary 

Three d i f f e r e n t e x p e r i m e n t a l methods have been c a r r i e d ou t on one and the 
same sample . These t h r e e methods a r e s e n s i t i v e t o d i f f e r e n t e n e r y e t i c a l 
r e g i o n s o f the DOS. An a n a l y s i s o f the t h e r m a l l y a c t i v a t e d r e s i s t i v i t y -
r e s t r i c t e d t o t h e t a i l s o f t he Landau l e v e l s - shows a nonvan i s h i n y DOS 
between Landau l e v e l s depend ing on m o b i l i t y and magnet ic f i e l d which canno t 
be e x p l a i n e d w i t h i n t he S C B A o r h i g h e r o r d e r a p p r o x i m a t i o n s . Magnetocapaci-
t ance measurements however a r e m a i n l y r e s t r i c t e d t o the maxima of the DuS. 

I f t he Fermi l e v e l p o s i t i o n i s c l o s e t o the c e n t e r of a Landau l e v e l the 
magne tocapac i t ance da ta can be e x p l a i n e d w i t h a Gaus s i an - shaped DOS where 
the l i n e w i d t h r f o l l o w s r ough l y t he S C B A p r e d i c t i o n s . Gate c u r r e n t e x p e r i ­
ments i n p r i n c i p l e a r e s e n s i t i v e t o maxima as w e l l as t o minima i n the DuS. 
F o r a Fermi l e v e l p o s i t i o n i n a maximum o f t he DOS the gate c u r r e n t meas­
urements show the same r e s u l t as magne tocapac i t ance measurements. The e x ­
p l a n a t i o n o f t he ga te c u r r e n t measurements f o r a Fermi l e v e l p o s i t i o n be ­
tween two Landau l e v e l s r e q u i r e s a background DOS o r an i n c r e a s e d l i n e w i d t h 
b r oaden i ng . 
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