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From an analysis of the thermally activated resistivity as a function of the magnetic field in the 
quantum Hall regime we deduced the position of the Fermi energy in the mobility gap as a 
function of the filling factor and therefore the density of states. The measured density of states is 
best described by a Gaussian like profile superimposed on a constant background. 

1. Introduction 

M a g n e t o t r a n s p o r t  measurements  on he teros t ruc tures  at  low tempera tu res  
are usual ly  d o m i n a t e d  by  magnet ic  field regions where the Hal l  resist ivi ty Px~. 
adop t s  a quant ized  value and the longi tud ina l  resist ivity Oxx is vanishingly  
small .  The origin of  these p la teaus  is a t t r ibu ted  to a pos i t ion  of  the Fe rmi  
energy within a mobi l i ty  gap. The dens i ty  of  local ized states in the mobi l i ty  
gap is u n i m p o r t a n t  for a discussion of t r anspor t  da t a  at zero t empera tu re  but  
must  be known  if var iable  range hopp ing  [1] (which includes the dens i ty  of 
states at the Fe rmi  energy) p lays  a role or if t he rmodynamic  p roper t i e s  are 
s tudied  (specific heat  [2], De  H a a s - V a n  Alphen  effect [3]). Moreover ,  all 
t r anspor t  theories include in format ion  about  the dens i ty  of states (DOS),  and  a 
microscopic  theory of  the quan tum Hal l  effect or the longi tud ina l  resist ivity 
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should give first of all a correct answer for the density of states. The existing 
theories are usually based on the assumption that short range scatterers 
dominate. The self-consistent Born approximation leads to an elliptic lineshape 
for the DOS with a linewidth F depending on the mobility ~ and the magnetic 
field B [4]: 

eB  (1) 

F -  ( B / ~ )  1/2. (2) 

On the basis of these equations one expects that for a typical GaAs 
heterostructure with /~ = 200,000 cm 2 V-1 s-1 and a magnetic field of 5 T, 
about 80% of the energy distance between Landau levels is a real energy gap. 
Higher order approximations show that an exponentially decaying DOS is 
expected for energies E - E, larger than the linewidth of the Landau levels, so 
that a real energy gap with vanishing density of states may be not present, but 
the DOS at the center between two Landau levels should decrease drastically if 
the magnetic field (energy separation between adjacent Landau levels) is 
increased. 

However, screening effects (which depend on the density of states at the 
Fermi energy E v )  modify the broadening of the Landau levels [5], so that I" 
depends on the position of E v. The following discussion is based on a picture 
which does not include many-body effects. The notation "density of states" in 
this paper is used to characterize the electronic properties within a single 
particle picture. 

2. Experimental results and discussion 

We have analyzed the resistivity Pxx in a strong magnetic field as a function 
of the temperature for GaAs-AlxGal_xAs heterostructures with mobilities 
14,000 </z < 550,000 cm 2 V-1 s 1 and carrier densities 1.4 × 10 ~1 < n < 4.2 × 
10 H cm -2. The devices have Hall geometry with a typical length of about 3 
ram, a width of about 0.4 mm and a distance between potential probes of 0.5 
mm. The device current was kept below 1 ~A where electron heating is 
negligibly small. The filling factor of the Landau levels is changed by varying 
the magnetic field B. At finite temperatures, well-developed minima p m,n are 
observed in the resistivity at magnetic field values close to integer filling factors 
i = n h / e B .  The temperature dependence of pm,n for 2 < T < 20 K is usually 
dominated by an exponential term corresponding to 

pm,n - exp( - E a / k T  ) . (3) 

Measured activation energies E a at different magnetic field values are 
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Fig. 1. Measured activation energies E a in the resistivity at a filling factor corresponding to a fully 
occupied lowest Landau level as a function of the magnetic field B. The solid lines correspond to 
half of the cyclotron energy. 

shown in fig. 1 for both GaAs heterostructures and silicon MOSFETs, The 
filling factor corresponds always to a fully occupied lowest Landau level which 
means i = 2 for GaAs heterostructures (each experimental point corresponds to 
another sample) and i = 4 for silicon (100) MOSFETs (the carrier density is 
changed proportional to the magnetic field by varying the gate voltage). The 
experimental points demonstrate that the activation energy E a s e e m s  to be 
related to half of the cyclotron energy which corresponds to the energy 
separation between the Fermi energy E v and the center of the Landau level 
E n. This result looks similar to measurements on amorphous systems where a 
thermally activated conductivity is observed with an activation energy corre- 
sponding to the energy difference between the Fermi energy and the mobility 
edge of the conduction or valence band. In analogy, the mobility edge of the 
Landau levels is located at the center of the Landau levels in agreement with 
calculations of the localization length [6] and percolation theories [7]. 

The model in which the temperature dependence of the resistivity in the 
plateau region (not only at integer filling factor) is dominated by a term 

forms the basis for a determination of the Fermi level position as a function of 
the filling factor and therefore for a direct measurement of the density of 
localized states. 

T h e  motion of the Landau levels relative to the Fermi energy (reduction in 
the activation energy E a = I En  - E F  [) if the filling factor of a Landau level is 
varied is clearly visible in fig. 2. From B = 7 . 1 9  T ( i = 2 )  to B = 7 . 3 9  T 
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Fig. 2. T e m p e r a t u r e  d e p e n d e n c e  of  the resist ivi ty p, ~ at  d i f fe ren t  m a g n e t i c  fields close to a f i l l ing 

f ac to r  i = 2. 

( i =  1.95) a reduct ion  in the act ivat ion energy of about  A E = 4  meV is 
observed.  Since a filling factor  change of 0.05 at this magnet ic  field corre- 
sponds  to a dens i ty  var ia t ion  of  An = 9 × ] 0  9 c m  2 a mean value for the 
dens i ty  of states of  about  D ( E ) = A n / A E - - 2 ×  1 0  9 c m  - 2  meV -1 can be 
deduced.  Fig. 3 shows a typical  result  for D(E) as a funct ion of  the energy 
relat ive to the center  of the p la teau  region. The ma x imum close to E = 0 in fig. 
3 is an ar t i fact  since for the Fermi  energy close to E = 0 two Landau  levels 
con t r ibu te  to the thermal ly  ac t iva ted  conduct iv i ty ,  which compl ica tes  the 
analysis  of  the exper imenta l  data.  If  the Fermi  energy is shifted out  of the 
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Fig. 3. Dens i ty  of  s ta tes  as a func t ion  of  energy.  E = 0 c o r r e s p o n d s  to the cen te r  be tween  two 

L a n d a u  levels. 
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Table 1 
Sample parameters 
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Sample n (cm -2)  p, (cm 2 V - t  s -1) i D rain (cm -2 meV 1) 

1 3.5 × 1011 550,000 2 2 × 109 
1 3.5 × 1011 550,000 4 2 X 109 
2 1.4 X 1011 400,000 2 2 × 109 
3 1.8 X 10 I1 190,000 2 3.6 x 109 
4 3.0 x 10 I1 170,000 2 3.8 × 109 
5 4.2 X 1011 105,000 2 5 x lO 9 
5 4.2×1011 105,000 4 5 XlO 9 
6 1.7x 10 I1 14,000 2 14 x lO 9 

symmetry point between two Landau levels by more than the thermal energy 
kT, the contribution of the Landau level with the higher activation energy 
becomes unimportant. 
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Fig. 4. Calculated resistivity O, ~ as a function of temperature (eq. (4)) at different magnetic field 
values. The Gaussian linewidth is £ = 0.25~/B(T) meV for both the upper and lower curves but 
different background densities D rain are assumed. 
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Fig. 5. Measured activation energies as a function of the magnetic field compared with activation 
energies deduced from calculated curves (eq. (5)) using different combinations of background 
density of states D mi" and Gaussian linewidth F. 

The experimental result that the density of states is constant within 50% of 
the energy between Landau levels is typical for all samples investigated. Some 
samples show an asymmetry of the DOS relative to integer filling factor with a 
stronger increase at the high energy side. 

Measurements of the DOS at filling factors i = 2 and i = 4 for one and the 
same sample show that the minimal density of states is nearly independent of 
the filling factor and therefore of the energy separation between Landau levels. 
This result is consistent with an energy independent background DOS in the 
tails of the levels. The value of the background density of states D rain depends 
on the mobility of the sample. A reduction of the mobility by a factor of 40 
leads to an increase of D mi" by a factor of 7. The corresponding data are 
summarized in table 1. 

Calculations of p~, on the basis of eq. (4) demonstrate that the finite 
density of states D rain in the mobility gap influences strongly the result. Fig. 4 
shows such calculations with and without a background DOS of 4 × 109 cm-2 
meV 1. The linewidth of the Gaussian DOS is F=0.25v/-B(T) meV. A 
reconstruction of the DOS by deducing "activation energies" from fig. 4b in 
the temperature range of the experiments demonstrates that the constant 
background DOS is reproduced within 20%. However, the determination of 
the DOS close to the center of the Landau level becomes inaccurate, since a 
strongly varying DOS at the Fermi energy leads to a temperature dependent 
E v. Moreover, a temperature dependent prefactor in front of the exponential 
term in eq. (4) becomes important if the activation energy is small. From our 
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computer  s imulat ions pxx(T), we got the result that the experimental  data are 
best described with a temperature dependent  prefactor corresponding to 

cons  ( 
&x --- T exp k T  " 

The determinat ion  of D min is within the uncer ta inty  of 20% not  influenced by 
the prefactor. 

Fig. 5 summarizes the data obta ined for our heterostructure with a mobil i ty  
of only 14,000 cm 2 V -1 s -1 at T =  4.2 K. This low mobil i ty  is obta ined by 
irradiat ing a high mobil i ty  sample (/~= 550,000 cm 2 V -1 s -~) with 1 MeV 

electrons. The measured "act ivat ion energy" is plotted as a funct ion of the 
magnetic  field. The same dependence is obta ined from calculated & ,  curves 
(eq. (5)) with a background DOS of 14 × 10 9 cm -2 meV ~ in addi t ion to a 

Gauss ian  line shape with F = 0 .25v~(T)  meV. 
It should be noted that the "po in t -by -po in t "  construct ion of the DOS 

discussed in this paper  becomes incorrect in the energy region where the DOS 
change drastically with energy, so that computer  s imulat ions are necessary for 
a de terminat ion  of the DOS close to the center of the Landau  levels. 
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