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A b s t r a c t . In t h i s p u b l i c a t i o n we demonstrate that a combination of 
capacitance measurements with an a n a l y s i s of thermally a c t i v a t e d 
c o n d u c t i v i t y seems to be useful for the determination of the densi ty 
of states (DOS) of Landau l e v e l s in two-dimensional systems. The 
experimental r e s u l t s i n d i c a t e that no real energy gap e x i s t s . b u t that 
a nearly energy-independent background density of states (which de­
creases with increasing e lect ron m o b i l i t y ) i s present. Close to the 
center of the Landau l e v e l s the DOS can be described by a Gaussian 
lineshape with a l i n e width which increases proport ional to the 
square root of the magnetic f i e l d . This r e s u l t agrees with the pre­
d i c t i o n within the s e l f - c o n s i s t e n t Born approximation,but the expec­
ted v a r i a t i o n r~/l/y'of the l i n e width r with the m o b i l i t y y of the 
electrons could not be confirmed. 

1. Introduction 

A microscopic theory of the quantum Hall e f f e c t should give a c o r r e c t 
d e s c r i p t i o n not only of the quantized r e s i s t i v i t y values p x „ = h / i e 2 but 
also of the t r a n s i t i o n s between the plateaus and the values of the f i n i t e 
r e s i s t i v i t y P x x . Such transport c a l c u l a t i o n s are extremely complicated 
since the theory i t s e l f i s complicated,and in a d d i t i o n not enough i n f o r ­
mation i s a v a i l a b l e about the s c a t t e r i n g c e n t e r s . The published t h e o r i e s 
are based on c e r t a i n approximations and assumptions about the d i s t r i b u t ­
i o n , the strength and the range of the 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 assumptions are r e a l i s t i c should be a v a i l a b l e from a compari­
son between the c a l c u l a t e d and the measured density of s tates D(E) ,s ince 
c a l c u l a t i o n s of D(E) are much e a s i e r than a t ransport theory for P x x ( B ) 
which includes complicated 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 of the f i r s t theor ies of the density of states (DOS) assumed short-
range scatterers ,which 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 approximation, 
(SCBA) to a broadening of the d i s c r e t e energy spectrum (expected f o r an 
ideal two-dimensional e lect ron gas without s c a t t e r i n g ) i n t o an e l l i p t i c 
l ineshape for the DOS [ 1 ] . Higher order approximations show that an expo­
n e n t i a l l y decaying DOS i s expected for energies E-E n l a r g e r than the l i n e -
width of the Landau l e v e l s E n [ 2 ] , so that a real energy gap with v a n i s h ­
ing DOS may not be present,but the DOS at midpoint between two Landau 
l e v e l s should decrease d r a s t i c a l l y i f the magnetic f i e l d (energy separa-
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t i o n between adjacent Landau l e v e l s ) i s increased. Experimental informa­
t i o n about the DOS can be obtained from measurements of the s p e c i f i c heat 
[ 3 ] , from magnetization measurements [ 4 ] , from temperature-dependent r e ­
s i s t i v i t y measurements in the regime of the Hall plateaus [5] or from 
capacitance measurements [ 6 , 7 ] . In t h i s a r t i c l e we w i l l d iscuss in more 
d e t a i l the d e r i v a t i o n of the DOS from an a n a l y s i s of the temperature-
dependent r e s i s t i v i t y (chapter 2) and from temperature-dependent 
capacitance measurements (chapter 3 ) . 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 which does not include many-body e f f e c t s . The notat ion "density 
of states (DOS)" in t h i s paper i s used to c h a r a c t e r i z e the e l e c t r o n i c 
propert ies 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 . 

2 . A c t i v a t e d r e s i s t i v i t y 

The measurements of the r e s i s t i v i t y P x x i n a strong magnetic f i e l d 
(Shubnikov-de Haas o s c i l l a t i o n s ) were c a r r i e d out on GaAs-AlGaAs hetero-
s t r u c t u r e s with m o b i l i t i e s 14.000<y<550,000 cm 2 V" 1 s" 1 and c a r r i e r d e n s i ­
t i e s 1 . 4 » 1 0 1 1 < n s < 4 . 2 - 1 0 1 1 c n r 2 . The devices have Hall geometry with a 
t y p i c a l length of about 3 mm, a width of about 0.4 mm and a distance be­
tween p o t e n t i a l probes of 0.5 mm. The device current was kept below lyA 
where e l e c t r o n heating i s n e g l i g i b l y s m a l l . 

The temperature dependence of p x x
n (where p x x

n means the minimum i n 
the r e s i s t i v i t y , w h i c h corresponds to a Fermi l e v e l p o s i t i o n very c l o s e 
to the midpoint between two Landau l e v e l s ) in the temperature range 
2K<T<20K i s u s u a l l y dominated by an exponential term corresponding to 

p min „ e x p { . i a _ m a j c } ( 1 ) 

kT 

where E a - a x denotes the measured a c t i v a t i o n energy. Measured a c t i v a t i o n 
e n e r g i e s * t a m a x f o r d i f f e r e n t samples at d i f f e r e n t magnetic f i e l d values 
are shown in* F i g . l . The f i l l i n g f a c t o r i , defined as i = n s * e g - corresponds 
always to a f u l l y occupied lowest Landau level (i=4 for (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 ) . Since the measured 
a c t i v a t i o n energy E a m a x agrees f a i r l y well with h a l f of the c y c l o t r o n 
energy 1Twc, t h i s a c t i v a t i o n energy i s interpreted as the energy d i f f e r e n c e 
between the Fermi energy Ep and the center of the Landau level E n . For the 
sake of s i m p l i c i t y we assume that the m o b i l i t y edge of the Landau level i s 
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F i g . 1: 

Measured a c t i v a t i o n energies 
E a m a x i n the r e s i s t i v i t y at 
a f i l l i n g f a c t o r correspon­
ding to a f u l l y occupied 
lowest Landau l e v e l as a 
funct ion of the magnetic 
f i e l d B. The s o l i d l i n e s 
correspond to h a l f of the 
c y c l o t r o n energy. 



Temperature dependence of the 
r e s i s t i v i t y p x x at d i f f e r e n t 
magnetic f i e l d s c l o s e to a 
f i l l i n g f a c t o r i=2. 
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F i g . 3 : 

Model densi ty of states at 
two d i f f e r e n t magnetic 
f i e l d s used to e x p l a i n the 
r e c o n s t r u c t i o n of the DOS 
from an a n a l y s i s of the 
a c t i v a t i o n energies E a 

( B j ) . 3 

located at the center of the Landau l e v e l , in agreement with c a l c u l a t i o n s 
of the l o c a l i z a t i o n length [8] and p e r c o l a t i o n t h e o r i e s [ 9 ] . Furthermore 
the m o b i l i t y edge should remain f i x e d , independent of the temperature and 
the c a r r i e r d e n s i t y . Changing the p o s i t i o n of a Landau l e v e l E n r e l a t i v e 
to the Fermi energy Ep (by changing the magnetic f i e l d ) r e s u l t s in a r e ­
duced a c t i v a t i o n energy E- = |E n -Er|. This motion of the Landau l e v e l s r e l a ­
t i v e to the Fermi l e v e l i f the f i l l i n g f a c t o r of the Landau lev-els i s 
varied i s c l e a r l y v i s i b l e in F i g . 2 . Since a f i l l i n g f a c t o r change c o r r e ­
sponds to a s h i f t of the Fermi l e v e l , equivalent to a change An in the 
c a r r i e r density at f i x e d magnetic f i e l d , a mean value for the density of 
states can be deduced. This i s demonstrated in more d e t a i l i n F i g . 3 . Shown 
i s a model DOS at two d i f f e r e n t magnetic f i e l d s B 2>B 1(T=0). I f the magnet­
i c f i e l d i s ra ised from Bj to B ? the Fermi energy i s s h i f t e d from Ep(B 1 ) 
to the lower energy p o s i t i o n Ep(B~) i f the c a r r i e r densi ty i s kept cons­
t a n t . The v a r i a t i o n of AE of the Fermi energy corresponds approximately 
( i f the Fermi energy i s located in the t a i l s of the Landau l e v e l s between 
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n=0 and n=l) to a change in the c a r r i e r density of 

An - % (B 2 - B x ) (2) 

Since the energy d i f f e r e n c e between the two Fermi l e v e l p o s i t i o n s i s 
given by 

AE = E a ( B l ) - E a ( B 2 ) - i 1 1 ( a ) c > 2 - c C i l ) (3) 

the density of states can be deduced: 

D ( E ) - ^ f (4) 

It should be noted that the "point by point" const ruct ion of the DOS 
discussed in t h i s chapter becomes i n c o r r e c t in the energy region where 
the DOS changes d r a s t i c a l l y with energy. From the above i t i s c l e a r that 
the change of the a c t i v a t i o n energy with magnetic f i e l d contains i n f o r ­
mation about the density of states in the l o c a l i z e d region between 
Landau l e v e l s . The change of the a c t i v a t i o n energy E a with magnetic 
f i e l d obtained from the p x x - d a t a shown in F i g . 2 (sample 1, 
u=550,000 c n ^ V ^ s " 1 , n $ = 3 . 5 - 1 0 n c m - 2 ) i s p l o t t e d i n F i g . 4 a . Using (1) to 
(3) we can deduce the density of states in the high-energy t a i l of the 
Landau l e v e l n=0 ( F i g . 4 b ) . Figure 4c shows the DOS of the lower m o b i l i t y 
sample 3 (y=180,000 c m 2 V " 1 s " 1 , n s - 1 . 8 - 1 0 n c n r 2 ) over the whole Hall 
plateau region i=2. The density of states D(E) i n F i g . 4 b , c i s shown as a 
funct ion of the energy r e l a t i v e to the center of the plateau r e g i o n . The 
maximum of D(E) c l o s e to E=0 i s an a r t i f a c t , s i n c e for the Fermi energy at 
E=0 two Landau l e v e l s c o n t r i b u t e to the thermally a c t i v a t e d c o n d u c t i v i t y , 
which complicates the a n a l y s i s of the experimental d a t a . If the Fermi 
energy i s s h i f t e d out of the midpoint between two Landau l e v e l s by more 
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F i g . 4: 

Change of the measured 
a c t i v a t i o n energy E a as a 
funct ion of the magnetic 
f i e l d B ( a ) , and reconstructed 
DOS as a funct ion of energy 
f o r sample 1(b) and 3 ( c ) . 



than the thermal energy kT, the c o n t r i b u t i o n of the Landau l e v e l with the 
higher a c t i v a t i o n energy becomes unimportant. The experimental r e s u l t that 
the density of states i s constant wi th in 50% of the energy between Landau 
l e v e l s i s t y p i c a l for a l l samples i n v e s t i g a t e d . Measurements of the DOS at 
f i l l i n g f a c t o r s i=2 and i=4 for one and the same sample show that the 
minimal density of states D U G i s nearly independent of the f i l l i n g f a c t o r 
and therefore of the energy separation between Landau l e v e l s . 

The ideas above are checked by computer s imulat ions based on a model i n 
which the temperature dependence of the r e s i s t i v i t y in the plateau region 
i s dominated by a term 

p ~ p 0 ( T ) T e x p ( J ^ F l ) (5) 
n k l 

where P 0 (T ) i s a temperature-dependent p r e f a c t o r . The p o s i t i o n of the 
Fermi l e v e l i s determined by s o l v i n g numerical ly the equation 

n s= ? D(E)f(E-E )dE (6) 
b o F 

where f(E-Ep) i s the 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 densi ty n § 

i s assumed to be constant in the invest igated temperature range. The model 
DOS D(E) i n (6) was chosen as a G a u s s i a n - l i k e density of s tates superim­
posed on a constant background density of states D U G 

D ( E ) , A . f . y e x p { . < E - t f f * - c ) 2
} + D u g ( 7 ) 

a) DUG=° 
r=0.2x/BTfTmeV 

DUG=2x109cm-2meV1 

r=Q2x/BTTTmeV 
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F i g . 5 : 

Calculated r e s i s t i v i t y p x x as a 
funct ion of temperature assuming 
d i f f e r e n t background d e n s i t i e s 

The c a r r i e r density used i n 
c a l c u l a t i o n i s equal to the 

c a r r i e r density n<. of sample 1. 
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energies of sample 1* as a 
funct ion of the magnetic 
f i e l d compared with 
a c t i v a t i o n energies deduced 
from c a l c u l a t e d 
using d i f f e r e n t 
combinations of background 
density of states DyG and 
Gaussian l i n e w i d t h r. 

-curves 

where the constant A i s determined by the number of e l e c t r o n s in one 
Landau l e v e l and r i s the broadening parameter of the Gaussian d i s t r i b u ­
t i o n . Using (5) to (7) one can c a l c u l a t e temperature and magnetic f i e l d -
dependent p x x - v a l u e s and deduce a c t i v a t i o n energies in analogy to F i g . 2 . 
C a l c u l a t i o n s based on (5) to (7) demonstrate that the f i n i t e density of 
states D U 6 in the m o b i l i t y gap inf luences strongly the r e s u l t . F i g . 5 shows 
numerical c a l c u l a t i o n s with and without using a background DOS 
DUQ=2*10^cm"2meV"1. The l i n e w i d t h of the Gaussian in t h i s c a l c u l a t i o n was 
r = u . 2 « / B [ T ] ' meV. A r e c o n s t r u c t i o n of the DOS by deducing a c t i v a t i o n ener­
gies from Fig.5b (the data used in the s imulat ion correspond to sample 1 
i n F i g . 2 ) i n the temperature range of the experiments demonstrates that 
the constant background DOS i s reproduced within 20%. 

Figure 6 summarizes the data obtained for a heterostructure (sample 1*) 
with a m o b i l i t y of only 14,000 cm 2 V" 1 s" 1 at 4.2K. This low m o b i l i t y i s 
achieved by i r r a d i a t i n g sample 1 with 1 MeV e l e c t r o n s . The experimental ly 
deduced a c t i v a t i o n energies are compared to "calculated" ones - using 
d i f f e r e n t combinations of Gaussian l i n e w i d t h r and background DOS DyG - as 
a funct ion of the magnetic f i e l d . The temperature-dependent prefactor was 
chosen as p 0(T)=const/T. The experimental data are best described by a 
Gaussian l i n e w i d t h r=0.25-/B[T] meV and a constant background 
D y Q - l ^ . l O ^ c m ^ m e V - 1 . 

Annealing of t h i s e l e c t r o n - i r r a d i a t e d sample at 220°C leads to an i n ­
creased m o b i l i t y ii=28,000cm 2 V" 1 s- 1 (sample 1**). The measured a c t i v a t i o n 
energy versus magnetic f i e l d i s shown in F i g . 7 a . The best f i t i s obtained 
using a p r e f a c t o r p 0 (T)=const, a Gaussian l i n e w i d t h r = 0 . 2 5 « / B [ T ] m e V and a 
constant background DOS DyG= 9*109cm"2meV*1. The use of the p r e f a c t o r 
p 0(T) looks somewhat a r b i t r a r y , but in fact the prefactor does not change 
remarkably the slope of E a (B),and therefore the value of the constant 
background densi ty of states Dy G . This has been checked for prefactors 
const/T, const and c o n s t « T . This i s shown in Fig.7b where the constant 
background DOS i s reproduced w i t h i n 20% independent of the prefactor 
P 0 ( T ) . The determination of the l i n e w i d t h r however depends on the know­
ledge of the energy d i f f e r e n c e between m o b i l i t y edge and Fermi l e v e l , and 
therefore on the absolute value of the a c t i v a t i o n energy. For t h i s reason 
there remains some uncertainty i n the determination of the l i n e w i d t h r by 
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F i g . 8 : 

Background density 
of s tates DUG as a func­
t i o n of the m o b i l i t y of 
the d e v i c e s . 1* denotes 
sample 1 a f t e r e l e c t r o n 
i r r a d i a t i o n (lMeV e l e c ­
trons) and 1** i s sample 
1* a f t e r annealing at 
220 C ° . 

t h i s method. The s o l i d l i n e in Fig.7b corresponds to the model DOS ( f i l l ­
ing f a c t o r i=2) used i n these model c a l c u l a t i o n s . The r e s u l t s of a c t i v a t e d 
r e s i s t i v i t y measurements are summarized in F i g . 8 where the constant back­
ground Dyrj i s p l o t t e d as a funct ion of the m o b i l i t y . Also included i s a 
t a b l e containing the parameters of the i n v e s t i g a t e d samples. It should be 



noted that the r e c o n s t r u c t i o n of the density of states from 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 to the t a i l s of the Landau l e v e l s . 
Furthermore the /B1 dependence of the l i n e w i d t h r assumed above cannot be 
proved with these measurements. Temperature-dependent measurements of the 
magnetocapacitance can overcome t h i s problem and are discussed in the next 
s e c t i o n . 

3 . Magnetocapacitance 

The capacitance experiments were c a r r i e d out on gated GaAs-AlGaAs hetero­
s t r u c t u r e s with a Hal l geometry. The m o b i l i t i e s of the samples were 
220,000 c m 2 V 1 s " 1 and 800,000 crn^V^s" 1 . The corresponding c a r r i e r d e n s i ­
t i e s were 2 . 2 5 « 1 0 n c m " 2 and 2 . 5 0 « 1 0 n c n r 2 . For capacitance measurements 
a l l the Hall contacts were s h o r t - c i r c u i t e d and acted as a channel c o n t a c t . 

The signal was obtained by measuring the voltage drops at the sample 
and at a h i g h - p r e c i s i o n Boonton capacitance decade. This arrangement a l ­
lows both a precise determination of the phase and the absolute value of 
the s i g n a l (see F i g . 9 b ) . The frequency chosen for the measurements was 
223 Hz. Measurements between 22.3 Hz and 446 Hz showed no change in the 
s i g n a l . The modulation amplitude was 5 mV, which corresponds to a modula­
t i o n of A n * 4 x l 0 9 c n r 2 . Further reduction of t h i s amplitude showed no 
change i n the s i g n a l . At each temperature the real part of the s ignal was 
monitored, and we checked that the s ignal was always purely c a p a c i t i v e for 
C>C(B=0), even i n the case of very low temperatures (T=1.64K) and high 
magnetic f i e l d s . Warming up and cool ing down of the sample introduced no 
change i n the s i g n a l . 

The capacitance of a system,consist ing of 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 ) semiconductor-sandwich ( e . g . Au-AlGaAs-GaAs-heterostruc-
t u r e ) , depends not only on the thickness of the i n s u l a t o r but also on the 
DOS at the semiconductor side and on parameters of the m a t e r i a l . F ig .9a 

F i g . 9: 

Schematic diagram of the 
conduction band edge (a) for a 
gated GaAs-AlGaAs heterostructure 
showing the q u a n t i t i e s used in 
the der ivat ions and schematic 
experimental set up (b) . 
U„ i s the AC component of the 
appl ied voltage with an amplitude 
of 5 mV. 



shows the band diagram of a heterostructure i n c l u d i n g a Schottky gate i n 
contact with the AlGaAs. If the two deplet ion layers i n t e r p e n e t r a t e each 
other the gate voltage V g i s connected to the c a r r i e r density n s by [10] 

Vg [E 0 + (Ep - E 0 ) ] + K (8) 
e i 

where U i s the thickness of the AlGaAs l a y e r , i s the d i e l e c t r i c con­
stant of the "insulator" and K takes i n t o account f i x e d charges in the 
AlGaAs and b a r r i e r heights at both i n t e r f a c e s . At low temperatures, 
c a r r i e r s i n the bulk of both mater ia ls are frozen out , so that K i s a 
constant. D i f f e r e n t i a t i n g (8) with respect to n $ w i th in the v a r i a t i o n a l 
approximations of Stern [ 1 1 ] , which take i n t o account the n $ dependence of 
the subband edge E 0 , one obtains for the capaci tance: 

d ( E F - E 0 ) 

where C i s the measured d i f f e r e n t i a l capacitance at a given magnetic 
f i e l d , C A i s the capacitance of the i n s u l a t i n g AlGaAs l a y e r , e s i s the 
d i e l e c t r i c constant of GaAs, z 0 i s the average p o s i t i o n of the e l e c t r o n s 
in the channel, y i s a constant numerical f a c t o r between 0.5 and 0 . 7 , and 
dn $ /d(Ep-E 0 ) i s the thermodynamic DOS at the Fermi l e v e l , i n the f o l l o w i n g 
denoted as dn $ /dEp. The f i r s t two terms on the r ight-hand s ide of (9) are 
assumed to be constant in a magnetic f i e l d , and thus changes of the capac­
itance are d i r e c t l y re lated to changes in the thermodynamic DOS of the 
2DEG. At T=0 the t o t a l inverse capacitance in a magnetic f i e l d can be 
expressed as 

J L = i J - + 4 - (10) 

where CQ denotes the value of the t o t a l capacitance at B=0, D i s the DOS 
at the Fermi l e v e l in the presence of a magnetic f i e l d and D0 i s the DOS 
within the lowest subband, equal to 2 . 9 x l 0 ^ ° c m " 2 m e V " 1 in the absence of 
a magnetic f i e l d . At f i n i t e temperatures D has to be replaced by dn $ /dEp. 

The experimental r e s u l t s were compared with c a l c u l a t i o n s of C ( B ) assu­
ming a G a u s s i a n - l i k e density of states superimposed on a constant back­
ground DOS DyG according to (7) . The p o s i t i o n of the Fermi l e v e l i s de­
termined again by s o l v i n g numerically (6) and then 

d n c d f ( E - E F ) , % 

— & - / D(E) * p ; dE (11) 
dtp o dtp 

mi 

i s c a l c u l a t e d n u m e r i c a l l y . With the temperature-dependent form of (10) and 
(11) one obtains C ( B ) . Spin s p l i t t i n g , w h i c h i s small compared to the 
cyclotron energy for GaAs,is neglected in the c a l c u l a t i o n s . 

Some fur ther considerat ions are necessary to f i t the data using the 
expressions above. The minima and maxima of the measured capacitance are 
connected to minima and maxima in the DOS in the two-dimensional e l e c t r o n 
gas. A minimum i n capacitance i s obtained when the Fermi l e v e l i s between 
two Landau l e v e l s . A d d i t i o n a l c a l c u l a t i o n s , assuming a Gaussian d i s t r i b u ­
t i o n of the e l e c t r o n density n $ , show that inhomogeneities s t rongly 
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Exptrimtnt 
Measured magnetocapacitance of a 
sample with a m o b i l i t y of 
220,000 crr^V^s" 1 (same mater ial 
as sample 3) and corresponding 
f i t using our model DOS with the 
parameters given in the p l o t . 
For the sake of c l a r i t y the 
curves are s h i f t e d v e r t i c a l l y . 

i n f l u e n c e the minima but not the maxima of the capacitance at s u f f i c i e n t 
high magnetic f i e l d s . Furthermore,at low temperatures and high magnetic 
f i e l d s the capacitance s ignal i s no longer purely c a p a c i t i v e , i f the Fermi 
l e v e l p o s i t i o n i s between two Landau l e v e l s (<j x x =0). For t h i s reason, i t 
i s a d v i s - a b l e to concentrate on the maxima of the measured capacitance to 
f i t the d a t a . 

Figure 10 shows the capacitance data at d i f f e r e n t temperatures. Also 
shown i s the f i t to these data assuming a l i n e w i d t h r=0.3/B[T]'[meV] and a 
background DOS of 3.6xl0 9 cm" 2 meV- 1 . The value of the constant background 
i s obtained from the temperature-dependent r e s i s t i v i t y measurements in the 
regime of the Hall plateaus c a r r i e d out on the same mater ial (sample 3 , 
see F i g . 4 c ) . At a l l i n v e s t i g a t e d temperatures the c a l c u l a t e d maxima of the 
magnetocapacitance are in e x c e l l e n t agreement with the experimental ones 
in the magnetic f i e l d range up to 5 T e s l a . In Fig.11a c a l c u l a t e d magneto­
capacitance data using a /B1dependent Gaussian l i n e w i d t h in the model DOS 
are compared to those assuming a magnetic f i e l d independent l i n e w i d t h . 
Assuming a constant l i n e w i d t h r=0.54 meV the magnetocapacitance for the 
Landau l e v e l n=l i s f i t t e d c o r r e c t l y , but for higher Landau l e v e l s t h e . 
r e s u l t i n g capacitance maxima are too s m a l l . On the other hand a l i n e w i d t h 
r=0.34meV descr ibes c o r r e c t l y the capacitance for the Landau l e v e l n=3 but 
r e s u l t s i n l a r g e r magnetocapacitance maxima for lower Landau l e v e l s . 

The s o l i d l i n e s i n F ig.11 correspond to the model c a l c u l a t i o n used to 
f i t the data shown i n F i g . 1 0 . Therefore a f i t of the experimental data 
with a magnetic f i e l d independent l i n e w i d t h as well as a l i n e w i d t h which 
d i f f e r s from the assumed value by more than 10% was not p o s s i b l e . It 
should be mentioned that the assumption of a vanishing background Dyg 
broadens r only by about 10%. The depths of the measured capacitance m i n i ­
ma at iow temperatures are smaller than the c a l c u l a t e d ones as long as 
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F i g . 11: 

(a) Magnetocapacitance 
obtained numerical ly 
f o r d i f f e r e n t broadening 
parameters r. (b) shows 
the i n f l u e n c e of inho-
mogeneities - assumed 
as a Gaussian d i s t r i ­
bution of the c a r r i e r 
density n s - on capa­
c i t a n c e minima and 
maxima. The s o l i d 
l i n e s i n (a) and (b) 
correspond to the 
model c a l c u l a t i o n used 
to f i t the data shown 
in F i g . 1 0 . 
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r e s i s t i v i t y e f f e c t s in the channel are n e g l i g i b l e (low B - f i e l d ) . This i s 
a t t r i b u t e d to inhomogeneities. Their in f luence i s demonstrated in F i g . l i b . 
The assumption of a Gaussian d i s t r i b u t i o n of the c a r r i e r densi ty n s with a 
broadening parameter A n s = 0 . 0 1 5 « n $ leads at 1.4K to a remarkable reduction 
of the depth of the capacitance minima compared to the homogeneous case, 
but the maxima i n the magnetocapacitance remain unchanged. The i n f l u e n c e 
of the inhomogeneities decreases with increasing temperature. At higher 
magnetic f i e l d s the capacitance signal at the minima i s governed by the 
small c o n d u c t i v i t y a x x which becomes l e s s important at higher tempera­
t u r e s . Therefore the t i t works well for minima and maxima of magnetocapac­
itance at higher temperatures. The d i f f e r e n c e between experiment and c a l -
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c u l a t i o n i f only one Landau l e v e l i s f i l l e d cannot be explained y e t . In 
Fig.12 the temperature-dependent magnetocapacitance data for a h i g h - m o b i l ­
i t y sample (y=800,000cm 2 v" 1 s- 1 , n s = 2 . 5 0 - 1 0 n c n r 2 ) are shown. The data are 
f i t t e d with our model DOS using a Gaussian l i n e w i d t h r=0.25*/B[T]' meV and 
a constant background DOS D U Q = 2 « 1 0 9 c m - 2 m e V - 1 according to F i g . 8 . 

It should be emphasized that the constant background Dug i s not neces­
sary to f i t the capacitance d a t a , s i n c e the reduction of the measured c a ­
pacitance minima compared to the c a l c u l a t e d ones can be explained by inho-
mogeneit ies. On the other hand i t i s not p o s s i b l e to exclude the existence 
of a constant background density of states from our capacitance e x p e r i ­
ments. 

Our model used to c a l c u l a t e numerical ly the magnetocapacitance requires 
some supplementary remarks. A c t u a l l y not the c a r r i e r density n s but the 
Fermi l e v e l i s kept constant during capacitance experiments. Using the 
notat ion of F ig .9a t h i s means that the gate voltage V q i s kept constant . 
Varying the magnetic f i e l d B then leads to o s c i l l a t i o n s of the surface 
p o t e n t i a l (bottom of the p o t e n t i a l wel l ) and to a charge t r a n s f e r between 
gate and channel of the h e t e r o s t r u c t u r e . Since the amount of t r a n s f e r r e d 
charge i s small compared to the two-dimensional c a r r i e r densi ty n $ the 
subband edge (taken r e l a t i v e to the bottom of the p o t e n t i a l wel l ) is* a s ­
sumed to be constant . Equation (8) can then be rewr i t ten as 

Combining (12) with (6) and taking a l l energies r e l a t i v e to the subband 
edge FJ" leads to 

ns + " f ( E F ~ E o ) = c o n s t (12) 
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£ D(E)f(E-Ep) dE + Ep= const (13) 

where the constant can be determined at B=0. Equation (13) has to be 
solved numerical ly to give the correct p o s i t i o n of the subband edge 
r e l a t i v e to Fermi l e v e l , a n d then the magnetocapacitance can be c a l c u l a t e d 
using (11) and the temperature-dependent form of ( 1 0 ) . C a l c u l a t i n g the 
magnetocapacitance in the way described above r e s u l t s in a broadening of 
the width of the capacitance minima compared to c a l c u l a t i o n s assuming a 
constant c a r r i e r densi ty n- . The difference,however, i s small, and cannot be 
resolved i n F i g . 1 0 or F i g . 1 2 . The charge flow mentioned above can be 
determined by measuring the current between gate and channel as a f u n c t i o n 
of the magnetic f i e l d B. The current flow i s given by 

dn dn e 

1(B) = A . e . ^ = A . e ^ . f - (14) 

where A i s the area of the two-dimensional e l e c t r o n gas and dB/dt the 
sweep rate of the magnetic f i e l d . dn$/dB can be determined by s o l v i n g 
(13) at d i f f e r e n t magnetic f i e l d s since the f i r s t term on the l e f t - h a n d 
side i s equal to the c a r r i e r density n $ < Therefore measurements of the 
current f low between gate and channel contain information about the d e n s i ­
ty of s t a t e s and may be a method to obtain new information about the den­
s i t y of s t a t e s . Pre l iminary r e s u l t s are shown in F i g . 1 3 where the current 
f low between gate and channel i s p lot ted as a funct ion of the magnetic 
f i e l d . This measurement was c a r r i e d out on the h i g h - m o b i l i t y sample 
(u=800,000cm 2 v" 1 s 1 ) . The experimental data are compared with numerical 
c a l c u l a t i o n s using our model DOS with the same parameters as shown in 
F i g . 1 2 . An a d d i t i o n a l c a l c u l a t i o n assuming a vanishing background DHQ=0 
but a somewhat broadened l inewidth r = 0 . 2 9 « / B [ T ] ' meV i s shown, t o o . It 
should be mentioned again that both sets of parameters f i t the capacitance 
data shown in F i g . 1 2 . 

4 . Summary 

The d i s c u s s i o n above has shown that temperature-dependent r e s i s t i v i t y 
measurements and .capacitance measurements are complementary methods for 
the experimental determination of the DOS since the a n a l y s i s of the a c t i 



vated r e s i s t i v i t y i s r e s t r i c t e d to the t a i l s of the Landau l e v e l s , whereas 
magnetocapacitance experiments give information about the DOS c l o s e to the 
center of Landau l e v e l s . The a n a l y s i s of the act ivated r e s i s t i v i t y leads 
to the r e s u l t of a constant or weak magnetic f ield-dependent background 
densi ty of states whose magnitude increases i f the m o b i l i t y of the sample 
decreases. Measurements of the magnetocapacitance are compatible with the 
assumption of a background DOS but give no evidence for i t s e x i s t e n c e , 
since the d i f f e r e n c e s between experiment and c a l c u l a t i o n are wel l des­
c r i b e d by the i n f l u e n c e of inhomogeneities. Inhomogeneities may also i n ­
fluence the r e s u l t s of heat capacity [3] and magnetization measurements 
[ 4 ] . Furthermore magnetocapacitance measurements demonstrate the /B1 depen­
dence of the Gaussian l i n e w i d t h assumed. The l inewidth r however i s l a r g e r 
than expected from the s e l f c o n s i s t e n t Born approximation (SCBA) assuming 
short-range s c a t t e r e r s , a n d does not f o l l o w the m o b i l i t y dependence 
r ~ / l A T [ l ] . 

Further information about the density of s t a t e s r e s p e c i a l l y about the 
background D U G may be obtained by analyzing c a r e f u l l y the current flow 
between gate and channel as a funct ion of the magnetic f i e l d and temper­
a t u r e . 
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