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A detailed theoretical study of the one-electron density of states {DOS) for heterostructures in a strong
and transverse magnetic field B is presented for low temperatures. The Green's function for the Landau
levels and the electron self-energy are calculated self-consistently including the electron interaction with
background and remote impurities and with acoustic phonons through deformation and piezoelectric
coupling. Transitions between Landau levels are taken into account in the self-energy. A semielliptic
DOS is obtained and the Landau-level width shows a B dependence very dift'erent than B' . The level
shift shows considerable structure as a function of energy, magnetic field, and spin. A significant back-
ground DOS results from remote-impurity scattering for small background-impurity densities and inter-
mediate spacer distances. The dependences on temperature, mobility, and the g factor are also investi-

gated.

I. INTRODUCTION

Over the past two decades the investigation of magne-
totransport in low-dimensional systems has been very in-
tense. ' A central quantity in magnetotransport studies is
the density of states (DOS). In the presence of a strong-
magnetic-field Landau-level quantization leads, in the ab-
sence of scattering, to a singular nature of the DOS of a
two-dimensional electron gas (2DEG), with important
consequences such as the quantum Hall effect, etc.

The above-mentioned singular nature of the DOS is a
series of 6-function peaks centered at each Landau level
(LL) with energy E =Et'=(N+I/2)%to„N =0, 1, 2,
3, . . . , where co, =eB/m * is the cyclotron frequency and
m* the effective electron mass. The degeneracy of each
Landau level is given by I/2nlin a uni. t area, where
l =(fi/eB)' is the radius of the ground cyclotron orbit.
In real systems, due to scattering, inhomogeneities, etc. ,
the Landau levels are broadened and the singularities of
the DOS are damped. So far a semielliptic, a Gaussian,
and a Lorentzian model have been used. An approximate
calculation of the DOS in the self-consistent Born ap-
proximation (SCBA) has been carried out by Ando,
Fowler, and Stern' for scattering with ionized impurities
in a 2D system assuming that Landau-level mixing and
the level shift are negligible and that the electron energy
E is close to E&. This resulted in a semielliptic DOS with
a level width I &, which for short-range scattering shows
a B ' dependence. Magnetization measurements on
Al Ga, As/GaAs heterostructures showed roughly a
B ' dependence of the width I & but a strong disagree-
ment with its predicted magnitude. Later on, Gud-
mundsson and Gerhardts proposed a statistical model
for spatial inhomogeneities of the electron density in a
2DEG which simulates the electrostatic potential Auctua-
tions. The model yielded an effective background DOS

between different LL's and explained a number of experi-
mental data. In the work of Xie, Li, and Das Sarma the
DOS of an ideal 2DEG with impurity scattering was
computed in the SCBA, including Landau-level mixing
but no effects of phonons. The resulting DOS (the numer-
ical DOS, without LL mixing and energy shift) showed a
smoother and more realistic shape than that obtained by
short-range impurity scattering. More recently, taking
into account both linear and nonlinear electron-electron
screening Efros, Pikus, and Burnett calculated the ther-
modynamic DOS in a strong magnetic field . Their re-
sults showed that electron-electron screening may be-
come important, especially when the filling factor v is
close to an integer. However, they did not make the con-
nection of their results with an enhancement of the g fac-
tor. To study the magnetophonon resonance effect, Mori
et al. calculated the Landau-level broadening by assum-
ing a semielliptic form of the DOS and taking E close to
E&. Tanatar, Singh, and MacDonald have studied the
effects of inelastic acoustic-phonon scattering and
electron-disorder scattering self-consistently. Additional
peaks were found in the DOS when the Fermi energy is
away from the center of the LL's. At higher tempera-
tures, they found some transfer of DOS from the center
to the wings of the LL's. In the end, they suggested a
complete self-consistent calculation of the DOS.

The brief review given above shows that more work on
the DOS of quasi-two-dimensional systems is required. In
this paper, we present a detailed self-consistent calcula-
tion of the DOS for a 2D system in a strong magnetic
field. In contrast with previous work, we do not assume
any particular form of the DOS and we do not neglect the
level shift, and take into account the coupling among the
LL's in the self-energy. We take into account intrasub-
band screening and scattering by background and remote
impurities and by the deformation potential and
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piezoelectric phonons. In addition, we consider the
dependence on spin and the g factor which, to our
knowledge, has not been considered. We focus on the
low-temperature case and on Al Ga, „As/GaAs hetero-
junctions. In Sec. II, we present the method to calculate
the Green's function for the Landau level and the self-
energy for electrons self-consistently. In Sec. III, we dis-
cuss the situation for Al Ga, „As/GaAs heterojunc-
tions. Our numerical results are presented and analyzed
in Sec. IV and our remarks and conclusions are summa-
rized in Sec. V.

The real part b,&„(E) results in an energy shift and the
imaginary part I ~„(E)/2 determines the width of the
broadened Landau level.

From Eqs. (1) and (2) the real and imaginary parts of
the Green's function for the Landau levels are obtained
as

ReG&„(E)

E E~„—~ p' —A~„(—E)
[E E„—p —5„(E—)) + [I „(E)/2]

II. SELF-CONSISTENT CALCULATION
OF THE DOS and

(3a)

X~„(E)=6~„(E)—(i/2)1 ~„(E) . (2)
I

For a quasi-two-dimensional system, such as realized in
A1GaAs/GaAs heterostructures, with a high-magnetic
field B perpendicular to the interfaces, the Green's func-
tion for the Nth Landau level in the nth electric subband
is given by

G~„(E)= 1

E Ex. —V' &~.(E}—
here, E is the electron energy, EN„=EN+a.„+o.E„
Ez =(N + —,

' )A'co, is the energy of the Nth Landau level,
c,„ is the energy of the nth electric subband,
o. =+1, E, =g*p~B is the spin energy, g* the effective
spin-splitting (Lande) factor, and pz the Bohr magneton.
Further, p* is the chemical potential, and the self-energy
for electrons in the nth electric subband and the Nth Lan-
dau level is given by

D~„(E)= — g ImG~„(E) .1

2m. I
(4)

To evaluate the Green's function, we need to know the
electron's self-energy. For a quasi-two-dimensional sys-
tem, the electron's self-energy is mainly determined by
electron interaction with ionized impurities and phonons.
Applying the lowest self-consistent Born approxima-
tion' to the impurity scattering and using the one-
phonon self-energy, we have

ImG~„(E}
I ~„(E)/2

[E—EN..—P' —~N. «)) + [I N. (E)/2)
(3b)

The DOS for electrons in the 1Vth Landau level in the nth
electric subband is given by

&~„(E)=
N', n', q, a =+1

N', n', g, o =+1
lu.'". (Q)l'Cpp, ~(y)[Ng+fpp. ~«))G~. «+&~g)

N', n', Q, cr =+1
lu.'". (Q)l'C„. „(y)[Ng+1 f„.„, (E)]G~.„. (E——&~g),

h+where y =l q /2; lu„'.„(q)l and lug (Q)l are the
squares of the electron-impurity and electron-phonon in-
teraction matrix elements, respectively, with Q=(q, q, )

and " referring to the absorption (+ ) and emission ( —)
fin) /k~ Tof a phonon with energy fico&. N&= 1/(e ~ —1) is

the phonon occupation number, fz„(E)
~E E~~~ p= [e " ~ + 1] ' the electron distribution

function, and C~ ~+M(y) = [N!/(N +M)!]y e
X[L&(y}] with Lz(y) the associated Laguerre polyno-
mial. The coupling among the different scattering pro-
cesses is embedded in the Green's function. With the real
and imaginary parts of Eq. (5) along with Eqs. (3), we can
solve for the real and imaginary parts of the electron
self-energy (and/or the CJreen's function for the Landau
level) self-consistently. To proceed, we must specify the
square of the interaction matrix elements.

For a 2DEG, the impurity scattering is mainly due to
ionized impurities in the system. As for phonon scatter-
ing, it is mainly with deformation-potential acoustic
(DPA), piezoelectric, and longitudinal-optical (LO) pho-
nons. At relatively low lattice temperatures (T &40 K)
the inhuence of LO phonons can be neglected. For weak
electric fields, i.e., for linear responses, the electron has a
small kinetic energy and the absorbed or emitted pho-
nons have a small wave vector Q. Assuming A'co& « k~ T
or I N is equivalent to considering the electron-phonon
scattering as quasielastic for low temperatures; however,
this may not always be strictly justified. This approxi-
mation leads to

Ng +f~ „g (E)=k~ T/ficog

and
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Ng+1 f—~ „(E)=ks T/Acorn .

Introducing the square of the interaction matrix ele-
ment for electron scattering by DPA phonons' (ac),
piezoelectric phonons" with longitudinal (pl) and trans-
verse (pt) branches, and by impurities' (i) in Eq. (5), the
electron's self-energy is given by

N', n', o.=+1

For impurity scattering, we have

8'N. N„„=2~
2Ze ~ dg

C~ ~(y) f dz, n; (z, ) g F (q, z, )ep (q)
—1

K 0 g
(8a)

with P, y=(n'n}, ~ the dielectric constant, and—q(z —z (F„„(q,z, }=(n'~e '
~n ) the form factor for impuri-

ty scattering. Z is the charge number of the ionized irn-

purity, e&r(q) the matrix element of the dielectric func-
tion induced by electron-electron screening in the electric
subband, and n;(z, ) the impurity distribution function.
The corresponding result for DPA-phonon scattering is

ED co~kg T

P Uq) 4' A
(8b)

with e,4 the piezoelectric constant, and for transverse
piezoelectric-phonon scattering,

2 2e e&4 oo

Wg&„,„= k&T dq q C&&(y)
K PV„

4+8 4

X f dq, G„„(q,),
(8d)

with v„ the transverse sound velocity.
In this paper, we take into account screening only for

scattering by impurities. For electron-phonon scattering
the inAuence of the dynamical screening on the transport
properties (e.g., electronic mobility) is relatively weak'
and we neglect it.

with ED the deformation-potential constant, p the density
of the material, v,&

the longitudinal sound velocity, and

G„„(q,)=((n'~e ' ~n}[ the form factor for phonon
scattering. Finally, for the longitudinal piezoelectric-
phonon scattering, we have

2 2e e)4 oo

Wg, ~„.„= 9k' T dq q C~~(y)
K pvsl 0

2

centration NI in the GaAs region. In general, these im-

purity concentrations and distributions are not well
known. We model them using

n,."(z, ) =NI5(z, +d, ) and n; (z, ) =NI e(z, ) . (9)

When the electron density is less than 6X 10"crn, nor-
mally only the lowest electric subband is occupied. ' To
study screening within a subband, we employ the stan-
dard random-phase approximation. Further, we make
the usual triangular well approximation to model the
confining potential normal to the interface and use the
corresponding variational wave function. Measuring en-

ergy from E~E—c0—p*, the electron's self-energy is
obtained as

N', o.=+1

(10)

E E~ h~(E—)—
ReG~ (E)=

[E E~ b,~(E)] +—[I ~(E—)/2]

and

(1 la)

I ~(E)/2
ImG~ (E)=-

[E E~ h~(E)] —+ [I'~—(E)l2]
(1 lb)

with Ez =Ez+crE, . In Eq. (10), the functional forms
of O'N N for the different scattering processes are given by

2
e 2m'

where ir (ib) refers to electron scattering with remote
(background) impurities and X&(E)=b,z(E) i I &(E)/2;—
the real and imaginary parts of the Green's function for
the Landau level are given, respectively, by

III. Al„Ga& „As/GaAs HETEROSTRUCTURES X f dxC~~
0

$2$ 2X 2

In Al Ga, As/GaAs heterostructures, impurity
scattering comes mainly from ionized dopants within a
narrow space-charge layer in the Al Ga& As region
with a concentration Nl" at a distance d, (called spacer
thickness) from the interface, i.e., from remote impuri-
ties, and from background-charged impurities with a con-

—2bxd S

X
xe

[x(1+x}+a, (x)(3x +9x+8)]
(12a)

where b =[(487rm*e /aA )(Nd, , +11n, /32)]'~ defines
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X f dx C~.~
0

I 2b 2x 2

2

X 3x +18x +43x +48x +24x+2
[x(1+x) +a, (x)(3x +9x+8)]

m* &D 3b~ckgTPl D

p 3277%

(12b)

(12c)

e2e2i4 9~bk~Z
Wg'~ —

2 z f dx C
K pUq( 16 0

I2b2 2

2

and

2x + 12x +6x+ 1

(1+x)
(12d)

e e i4 7Tbk T
W$'x =

z 2K pU„16

X f dxC~, ~
0

I 2b 2x 2

2

X
6x +36x +82x +72x +78x+13

(1+x)
(12e)

With Eqs. (10) and (11), we obtain the real and imaginary
parts of the self-energy and from them the Green's func-
tion. The chemical potential can be determined self-
consistently from the condition of the electron number
conservation,

f dE f(E)lmG& (E),
2w I

(13)

(,E —p*)/k~ T
with f(E)=1/[e +1] the Fermi-Dirac func-
tion.

IV. NUMERICAL RESULTS

The results of this section pertain to
Al„Ga, „As/GaAs heterostructures and the material
parameters corresponding to GaAs are as follows:
effective-mass ratio m '/m, =0.0665, static dielectric
constant a =12.9, material density p= 5.3l g/cm, longi-

the thickness ( =3/b) of the triangular well, with n, the
electron density and Nd, ~&

the depletion charge density.
Further,

a, (x)= m*e & dy

4K% b o
&

& [& ~']+1Ae "

with A = [exp(M n, /m 'ks T) —1] ' and e„=Pi b x /
8m k~ T. Then

2
2 b

ib e mN
~N'N

K 2b

tudinal sound velocity v,&=5.29X10 cm/s, transverse
sound velocity v„=2.48X10 cm/s, the piezoelectric
constant e &4

= 1.41 X 10 V/cm, and the deformation-
potential constant ED = 11 eV.

Because the ionized impurity distribution is not well
known, we use the low-temperature limit of the experi-
mental results for the mobility at zero-magnetic field p0
to calculate the remote-impurity concentration Nl" with a
fixed spacer d, which normally can be determined experi-
mentally. We take the background-impurity concentra-
tion Nl as a fitting parameter. For convenience, we
define a parameter yl =NI /4bNI". In all calculations, we
use a typical electron density n, =2X10" cm and a
typical depletion charge density Xd, &=5X10' cm
The calculation of the impurity concentration from the
mobility at T~O and B =0 is presented in the Appendix.

To include the effect of spin into our calculation, we
need to know the value of the Lande factor g . For bulk
GaAs at low temperatures g*=0.44. In Al Ga& As/
GaAs heterojunctions the g factor will be enhanced by
exchange interactions. ' An enhanced value of g*, up to
10, has been observed and implies that the inAuence of
spin may be important in some high-magnetic-field mea-
surements in 2D systems. The detailed theoretical calcu-
lation of the g* factor in a 2DEG has been summarized
in Ref. 1. Here, we take g as a fitting parameter and for
most of the calculations, we use g* =0.44.

Taking into account the above remarks, we can
proceed to the calculations. To solve Eqs. (10) and (11)
self-consistently, we apply an iteration technique. In our
calculations, the iteration is interrupted when
max~I J&+' —I J&~ and max~6, ~&+' —A~&~, i.e., the maximum
difference of I N and 6N between two successive iteration
steps j and j+1, are smaller than 10 meV. In all of
calculations we include contributions from the lowest ten
Landau levels, i.e., we take N =0, 1, . . ., 9. Including
more LL's in the calculation influences the results only
for low-magnetic fields.

In Fig. 1 the Landau-level width I &(E) and the energy
shift A~(E), for the Landau levels N =0, 1, 2, 3, are plot-
ted as a function of energy at a fixed magnetic field B =3
T and temperature T =4.2 K. The peaks of I &(E) occur
when the condition E =(M+1/2)Ace, M=0, 1, 2, . . . , is
satisfied, that is, at the center of each LL. When this
happens, b&(E) changes sharply. Figure 1 shows that (i)
for energies near the center of each Landau level the
DOS is mainly determined by I &, and (ii) away from
these energies the DOS decreases sharply because of the
increase in ~b.z~.

The DOS for the Landau levels 1V =0, 1, 2, 3 is shown
in Fig. 2 as function of E/A'co, with the parameters of
Fig. 1. The solid, dashed, dash-dotted, and dotted curves
are the self-consistent results. It is interesting to note that
though we start our calculation with a Lorentzian LL
shape [see Eq. (lib)], after solving Eqs. (10) and (11) self-
consistently the results show a semielliptic LL shape.
From Fig. 1, we see that this is due to the self-consistency
between I z(E) and b,z(E). The energy shift is very im-
portant in determining the LL shape. In Fig. 2, we also
plot the results obtained from a semielliptic DOS (in sym-
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FIG. 1. (a) The Landau-level width I z(E) and (b) the energy
shift hz(E) as function of energy E for different Landau levels.
The solid, dashed, dashed-dotted, and dotted curves correspond
to N=0, 1, 2, and 3, respectively. The zero-field mobility po,0
the spacer distance d, = 100 A, and a fitting parameter
yl=NI/4bNI"=0. 1 have been used to calculate the impurity
concentrations. The results shown are for g =0.44 and
n, =2X10" cm . For B =3 T, %co, =5.22 meV. Contribu-
tions from the N =0, . . .9 Landau levels are included.

bols) using the formula

IrnGN (E)=— 2

N Ncr

FIG. 2. The density of states as function of electron energy
for different Landau levels: N=O (circles and solid curve), 1

(crosses and dashed curve), 2 (squares and dashed-dotted curve),
and 3 (triangles and dotted curve). The symbols are obtained by
substituting the self-consistent values of I ~(E&kE, ) and
h&(E&+E, ) in the semielliptic DOS given by Eq. (14). The pa-
rameters are the same as those in Fig. 1.
DO=2m*/A =1.75X10"cm meV

spin does not inhuence the LL width very much, but it
does affect the energy shift considerably. Generally
speaking, the energy shift affects the shape of the LL's,
which implies that the spin effects will be rejected by the
shape of magnetotransport coefticients, e.g. , by the shape
of Shubnikov —de Haas oscillations. Secondly, a non-B '

dependence of the LL width can be observed for B ) 5 T.
This is shown more clearly in Fig. 4 where we plot

X Re 1—
'2 1/2E EN~ AN(E—N~ )—

I N(EN. )

(14)

where I N(EN ) and bN(EN ) are the self-consistent re-
sults. As shown in Fig. 2 there is a very good agreement
between the two results. Equation (14) is similar to the
usual semielliptic DOS but we have introduced the effect
of energy shift and spin. The most significant conclusion
we draw from Fig. 2 is that for the more complicated cal-
culation of magnetotransport properties, such as magne-
toresistance, we can safely use the sernielliptic DOS given
by Eq. (14) with the self-consistent values for the LL
width and the energy shift. This simplifies greatly the nu-
merical calculation and reduces the CPU time consider-
ably. Thus, in the following, we pay attention only to the
situation where the electron energy is at the center of the
LL's.

In Fig. 3, we plot I N(EN+E, ) and bN(EN+E, ) as
function of magnetic field at a fixed temperature T =4.2
K and mobility go=20 m /Vs. The thicker linewidth
curves for spin-up levels (E=EN+E, ) and the thinner
ones for spin-down levels (E =EN E, ); in (a) up and-
down results coincide. The results show that including

LLI

+I

W LA

Z

CV

C)

~&
——20m /Vs

E
C)

W

Cy
l

10 15 20

8 (T)

FICx. 3. (a) The Landau-level width and (b) the energy shift as
a function of magnetic field for different Landau levels. The
curves are marked as in Fig. 1 and the parameters are the same.
The thick curves are for spin-up levels and the thin ones for the
spin-down levels. In (a) spin-up and spin-down curves coincide.
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EIl/2 (Tl/2)
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FIG. 4. Spin-up level width I & as a function of B' . The
curves are marked as in Fig. 1. A non-B' dependence of the
Landau level is evident.

I &(E&+E,) as function of B' . The increase of the LL
width with magnetic field is slower than B', especially
high-magnetic fields (B )7 T).

The temperature dependence of the LL width is shown
in Fig. 5. The LL's are more broadened at higher tem-
peratures because of the increase in phonon scattering.
The contribution from the different scattering mecha-
nisms to the lowest LL width, as function of the magnetic
field, are shown in Fig. 6 and explained in the caption.
As expected, at low temperatures and for y1=0. 1, the
main contribution to the LL broadening comes from
remote-impurity scattering. Similar results are obtained
for higher LL's.

In Fig. 7, we show the inhuence of the spin factor g*
on the LL width and the energy shift for fixed magnetic
field B =5 T, mobility @0=20 m /V s, and temperature
T=4.2 K. The results for spin-up (E =Ez+E, ) and
spin-down (E =E~ E, ) levels ar—e shown in thicker and
thinner linewidth curves, respectively; in (a) up and down
results coincide. It is interesting to note that the spin has

FIG. 6. Spin-up lowest-level width as a function of the mag-
netic field for different scattering mechanisms with the parame-
ters of Fig. 1. The dashed curves are for scattering with remote
(thick lines) and background (thin lines) impurities. The
dashed-dotted curve is for scattering with acoustic phonons and
the dotted curves with longitudinal (thin dots) and transverse
(thick dots) piezoelectric phonons. The solid curve is the total
width. Similar results are obtained for other Landau levels.

a stronger effect on the lower-index LL's and the strong-
est effect can be observed for the lowest LL (N=0).
Also, with increasing g first Ib, &(E&+E, )

~

increases and
then decreases. The maxima can be observed when g* is
around 2 corresponding to the above material parameters
and experimental conditions. In fact, the spin g factor is a
strong oscillatory function of the magnetic field and de-
pends highly on the electron occupation of the Landau

I

(a)
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I I I I I ~
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+
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~ .' 4
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E
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+I
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Z:

C3
I
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FIG.. 5. The temperature dependence of the spin-up Landau-
level width for fixed magnetic field. The other parameters are
the same as in Fig. 1.

FIG. 7. (a) Landau-level width and (b) energy shift as a func-
tion of the Lande factor g* at fixed temperature and magnetic
field for different Landau levels. The curves are marked as in
Fig. 3.
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levels. In principle, g* should be obtained within the
self-consistent calculation of the DOS b t thut t is compli-
cates the numerical calculation considerably and we do
not attempt it.

We now focus our attention on the inAuence of the

sample quality, connected with ionized impurity scatter-
ing, on the DOS. In Fig. 8, the LL width I z(Ez+E, ) is
plotted as function of B =0 and T~0 mobility at a fixed
magnetic field B =5 T and temperature T=4.2 K. A
larger mobility corresponds to a weaker impurity scatter-
ing leading to a narrower LL width. The results show
that at low temperatures, e.g. , T =4.2 K, and for a high-
quality sample, e.g., pe=20 m /Vs, the main contribu-
tion to the LL broadening comes from electron scattering
with ionized impurities. At fixed temperature T =4.2 K
and magnetic field B =3 T, and for a sample with mobili-
ty po =20 m /V s, the infiuence of scattering with remote
and background impurities on the DOS is presented in

ig. 9 where the total density of states D (E)=gzDz(E)
is plotted as function of electron energy E for (a) different
background-impurity concentrations (i.e., different yl's
at fixed spacer distance. and (b) different spacer d' ter is ances

, a xe yl. It can be seen that (1) a significant back-
ground DOS between the LL's can be observed for (i)
small background-impurity densities N;"( 10' cm
which is satisfie in most molecular-beam epitaxy gro wn

a, „s/GaAs heterojunctions, and (ii) intermediate
spacer distances d, —100 A. (2) The presence of the
background DOS between different LL's is a consequence
of remote-impurity scattering. This is different from the
result of Ref. 3, where the background DOS is induced by
in omogeneities of the 2DEG. (3) The background DOS
decreases with increasing electron energy as obtained by

ie, Li, and Das Sarma. (4) Our results are equivalent
to those of Ref. 5, where the background DOSn was in-

tho
uce y long-range impurity scattering. Our result ds an
ose of Ref. 5 show that scattering by short-range back-

DOS for
ground impurities cannot describe the 1 -te ow- emperature

or the Al„Ga, „As/GaAs heterojunctions.

I I I I I I I I'I I I I ~ I I I I

LLJ

+
w

-(o)
d =100 A

o
/

Cj
C3X cv
LLI 0
Cj

C)
O

C)

—
y(

——10

E/h u,

FIG. 9. Total density of states D (E)=g~D~(E) as a func-

tion of electron energy E for (a) different background-impurity
concentrations: yI=1 (dashed curve, N =3.4X10"

10 (dotted curve, N1=2. 1X10" cm '), and 2X10
a a xe spacer distance(solid curve, N1=3.8X10' cm ') at a fixed s d'

d, =100 A; and (b) different spacer distances: d, =1000 A
(dashed curve), 50 A (dotted curve), and 100 A (solid curve) at
fixed y1=10 '. The other parameters are T=4.2 K, B =3 T,
and pp=20 m /Vs.

Experimentally, at low temperatures the DOS can be
obtained measuring equilibrium quantities such as ma-
netization, ' capacitance, ' specific-heat, magnetic-
susce tibilitp

' ' '
y, etc. These low-temperature experi-

ments measure the DOS at the Fermi ener, ', D (p*).i energy, i.e., p
In Fig. 10, we plot the chemical potential (or Fermi ener-

gy) and the total density of states D(p')=g&D&(p') as
a function of magnetic field for fixed temperature T = 1.2
K and an electron density n, =2X10" cm . It can be
seen that (1) the distribution of electron energies near the
chemical potential leads to a smoother DOS (compared
with the shape shown in Fig. 2). (2) The low-temperatur

OS, D (p ), also shows a background DOS between
ra ure

different LL's, whereas the corresponding DOS vs elec-
tron energy (see Fig. 2) shows no background DOS. (3)
The strength of the background DOS decreases with in-

creasing magnetic field. (4) Our calculated DOS D ( *)
has a shape very similar to the experimental result of Ref.
17, where the DOS was obtained at T = 1.3 K by measur-

ing the capacitance in a Al„Ga, „As/GaAs heterojunc-
tion with n, =3.6X10"cm and po=35 m /Vs.

10 100

Po (m /Vs)

1000

V. SUMMARY AND CONCLUSIONS
FIG. 8. S in-u Lp - p andau-level width as function of zero-field

mobilit foy pp 01 fixed temperature and magnetic field. The a-
0

rameters are g*=0.44, d, =100 A, y1=0.01, and n =2X 10"
cm

In this paper, we have studied the density of states
(DOS) for ele ctrons in a quasi-two-dimensional semicon-
ductor system. A detailed self-consistent method was ap-
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FIG. 10. Total density-of-states (solid curve) energy at the
Fermi energy D (p, ) =Q~D~(p ) and Fermi energy p (dotted
curve) as function of magnetic field at T = 1.2 K. The other pa-
rameters are the same as in Fig. 1. v=n, h /e8 is the filling fac-
tor.

observed for samples with low background-impurity con-
centration and intermediate spacer distances. Though
not substantiated in our work, it may be that corrections
to the SCBA lead to the appearance of a background
DOS between the Landau levels as well.

(6) The effect of spin has a weak infiuence on the LL
width in contrast with a very strong influence on the en-
ergy shift. The spin has a stronger effect on the lower-
index LL's and the strongest effect is on the N =0 level.

(7) At low temperatures, the DOS can be smoothened
by the distribution of electron energies near the Fermi en-
ergy. The background DOS decreases with increasing
magnetic field. Our low-temperature DOS vs the mag-
netic field shows a shape very similar to that obtained ex-
perimentally in Ref. 17.

(8) The DOS of this paper is significantly different from
that obtained for scattering by short-r'ange impurities
only. Inclusion of remote impurities and other scattering
by acoustic and piezoelectric phonons is essential as
testified by, e.g., the background DOS and the 8 depen-
dence of the level width.

plied to calculate the Green's function for the Landau
level and the self-energy of the electrons including transi-
tions between different LL's but considering only in-
trasubband screening. In our calculation, we have in-
cluded the electron scattering with ionized impurities,
deformation-potential acoustic phonons, and piezoelec-
tric phonons. Also, we have taken into account the
effects of spin and Landau-level shift. For
Al„Ga, „As/GaAs heterojunctions at low temperature,
we have studied the influence of electron-energy, magnet-
ic field, different scattering processes, temperature, sam-
ple quality, and of the spin factor on the DOS. We have
compared our results, supported by the experimental
ones of Ref. 17, with those obtained form other theoreti-
cal models. Our conclusion are as follows.

(1) In line with previous work, ' the width of each Lan-
dau level (LL) has a series of maxima when the electron
energy is at the center of the LL's. The energy shift, pre-
viously not considered, changes sign and varies sharply
when this energy is reached.

(2) A semielliptic LL shape is obtained as a conse-
quence of the presence of the energy shift. This can be
used to simplify magnetotransport calculations consider-
ably by substituting only the self-consistent results for the
LL width and energy shift, with the electron energy at
the center of each LL, in Eq. (14).

(3) A non-8' dependence of the Landau-level width
is observed. For low temperatures, the increase of the LL
width with magnetic field is weaker than 8 '

(4) Increasing the temperature leads to a broader LL
because of the increase in scattering by phonons. A
high-quality heterojunction, i.e., one with high electronic
mobility, has a narrower LL width due to the weaker im-
purity scattering. At low temperatures (e.g. , T=4.2 K)
and for high-quality samples the LL broadening is mainly
induced by electron scattering with ionized impurities.

(5) A significant background DOS between the different
LL's results from remote-impurity scattering. It can be
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APPENDIX

Below, we present the formula used to calculate the im-
purity concentration in an Al-GaAs/GaAs heterojunc-
tion from the low temperature and zero-magnetic-field
mobility. When only the lowest electric subband is occu-
pied with electrons and in the absence of the magnetic
field, the mobility in the low-temperature limit can be cal-
culated by'

Po f d8~uIio(q)~ (1—cos8),
me%' 0

(Al)

where

'2 2
2 2ne 1 Foo(q z )

~u
' (q)~'=, J dz, n, (z. ) (A2)

with q =4rrn, (1—cos8) and the notations were shown in
the text. We now use the variational wave function for
the lowest subband, ' the remote- and background-
impurity distributions shown in Eq. (9) with
yi=NI"/4rrNI", and the random-phase approximation at
low temperatures, to calcu1ate the effect of electron-
electron screening. Then Eq. (Al) gives
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