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Absh-dd A low-temperahlre self-consistent dculation of the density of states (ws) and of 
the exchange-enhanced g factor is presented for hetemsbuctures in a stmng transverse magnetic 
field. Landau level (U) mixing in the selfsnergy, the energy shift, and the interaction of an 
electron with remote and backgmund impurities, with piezoelectric and acoustic phonons, and 
with other electrons is taken into acmunt. The main results are (i) a spin-split U stnrcture, (ii) 
the effecrive g factor (g') is enhaneed in samples with high mobility, (iii) the U width and the 
g' factor oscillate with magnetic field, and (iv) a significant badrground DOS can be observed 
at weak magnetic fields, high electron energy. and low temwawes. for certain remote to 
background impurity concentration ratios. In addition, g* is evaluated as a function of mobility, 
spacer thickness, and temperature. The specific heat is also evaluated. The results for the U 
width the enhanced g' factor, and the specific heat are in line with those suggested and reported 
by recent experiments. 

1. Introduction 

Theoretical calculations [l, 21 and experimental measurements [3-51 show that the spin g 
factor (or effective spin-splitting Land6 factor g') of a two-dimensional electron gas (2DEG) 
in a strong magnetic field B is enhanced by the exchange interaction. At low temperatures 
(T). g* values up to 10 have been reported [5], i.e., much larger than the bulk value 
g* = 0.44 for GaAs. The enhanced g" factor results in spin-split Landau levels, saw-tooth 
Shubnikov-de Haas oscillations, and has a strong influence on the quantum Hall effect in 
the region between the plateaus [6].  Experimentally, the value of g* can be determined 
using the coincidence technique [3] or by activation measurements [4]. 

Previous theoretical work on the exchange-enhanced g" factor made the usual 
assumptions of a semielliptic 111, Lorentzian or Gaussian 131 shape of the DOS for electrons. 
Such an approach has given reasonable results for the dependence of g* on B and on 
the electron density ne. However, it has the following drawback (i) the U splitting 
resulting from an enhanced g* is not included in the calculation and the energy shift is 
neglected, (ii) the dependence of g' on the sample parameters is not explicit [Z], and (iii) all 
these calculations were carried out in the T + 0 L i m i t  However, the exchange-enhanced 
g' factor in a real device not only depends on the parameters, such as temperature and 
applied magnetic field, but also depends strongly on the shape of the DOS which is mainly 
determined by the electronic subband structure of the 2DEG and by the sample parameters 
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such as electron density, ionized impurity distribution, and phonon modes. Some of these 
drawbacks have been avoided in a recent self-consistent calculation [7] in which, however, 
g* was not determined self-consistently but taken as a parameter. As a result, no comparison 
with the experimentally determined g* values could be attempted and its dependence on B ,  
T, and the sample parameters could not be assessed. Therefore, the need is evident for a 
fully self-consistent evaluation of g'. 

In the present paper, we go beyond previous works by evaluating the Green function for 
the LLS, the self-energy for the electrons, and the g* factor self-consistently. We perform a 
low-temperature calculation and take into account the energy shift, LL mixing in the self- 
energy, and the electron interaction with impurities and acoustic and piezoelectric phonons. 
The model is developed for a general 2DEG in section 2 and is followed by its application to 
an AlGaAsIGaAs heterojunction in section 3. The numerical results for spin-split LLs and 
exchange-enhanced g* are presented and discussed in section 4 and remarks and conclusions 
are summarized in section 5. 

2. Outline of the model 

The Hamiltonian describing a 2DEG in a strong transverse magnetic field B is given by 

H = Ho + He-c + H, + He-3 + Hp + He-p (1) 

where Hi (Hp) is the impurity (phonon) Hamiltonian and H.-i, He+ and He-e are 
the electron impurity, electron-phonon, and electron-electron interaction Hamiltonians, 
respectively. Further, 

(2) 

is the free-electron Hamiltonian in a magnetic field in the Landau gauge, m* the effective 
mass, and U ( z )  the confining potential along the z direction. The normalized eigenfunctions 
of equation ( 2 )  are given by 

HO = [p:  + ( p y  + eBx)' + p:1/2m* + U ( z )  

Ik,, N, n) = (2NN!X"21L,)-1/2 eik~y-Ez'zHN(()@n(z) 

with H N ( x )  the Hermite polynomials, N (n) the index of the Nth LL (nth electronic 
subband). I = @/eB)'/' the magnetic length or equivalently the radius of the ground state 
(N = 0) cyclotron orbit, and 5 = ( x  + l 'ky) / l ,  The corresponding energy eigenvalues 
are EN" = E N  + E. where E N  = (N + $)hoc is the energy of the Nth LL with 
N = 0.1,2,. . . ,ac = l e [B/m* the cyclotron frequency, and the energy of the nth 
electronic subband. In the present paper, we include the effect of spin in the electron- 
electron interaction Hamiltonian, which is equivalent to including the spin term in the 
free-electron Hamiltonian because the spin operator U commutes with the Hamiltonian. 

The Green function, corresponding to (1) and (2). for the Nth Landau level in the nth 
electric subband is given by 

where l ? ~ ~ ~  = E - EN" - U  ER,, - p*, E is the electron energy, p* the chemical potential 
(or Fermi energy), and U = & I  the spin index. The spin energy ER, is 

E ~ , = ~ ~ ; . L L B B = ~ o ~ B B + L ~ N ~ ~ -  EN"? (4) 

where g i n  is the effective spin-splitting &and&) factor for the Nth LL in the nth subband, 
pg the Bohr magneton, go the bare g factor, and the spin contribution to the electron 
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self-energy. The self-energy for electrons in the Nth LL and the nth subband, EN"(E) ,  is 

z N , ( E )  = z;;~(E) + x & ~ ( E )  = AN,(E) - ( i / 2 ) r N n ( ~ ) .  (5) 
The real part AN.(E)  results in an energy shift and the imaginary part r N , ( E ) / 2  determines 
the width of the Landau level. 

Substituting equation (5) into equation (3), the real and imaginary parts of the Green 
function for the Landau levels are obtained, respectively, as 

and 

The DOS for electrons in the Nth Landau level and the nth electric subband is then 

To evaluate the Green function we need to know the electron self-energy. For a ZDEG, the 
latter is mainly determined by the electron's interaction with ionized impurities, phonons, 
and with other electrons: the last interaction contains exchange and correlation effects. 
In the self-consistent Born approximation (SCBA) 11, 7, 81 for the electron impurity (e-i) 
scattering, we have 

Eii'(E) = lu~i'(,'(n)l'CN,N(U)GN'n'a(E) (Sa) 
N'.n'.q.o=iI 

where luz;i(q)12 is the square of the electron impurity interaction matrix element, q = 
(qx.qy) ,  U = 1'q2/2, and CN,N+,(U)  = [N!/(N + J ) ! ] U ~ ~ - ~ [ L ~ ( U ) ] ~ ,  with L i ( u )  the 
associated Laguerre polynomials. Since in most experiments the enhancement of g' is 
measured at low temperatures, we may neglect the electron interaction with optical phonons 
and consider only the interaction with acoustic and piezoelectric phonons. Considering 
only one-phonon absorption and emission processes and applying the quasielastic scattering 
approximation in the long-wavelength range, the self-energy induced by electron-acoustic 
phonon ( e a )  scattering is obtained as [7] 

where IuE;'(Q)I' is the square of the electron-phonon interaction matrix element, Q = 
(q, q2), and h q  is the phonon energy. 

For AIGaAstGaAs heterojunctions, the high electron density in the conduction channel 
(ne - 10" normally) implies that the effect of correlations can be neglected. 
Considering only the exchange effect, the screened Hartree-Fock approximation [ 11 can 
be applied to evaluate the spin self-energy using 

CNar = l U ~ ~ ( q ) I c N , , N ( U ) U N , , C  (8c) 
N',n',q 

with lu:Ge(q)l the electron-electron interaction matrix element, and 
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the filling factor of the spin-split Landau level; f(E) = [e(E-p')/bT + 1I-I is the Femi- 
Dirac function. The chemical potential p* is determined by the electron number conservation 

where n, is the electron density of the ZDEG. 
Introducing the squares of the interaction matrix element for electron interaction with 

ionized impurities (i), deformation potential (ac) acoustic phonons, and piezoelectric 
phonons in longitudinal (pl) and transverse (pt) branches, the self-energy is given as [7] 

(11) Pi 
x N n ( ~ )  = C ( w i Y N n f n  + + w N * N ~ ' ~  + w , $ N n ~ , , , , , ) ~ N , . * , ( ~ ) .  

The forms of Wk,Nn,n for scattering by different mechanisms are given by (8) of [7]. Further, 
using the electron-electron interaction matrix element [l], the spin self-energy, which enters 
the Green function in equation (1 1). is obtained as 

N'.n'.o=ii 

where p, y = (n'n), K is the dielectric constant, cg;!(q) is the p y  ma& element of the 
inverse dielectric function when only screening in the subbands E" is included. The form 
factor is given by 

To proceed, we need the electron wavefunction, occupancy of the nth subband, and the 
impurity concentrations. We specify them in the following section. 

3. Application to AlGaAdGaAs hetemjunctions 

In typical AICaAs/CaAs hetemjunctions only the lowest electronic subband is occupied 
for electron densities less than 6 x IO" cmU2. In this case one can use the triangular 
potential well approximation and describe the confinement with the standard variational 
wave function [ 11. Further, the impurity scattering is mainly due to remote ionized impurities 
within a narrow space charge layer mecause of depletion effects [lo]) with a concentration 
N,' at a distance ds (spacer thickness) from the interface between AlCaAs and GaAs and 
from background impurities with a concentration NP in the GaAs region. These impurity 
concentrations and distributions are nat well known; we model them using nf(z.) and np(za) 
given by 

nf(za) = N ; S ( Z ,  +d,) nb(za) = N;O(Z,). (14) 

With regard to screening within the subband EO, we employ the random phase 
approximation appropriate for high electron densities and low temperatures. Screening 
within the LLS has been taken into account in [8] but here we neglect it. 

With all these remarks and measuring the energy from E - E .  - p', the subband index 
n can be dropped, E - EO - p* is replaced by E ,  and the equations in previous section 
simplify considerably. For completeness, we give the probabilities WL", obtained in [7], 
in a simplified notation. With X = (1 + x ) ~ ,  l' = 3x2 + 9x + 8, and s = IZb2xa/2,  they 
read 
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(i) for scattering by remote impurities 

where b = [ ( 4 8 J " e Z / ~ f i 2 ) ( N ~ p ~  + is the depletion charge density, and 

a&) = (m'e2/4~hZb) dy/[Ae6"'-Y2) + 11 1' 
with A = [eXp(Zhne/(m'kBT)) - 11-' and CX = h2b2x2/(8m*kBT); 

(ii) for scattering by background impurities 

where 21 = 3x5 + 18x4 + 48x2 + 24x + 2; 
(iii) for scattering by acoustic phonons 

3bEkm'ocksT 
32irhpuF 

WE, = 

where ED is the deformation potential constant, p is the density of the material, and V I  is 
the longitudinal sound velocity; 

(iv) for scattering by longitudinal piezoelectric phonons 

where 9 = xbe'e:,k~T/16~~pv? with e14 the piezoelectric constant and K the static 
dielectric constant; and 

(v) for scattering by transverse piezoelectric phonons 

ut and VI are the transverse and longitudinal sound velocities, respectively, and Zz = 
6x' + 36x4 + 82x3 + 7 2 2  + 78x + 13. 

As for the spin self-energy, the final result is 

The loop of equations (6H15) is solved self-consistently for the Green function, the 
DOS, and the g' factor. LL mixing is taken into account by summing over all N' in equation 
(11). 

4. Numerical results and discussion 

The results of this section prtain to AIGaAdGaAs heterojunctions and the material 
parameters are those of GaAs: "/me = 0.0665. with me the rest mass of the electron, 
K = 12.9, density p = 5.37 g q = 5.29 x 10s cm s-l, v, = 2.48 x 105 cm s-I, 
el4 = 1.41 x lo7 V cm-', and ED = 10 eV. 
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We also need the background and remote impurity concentrations NP and N;. We take 
NP as a parameter. As for N;. it can be determined from the low-temperature limit of the 
experimentally determined mobility at zero magnetic field PO. For fixed ds we have 171 

(16) 

with M = Ne/4bN;, Z3 =3x5+18x4+43x3+48x2+24x+2,x = (8nn,/b2)'/2(1 - y z ) ,  
and nl = m'e2/4~h2b. The following parameters pertain to sample GI48 from [4]: 
ne = 1.86 x IO" cm-*, mobility at T 4 0 and B = 0 PO = 10' cm2 V-' s-', 
and dE = 400 A. A typical depletion charge density is Ndepl = 5 x 10" cm-'. Using 
NP = 5.7 x lOI3  ~ m - ~ ,  a typical background impurity density, and equation (16), we obtain 
N,' = 5.5 x loL' This somewhat high value of N; is a result of its approximate 
modelling by equation (14). 

With respect to the numerical procedure, we use a two-step iteration technique to 
solve equations (6>-(15) self-consistently. First, we input a guessed spin energy Eh 
and then calculate the real and imaginary part of the self-energy over the energy range 
outside which both r N ( E )  and A N ( E )  vanish. The iterative procedure is interrupted when 
max[lr~l-r~l, ~ A F ' - A ~ I ~ ,  i.e., when the maximum difference of r N ( E )  and A N ( E )  for 
fixed E between two iteration steps j and j +  1, is smaller than IO-* meV. Secondly, using 
the obtained T N ( E )  and AN(,?) we evaluate the new spin energies Eh for different us.  
This iteration is interrupted when the maximum difference of EL between two successive 
iteration steps is smaller than lo-' meV. In all calculations we include the lowest ten LLS, 
i.e., we take N = 0, 1.2,. . . ,9.  Including more us in the calculation affects only the 
results for weak magnetic fields. Since we do not assume any particular form for the DOS, 
numerical integrations are necessary to evaluate the filling factor and the chemical potential. 
These integrations are very CPU time consuming. 

In figure 1 the real ( A N ( E ) )  and imaginary ( r N ( E ) )  parts of the self-energy, for 
electrons in the lowest three LLS, are plotted as a function of the electron energy for different 
magnetic fields or filling factors U = n,h/eB. The spin-split LL width and shift are clearly 
seen in strong B fields, e.g., when w = l  and 1.5 in figures l(a) and (b). At relatively low 
fields, as in figures l(c) and (d), the influence of the spin splitting on the self-energy cannot 
be observed even for integer w .  The DOS corresponding to figure 1 is shown in figure 2. 
The spin-split LLs can be seen for all B fields of figure 1. The effect is more pronounced for 
the high B fields of figures 2(a) and (b), where sawtooth-shaped LLS have been observed. 
For the intermediate B field of figure Z(c) the total DOS shows a semielliptic shape whereas 
for the low B field of figure 2(d) a significant background DOS between different LLs results 
from [7] remote impurity scattering for small background impurity densities and intermediate 
spacer thickness. As can be seen, varying B leads to a rapid change of the shape of the LLS. 
In general, one cannot use a simple analytic form to model the DOS although in some cases, 
as in figures Z(a) and (c), a semielliptic DOS is sufficient. To the best of our knowledge, 
this is the first theoretical evaluation of the spin-split LL structure. 

From the calculated DOS, we obtain the actual widrh of the LL (rNo) defined as the 
width of the DOS at half maximum. The LL width calculated from the DOS of figure 2 is 
shown in figure 3 as a function of magnetic field (or filling factor) for different US. rNc 
oscillates strongly with 1/B (or U) and the peaks are located at U =I,  2, 3, .... The results 
show that the spin-up and spin-down LLs have roughly the same widths. That the width 
of the LLS oscillates with B was first suggested in [ l l ]  and was supported by experimental 
data of the heat capacity measured in an AlGaAdGaAs-based ZDEG. To our knowledge, an 
LL width oscillating with B ,  as shown in figure 3, has not been reported so far. 

1 4e'm''Nf ' dyx xe-wdsx t nZ3 -=  
PO Kzh3n, [ X X + Q l Y I 2  
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Flyre  1. The real ( A N ( E ) )  and imaginary ( r N ( E ) )  pam of the selfenergy for electrons in 
the lowest three Landau levels (solid, doned. and dashed curves: N = 0. I ,  and 2 respectively) 
as a function of electron energy E in diffmnt magneric fields, from (a) to (d): B = 7.66, 5.11, 
3.83, and 2.55 T, mrresponding Io filling factors v = n.h/eB = 1, 1.5, 2, and 3, The other 
parameters are: T = 2.5 K, n, = 1.86 x 10" cm-l. = 0 and T + 0 mobility M = lod 
,,Z v-1 s-L , N b  I - - 5.7 x E O i 3  em3 ,  and d, = 400 A. The vertical thin dashed-doned lines 
are the centres of the LLS EN = (N + i ) E c  with E< =hoc .  
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Figure 2. The density of states for spin-down (dashed curves) and spin-up (dotted curves) us 
along with the total DOS (solid curves D(E)  = xN,N..=*l DN.(E))  as a function of electron 
energy. The parameters are the same as in figure 1. me thin dxhed4otted curves are the same 
as in figure 1 and Do = Z”p* = 1.75 x 10” cm-? meV-’. 

The g factor for different L L ~  (gi) and the chemical potential (pa,  dotted curve), as 
a function of the magnetic field, are shown in figure 4. The oscillations of g$ with 1jB 
are clearly seen and the peaks (valleys) are approximately located at the odd (even) integer 
filling factors, i.e., at u=l, 3, 5, ... (2, 4, 6, ...). The effect of the LL shift is to shift the 
peaks and valleys in the low-B regime as can be observed in figure 4. The physical reason 
for the oscillation of g; with 1 f B can be understood with the help of equation (4). When U 
is an odd (even) integer, the Fermi level is located between the spin-up and spin-down L L ~  
(between different-N LLS). From equation (4) we see that (i) when v + 1, which implies 
that only the spin-down states of the N = 0 LL are occupied, i.e., &t << &J, this results 
in the strongest exchange interaction in the N = 0 LL and consequently in a maximum in 
the g factor; (ii) with decreasing B when U varies from one to two, the spin-up states of the 
N = 0 U are occupied and EO+ increases with decreasing B; this weakens the exchange 
interaction and consequently the g factor decreases with B ;  (iii) when U + 2 the spin-up 
and spin-down states of the N = 0 U are occupied. The weakest exchange interaction 
occurs when the N = 0 LL is fully occupied (Eo, - m 0) and the minimum value of 
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4 3 2 1 

V 
Figure 3. The h d a u  level width, at half-maxi"  DOS, as a function of the mametic field 
( y  = %h/eB). rN+ E rN& for different us and the parameters are the same as those in 
figure 1.  

11111  I I I ( 0 3  
7543 2 1 m . 

( 0 -  

S 2 . a  - 

N -  

0 2 0 5 10 

B O  
Figure 4. Magnetic field dependence of the g factor in different U (solid, dashed, dashed- 
dotted and dashed-dotted-dottedoUed c u ~ e s :  N = 0, 1.2, and 3 respectively) and of the 
chemical potential (p*, doued curve). The parametem are the same as those in figure 1 .  The 
solid circle is the experimental datum of [41. 

g' is reached; (iv) with further decrease of B the process is repeated and g* exhibits an 
oscillating behavior as function of the magnetic field: (v) the enhancement of g' is weaker 
at U = 3 than at U = 1 for the following reason. At U = 3 the N = 0 LL is entirely occupied, 
and fewer electrons in the N = 1 level will contribute less to the enhancement of g. An 
alternative explanation for the oscillations in g' with B was presented in [ 11. It can be seen 
from figure 4 that the spin energies in different Us are different. We note that since the 
LL mixing is included in the calculation, i.e., all the intra- and inter-u scattering processes 
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are taken into account, the extended tails of the DOS over a wide energy regime (see figure 
2) result in which the exchange-enhanced g factor for different LLS can be observed in all 
magnetic fields. The effective g* can be obtained by averaging over the contribution from 
all LLS in the manner 

( 0 -  

* e -  
0 

N -  

0 

nN is the electron density in the Nth Landau level. The following results for g* are obtained 
using equation (17). The solid dot in figure 4 is the result for g* of sample G148 of 141 
(the parameters of the other samples were not specified). As can be seen, the theoretical 
value g* = 6.8 agrees well with the experimental one g* = 7.3. 

I I 

U= 1 
2 - - - _ - - - 
3 -. - . - . -. -. - . - 
4 ................... 

. ne=1.86x10” cm-’ 

-.-. -. _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _ I  ......................................... _ _ _ _ _ _ _ _ _ _ _ - - -  
I I 
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F I 4 

10 100 1000 

(104 cm*/vs) 
Figure 6. The effective g factor as a function of the zero-magnetic-field and low-temperature 
mobility for different magnetic fields at fixed eleamn density. The other parameters are the 
same as in figure 1 and the C U N ~ S  are labelled as in figure 5 .  

Spacer (A) 
Figure 7. The effective g factor as a function of the spacer thickness for different magnetic 
fields at fixed electron density. The other parameters are the same as in figure 1 and the curves 
are labelled as in figure 5 .  

The dependence of g* on the spacer thickness d, is shown in figure 7 for fixed mobility 
KO. It is interesting to note that (i) for U = 1, g* depends weakly on ds when ds < 100 A 
whereas g' decreases slowly with increasing d, when d, > 100 A; (ii) a more pronounced 
enhancement of g' at U = 3 can be obtained at shorter spacers ds < 40 A; and (iii) 
when ds > 40 8, g* at U = 3 decreases rapidly with increasing 4. The fact that a 
shorter ds corresponds to a stronger remote impurity scattering implies that the latter has 
a weak influence on the enhancement of g', for U = 1, in contrast with its strong effect 
on g' for v = 3. In [71 the background DOS between different LLs resulted from remote 
impurity scattering for small background impurity concentrations NP and intermediate spacer 



4430 W Xu et a1 
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B (TI 
Figure 8. The specific ha1 as a fundon of the magnetic field for different temperatures. The 
solid curves &re obtained using equation (18) and the dotted curves using C, = n 2 k i T D b ' ) j 3 .  
The other parameters are the same as those in figw I 

thicknesses (4 ... 100 A). The presence of the background DOS at ds - lOOA suppresses 
the enhancement of g'. 

Experimentally, g* can be determined by activation measurements 141 or by using 
the coincidence technique [3], At low temperatures the DOS can be deduced directly 
from measurements of the equilibrium thermodynamic qualities such as capacitance [12], 
magnetization 1131, magnetic susceptibility 1141, and specific heat [ l l ,  151. These 
experiments determine the DOS at the Fermi energy. Now we can calculate the specific 
heat C ,  from the definition C ,  = aE,/aT where 

E, = dE Ef(E)D(E) I 
is the free energy, f(E) is the Fermi-Dirac function, and 

D ( E ) =  DNc(E) 
N . s d I  

is the total DOS. To enhance the accuracy of the numerical calculation, i.e., to avoid the 
derivative, we use equation (10) and assume that (i) ne is independent of T ,  which is 
normally the case for AlGaAdGaAs-based heterojunctions at T < 100 K, and (ii) the total 
DOS depends very weakly on T for low temperatures (T < 10 K). Thus, C, can be calculated 
from 

The results for C,, as a function of the magnetic field, are shown in figure 8 for different 
temperatures. We also show the results (dotted curves) obtained from the usual T + 0 
expression for the specific heat, C, = xZkiTD(~*) /3 .  It can be seen from figure 8 that 
(i) the calculated C ,  has a s h a p  similar to that observed experimentally; (ii) at very low 
temperatures, e.g., T = 1.5 K. the simple expression roughly reproduces the dependence 
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of C, on B whereas at relatively high temperatures, e.g., T = 5 K, it is not adequate, see 
also [SI; and (iii) the background DOS in strong B (around B = 7.5 and 3.9 T) decreases 
with increasing temperature, since the dotted curves also represent the total DOS at the 
Fermi energy D(p*).  A more significant background DOS between different LLS (including 
spin-split U) can be observed at lower temperatures. 

5. Summary 

We have evaluated self-consistently the exchange-enhanced g factor for strong magnetic 
fields and low temperatures. In the evaluation we have taken into account the Landau 
level mixing in the self-energy and the electron interaction with impurities, acoustic and 
piezoelectric phonons, and with other electrons. This is in sharp contrast with earlier 
treatments that took it as a parameter or were not as complete as the present one in that 
they did not take into account partially or totally the abovementioned factors. To our 
knowledge, this is the most complete evaluation of the g factor and of the density of states. 
The main results are mentioned in the abstract. 

In addition, we have presented results for the dependence of g* on the magnetic field 
or filling factor, the temperature, and the sample parameters such as mobility and spacer 
thickness. To our knowledge, the results for the latter are entirely new [16]. The oscillations 
of g* with magnetic field seen in experiments are present in our theory and simply explained 
by the spin-up and spin-down contributions to the self-energy. For lack of the pertinent 
sample parameters only a very limited comparison with experimental results could be made 
and the agreement is good. Further, with the self-consistent density of states we have 
evaluated the specific heat and found out, in agreement with experiments, that the usual 
low-temperature expression is inadequate for T 2 5 K and strong magnetic fields. 
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