PHYSICAL REVIEW B

VOLUME 50, NUMBER 20

15 NOVEMBER 1994-11

Density-functional calculation of Landau levels for quasi-two-dimensional hole gases

W. O. G. Schmitt
Physikalisches Institut, Am Hubland, D-9707/ Wirzburg, Federal Republic of Germany
(Received 27 July 1994)

p-type accumulation and inversion layers at a [110] Si surface in large external magnetic fields are
investigated in the Sham-Kohn approximation. We consider the magnetic field dependence of the
self-consistent potential for up to two occupied subbands. The transversal resistivity is calculated
in the self-consistent Born approximation and compared with the density of states in the lowest
order cumulant approximation. Some features of the Shubnikov—de Haas effect, i.e., the beating
pattern for the case of one occupied subband and the second oscillation, which appears when one
further subband is populated, could be reproduced quantitatively. The dependence of the node in
the beating pattern on an externally applied uniaxial strain is explained qualitatively.

I. INTRODUCTION

During the last decades two-dimensional (2D) elec-
tronic systems at semiconductor surfaces or interfaces
have been intensively studied. Due to a strong elec-
tric field perpendicular to the surface, there are bound
states, which result in electrical subbands because of
the translational symmetry in directions parallel to the
surface. Silicon-metal-oxide-semiconductor field-effect
transistors! (MOSFET’s) have been popular for studying
many-body effects in quasi-two-dimensional Fermi gases,
as (1) these effects are especially large in Si (Ref. 2) be-
cause of its material parameters (masses and dielectric
constant) and because (2) the particle density can be
controlled by an external gate voltage over several orders
of magnitude.

As to p-type inversion layers, the first systematic
experiments to be done were measurements of the
Shubnikov—de Haas effect.3™3 An early theoretical success
was the explanation of cyclotron masses, which were ex-
tracted semiclassically from self-consistent k - p-subband
calculations in Hartree approximation for a vanishing
magnetic field.®* However, since for hole gas systems de-
scribed by Luttinger’s matrix”® the motion parallel and
perpendicular to the surface is coupled, the Landau level
spectrum generally cannot be infered from the subband
dispersion but has to be calculated self-consistently by in-
troducing the magnetic field in Peierls’ approximation.®

Although many-body effects are important, calcula-
tions for p-type systems like Si MOSFET’s,1%712 GaAs-
GazAl;_,As heterostructures,'3716 or Ge bicrystals® are
done only in Hartree approximation because of the com-
plicated valence band structure of the bulk material. Re-
cently, we showed!” how exchange and correlation effects
could be allowed for easily by adopting the Sham-Kohn!®
approach, which was applied to n-type Si MOSFET’s
by Ando.!® The approximation we and Ando used is
formally almost equivalent to the density-functional ap-
proach of Hohenberg, Kohn, and Sham?°~22 in the local-
density approximation. Finite external magnetic fields
might require a generalization to a current- and spin-
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density-functional formalism.23 However, in the following
we will use the same exchange-correlation potential as for
the B = 0 case because (1) the corresponding functionals
for B # 0 are not known for our system and because (2)
we expect differences between the B = 0 and the B # 0
formalism to be small as long as the system is far from the
magnetic quantum limit. This conjecture is supported by
the Hartree potential being almost independent of B as
long as several Landau levels are occupied (at least when
only one subband is populated).

In Sec. II, we outline how the Landau levels of p-type
accumulation or inversion layers at a Si-[110] surface can
be determined. Here, we are interested in how much the
potential is dependent on the magnetic field. Afterwards
we calculate the Shubnikov—de Haas effect (Sec. III),
i.e., the transversal resistivity for this system in the self-
consistent Born approximation (SCBA) and compare it
with the density of states at the Fermi edge in the lowest
order cumulant approximation (LOCA). By this we study
the beating pattern in the magnetoquantum oscillations,
which has been discovered by von Klitzing et al.? and in-
vestigated in detail by Dorozhkin and Ol’shanetskii.242°
Furthermore, we are interested in the Shubnikov—de Haas
effect for two occupied subbands which is an indirect
means for examining subband energy separations. Fi-
nally, we investigate the Shubnikov—de Haas effect under
an external uniaxial stress and compare it with recent
experiments of Dorozhkin.26

II. SELF-CONSISTENT LANDAU LEVELS

In this section, we outline how Landau levels of p-
type accumulation and inversion layers at a [110]-Si sur-
face can be calculated self-consistently. We choose Ry =
e?mo/(2(4meo)?h%e%y1), ag = ey1 x dmeoh? /(e?my), Bo =
Ro/(v11B) as units of energy, length, and magnetic field
and we invert the energy scale. The kinetic energy op-
erator Hr(k',B,¢€,,) for a finite external magnetic field
B and strain tensor €y, is given in the Appendix. Here
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k'’ = k + A is the kinematical momentum (A = vector
potential, B = V x A), which satisfies the gauge invariant
commutation relation

k' x k' = —2iB. (1)

For B = (0,0, B), it is convenient to define the operators
a = (ki —ik)l/V2, (2a)

= (k. + ik))l/V2, (2b)

with the magnetic length | = (2B)~*/2. Equation (1)
results in [a,a'] = 1 and thus we find for the eigenstates
|n) of the number operator N = ata,

aln) = Vialn — 1), (3a)
a'ln) = vVn+1|n + 1). (3b)

In the Appendix, H; has been expressed by a, af, N,
and k, = 19/8z. With this the differential equation to
be solved runs

[HL(G" aT,k,,B,s,,“) + U(Z)K(Z) = EC(z), (4)

with {(z) — 0 for z —» 0 or 2z — oo (z measures
the distance from the surface) and v(z) being the sum
of an image (8n(e — €')/[(e + €')4z], ¢/ = dielectric
constant of the oxide), depletion (87 Ngzqz, Nq = ef-
fective doping concentration, 24 = depletion length),
Hartree [87 [ d2'(z — z')n(2'), n = density of holes],
and exchange-correlation potential, the latter in Sham-
Kohn approximation.'”

When we choose the Landau gauge A = (0, Bz,0),
H and N commute with the center of coordinate oper-
ator X = —1%k,. The wave functions ( are expanded
in eigenstates [n) of N and X (the quantum number X
being dropped):

(0)

q]n'nq0>
;;anl)

o) =3 farlra) | )
n=0 qJnlnqs)
q3n|nq5>
¢4 Inga)

with ¢ = 0,1 and

Inga) = 2n for ¢+ a even
M9a) = 2 41 for q + a odd.

We found that it is sufficient to restrict the sum to
Nmax = 6 + 7/2 terms in order to get the occupied lev-
els accurately enough for the subsequent analysis, where
n = 2wl2Ny, is the filling factor and N, the surface den-
sity of the holes.

For calculating the Hartree and the exchange-
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correlation potential, we need the density

=X

zz 3 ¢ (2)PO(n — Eyy).

gjna

Inserting ansatz (5) in (4) and making use of (3), we find
a system of (36 + 37n) coupled differential equations, the
numerical solution of which has been described in Refs.
9 and 17.

For the parameters,!” we use the values v; = 4.17,
Y2 = 0.45, v3 = 1.36, ¢ = 11.7, and ¢’ = 3.7.

For the case of only one occupied subband (N, =
2 x 102 cm™%, Ny = 10*® cm™3), Fig. 1(a) shows the
Landau level spectrum, i.e., the difference of a Landau
level and the lowest one. Solid (dotted) lines correspond
to the solutions for ¢ = 0 (¢ = 1). Vertical lines in-
dicate where the Fermi energy jumps from one Landau
level to the next one at integer filling factors. At = 9.5,
the levels are labeled by quantum numbers: the first two
subbands are heavy hole bands (h), = gives the “spin

polarization,” and the last number is the Landau quan-
tum number of the largest integral [dz 3" _ |( é;’,“z of

course, the quantum numbers are only approx1mate and
the worse defined the higher excited the level of a consid-
ered subband is. Anticrossing occurs for levels with the
same exact quantum number gq.

The Landau fan Fig. 1(a) has three peculiar prop-
erties: (1) The higher excited a level is the more it is
curved. However, this effect is much smaller than, e.g.,
in Ge, which can be understood easily by comparing the
effective unit [y, which is 5.5 T in Ge and 100 T in Si.
Thus B=10 T is a much smaller perturbing field in Si
(B/Bo = 0.1) than in Ge (B/fo = 1.8). (2) A descrip-
tion of the Landau plot by g factors is not possible: For
example, the levels h+,5 have a “spin splitting” smaller
than half the level distance for B = 2.5 T and a much
larger splitting for B = 9 T. (3) For B = const, the levels
h+,n change the order: For B = 2.5 T the 27th and the
28th level have about the same energy.

Figure 1(b) corresponds to the same system but higher
magnetic fields. The solid lines refer to a full (i.e., for ev-
ery 7n) self-consistent calculation and the dotted lines to
a calculation with a potential v(z), that has been deter-
mined self-consistently for 7o = 9.5. Significant differ—
ences occur only in the magnetic quantum limit n < 1.
For n > 2, the potential v(z) approximately is indepen-
dent of 7.

As soon as a second subband is occupied, we observe
a different behavior. Figure 2(a) shows the Landau spec-
trum for N = 8 x 102 cm™2, Ny = 10!® cm™3, and a
potential v(z) determined for 7o = 9.5, which has to be
compared with the full self-consistent spectrum in Fig.
2(b). In the latter there are discontinuities in the deriva-
tive of a level, when the Fermi energy jumps from a steep
level belonging to the ground subband to a flat level be-
longing to the first excited subband. The reason is that
the envelope functions for different subbands have a dif-
ferent z dependence. According to the results for merely
one occupied subband, we expect the normalized density
of the vth subband,
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FIG. 1. Difference of Landau levels and the lowest level as a function of B for an inversion layer with one occupied subband
(Nn = 2 x10'2 cm™2, Ny = 10*® cm™3). In this plot the Fermi energy p is not constant but jumps at integer filling factors
from the highest occupied to the lowest unoccupied level. (a) Solid (dotted) lines refer to solutions with ¢ = 0 (¢ = 1). The
arrow indicates the position of u for B — 0. (b) Solid (dotted) lines refer to calculations with self-consistency for every n (for

70 = 9.5 only).

fi,(2) = n,,(z)//ooo dz'n,(2'),

to be approximately independent of B. Because the low-
est two subbands are both heavy hole subbands, 7;(z)
and 7iy(2) differ appreciably. Now consider filling factors
n =~ 17. We find that 15 (n — 2) levels of the ground
subband and that n — 15 (2) levels of the first excited
subband are occupied for n < 17 (n > 17). Thus, we
have for the total density

n(z,n) ~ {

Nu[B71(2) + T580,(2)], <17
Nh[ﬂ;—zﬁl(z) + %T_lz(z)], n> 17,

and for its derivative dn/dB = xNp[A1(2) — 7iz(2)]/(nB)
with £ = 15 for n < 17 and z = —2 for > 17, which
explains the discontinuity in the derivative of the levels
at n = 17.

On the other hand, at n ~ 18, the occupation of the
ground (first excited) subband is n — 2 (2) for < 18 and
1 > 18 thus yielding no such discontinuity.

Although there are no discontinuities in the derivatives
for the simplified calculation shown in Fig. 2(a), the dis-
tance between neighboring levels near the Fermi energy
are almost the same as in Fig. 2(b), as can be seen by
comparing the discontinuities of the Fermi energy in both
figures.

FIG. 2. Difference of Landau levels and

the lowest level for an inversion layer with

two occupied subbands (Ny = 8 x10'2 cm ™2,

(E-Eg) (meV)
& 24

W
W

Ny = 10'® cm™3). Only the environment of
the Fermi edge is shown. (a) Self-consistency
only for 7o = 9.5. (b) Self-consistency for
every 7).
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III. SHUBNIKOV-de HAAS EFFECT

In order to describe the Shubnikov—de Haas effect, one
has to consider scattering by impurities with a potential
Vit

N;
H=Ho+V, V(r)=) v(r-Ry),

i=1
with the Hamiltonian of the impurity-free system Hy =
Hy + v(z). Proceeding along the lines of Keiter,2” we
find for the full Green’s function in the diagonal basis of
HOI
Gaix,qj'x' (Wwn) = 6xx'Gaj,q it (1wn)- (6)
The Dyson equation runs in an obvious matrix notation
[with v = (g,7) as indices]:
G(iwn) = Q(O)(iwn) + g(o) (iwn)E(iwn )G (iwn), (7)

with Q_(Yg), (twn) = Oqy(iwn — &) and &, = E, — p.
In the self-consistent Born approximation (SCBA),?® the
self-energy runs

Yoy = Z F:I-yz-ys-ng“rsna (8)

Y374

X! \i=1

N;
F’zh‘h%’h = Z<E<’)’1X|’U,‘(l‘ - Ri)|73Xl>

X (ya X' |vi(r — Ri)|72X)>

imp

As the problem given by Egs. (6)—(8) is not feasible, we
resort to the diagonal approximation,

g‘h Y2 (iwn) = g‘h 6‘(1 Y2 (9)

and evaluate I' for a short-range potential v;(r) ~ &(r).
Then the elements I, differ only by a factor of up
to 2 in the vicinity of the Fermi edge and we can ap-
proximate them by the constant ' = T'oV/B, where T'g is
independent of B.

Because of Eq. (9), the self-energy is diagonal and
independent of the indices:

S(iwn) =T Y [iwn — & — (iwn)] . (10)
ad
The density of states is
1
D(,B) = m;Aw(s), (11)
with the spectral function

Ay(§) = —%Imgf(g),

which is given by the retarded Green’s function G® and
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the Fermi energy p(B) is defined by

Nh:[ d¢D(¢, B). (12)

When the distance AE of the Landau levels is large
against I', Eq. (10) results in the well-known semiel-

liptic spectral function®® AE,O) (¢)- In Fig. 3, we compare

AE,O) with the spectral function A, which we get by solv-
ing Eq. (10) numerically, for a realistic example, where
the condition AE > T is violated and the Landau bands
overlap. Obviously A, is much broader than A.(,o) and
additionally has a number of local maxima, which are
essential when calculating the conductivity. Also shown
is the self-energy Eq. (10).

When summing in Eq. (10) over all levels, the series
is not convergent. This is a consequence of our short-
ranged potential v;. For a finite-range potential v;, the
broadening I" decreases with increasing j and this prob-
lem will not appear, but the self-energy would depend on
v. Thus, we sum in Eq. (10) only up to jo. Then the
self-energy depends on jg, but we find numerically that
a change of jo leads only to a shift in the argument of
the spectral function: A(j°)(§) = AE,J‘,’)(ﬁ + A&j,j;)- Con-
sequently, it is irrelevant which value for jo we choose as
the Fermi energy fixed by Eq. (12) is shifted likewise.

In SCBA, the evaluation of the conductivity is rela-
tively simple. We neglect the particle-particle interac-
tion. As the self-energy is independent of any quantum
number, the vertex corrections vanish?® and the trans-
verse conductivity is

U
Tun = 77 3 Ax(0) Ay ()| (2o, ™.
¥y

The matrix elements of the velocity operator (vs,vy) can
easily be evaluated when exploiting that

0.50 i
1!
0.40 || —— AY (mev-) .: lil
— A5 (meV™Y) i
030 L D-N;'(meV-?)
0_20 I'= 0.59 meV
n=9.5
0.10
\ .E.m,; g i_‘ \
000 "y T7FT iy
20 -15 -10 5 0 5

¢ (meV)

FIG. 3. Spectral function and density of states for an in-
version layer with N, = 2 x 10'2 ecm™2, N4 = 10'® cm ™3,
n = 9.5, and ['p = 0.2 meVT /2 je., I' = 0.59 meV. For
this broadening, the Landau levels overlap only partially. The
arrows mark the position of the unbroadened Landau levels
(cf. Fig. 1).
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vy = :{:\/ii(v,, +ivy), vy =la',H], v_=I[a,H].

Because of the special structure of the eigenstates Eq.
(5) the matrix elements (gj|v,|q'j’) vanish unless ¢ # ¢'.
Thus, in the Landau plot Fig. 1(a), two transitions are
possible only between dotted and solid levels. As the
Landau quantum number n is no good quantum number
(especially for the highly excited states in the vicinity of
the Fermi edge), there are no selection rules of the form
n — n 1 like for n-channel systems.

We find that oy, is about a factor of 2 larger than
0zz, this factor being independent of B. The experimen-
tally accessible quantity is the transversal resistivity p,,,
which is related to the conductivity by pz. ~ Bzaw,
Pyy ~ B%0.. because 04y > 0yz,0yy and 04y ~ B7L.
Shown in Fig. 4 are the resistivity for different hole den-
sities and damping constants I’y (lower six curves) to-

—— D®(0,B)(arb. units) f
........ D(0,B)(arb. units)

N,=2.0-10%cm”

N,=2.5-10"’cm’

0123456 738910
B (Tesla)

FIG. 4. Transversal resistivity p.. (lower six curves) and
density of states (upper two curves) for an inversion layer
(N4 = 10'® cm™3) with Ny = 2.0 x 10*? cm™2 (upper five
curves) or N, = 2.5 x 10*? cm™2. The density of states is
either in zeroth order LOCA (D(® with o = 0.2 meV T~1/2)
or in SCBA (D with 'y = 0.3 meVT '/2). The resis-
tivity has been calculated in SCBA with the broadening
I'o/(meV T~!/2) given in the legend.
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gether with the density of states D(0,B) Eq. (11) in
SCBA and D(©(0, B) in zeroth order of the LOCA (low-
est order cumulant approximation).3? In the latter case,
the spectral function is

= 1

- e—(€-€)7/(2r*)
Vv2nTl

(13)

with a Fermi energy defined by Eq. (12) evaluated with
D(©) instead of D.

The resistivity curves reproduce well the measurements
of von Klitzing et al. (Ref. 3, Fig. 1: Nj =~ 2.7 x 10'2
cm~2). Obviously the essential information, i.e., the po-
sition of minima in the conductivity or the resistivity can
be extracted from the density of states (upper curves),
which can be calculated much easier than the conduc-
tivity. Especially the LOCA expression, Eq. (13), al-
though being strictly valid only for AE > T reproduces
the minima of the conductivity without being required
to solve an equation like (10) numerically. On the other
hand, the corresponding density of states evaluated with
the zeroth order expression A(® in SCBA would have
unphysical structures.3’ Furthermore, the minima of the
density of states and the conductivity in SCBA are too
sharp. These are artifacts of the SCBA being absent in
better approximations like the LOCA.

Figure 5 shows the density of states in LOCA for dif-
ferent densities Nj, and doping concentrations Ng = 10®
cm~3. For low densities there are minima at odd fill-
ing factors n for high magnetic fields. In between is a
beat (discovered by von Klitzing et al.?), a consequence
of the spin-splitting of the subband structure for B = 0
(a simple model is that of Bychkow and Rashba,3! which
cannot be applied here because of the anisotropy of the
system). This behavior can be understood by consider-
ing the “discontinuities” Ay of the Fermi energy in Fig.
1. For integer 7, the Fermi energy lies between the max-
ima of D(¢, B) (considered to be a function of §). Thus,
D(0, B) (as a function of B) has a minimum unless the
highest occupied and the lowest unoccupied Landau level
are very near each other: then the minimum will not ap-
pear, because two neighboring maxima in the self-energy
[and thus in D(€, B)] combine to a single maximum. In
Fig. 1, we find that Ay is larger for n = 9,11,13 than
for n = 10,12,14. Consequently, D(°)(0, B) has minima
for n=9,11,13. For n = 18, Ay is approximately equal
for even and odd 5. Thus, there is a beat at n =~ 18.

The position of the beat in dependence of Nj, and Ny is
summarized in Fig. 6. Obviously the doping concentra-
tion has only a weak influence on the position of the node.
For N4 = 10'® cm™3, the Sham-Kohn result [Fig. 6(a)]
reproduces well the experimental result by Dorozhkin
and Ol’shanetskii,?* whereas in the Hartree approxima-
tion [i.e., without the exchange-correlation contribution
to v(z)], the nodes are observed only in a limited density
range and the agreement generally is worse than in the
Sham-Kohn approximation.

When the second subband is occupied at higher densi-
ties Np, the behavior of the Shubnikov—de Haas effect is
even qualitatively changed. There is a second oscillation
that can be explained by the oscillation of the discon-
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FIG. 5. Density of states for an inversion layer (N4 = 10'°
cm™?) with different hole densities [the numbers are N /(102
cm~?)]. For only one occupied subband (Ny < 3x10'? cm™2)
the curves additionally have been scaled up for large filling
factors 7. For two occupied subbands there are shown two
curves for every N, the lower (upper) one refering to calcu-
lations with self-consistency for every n (only for 7o = 9.5).

35 35
g Dorozhkin Hartree
N 30 A ® Dorozhkin 30 N
= a O 10::cm:: =
22510 0 107em 258
o 20 20 3
E g
15 Sham-Kohn E/j 15
10 10

0 1 2 3 4 50 1 2 3
Np (102cm™2) Np (102cm™2)

FIG. 6. Node position for an accumulation layer (acc) or an
inversion layer with different doping concentrations Ny (given
in the legend) and the corresponding result of Dorozhkin and
Ol'shanetskii. (a) Sham-Kohn approximation. (b) Hartree
result.
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tinuity of the Fermi energy Ap at integer filling factors
(see Fig. 2). The minima of D(®)(0, B) are not at integer
filling factors 7 unless the damping is very small: then
the zeroth order spectral functions do not overlap and
the minima are at integer 7. Usually, this is not the case
in p-channel Si MOSFET’s. Often the oscillations with a
small period in B! are attributed to the ground subband
and those with the large period in B~ to the first excited
subband. This interpretation requires that the occupa-
tion of a subband does not depend on B, which is the case
as long as some levels of the higher subband are occupied
as, e.g., for N = 8 x 102 cm~2 (upper curve in Fig. 5):
The Fourier transform H(f) of h(t) = D(®(0,¢t~!) has
two pronounced maxima at f; = 19.8 T and f, = 142.5
T, by which we can compute the population N; = 2ef;/h
(SI) of the different subbands. Thus, we find a total con-
centration N; 4+ N, = 7.85x10'2 cm~2, which differs only
by 2% from Nj. The fraction of holes in the second sub-
band is N3 /(N1 + N3) = 12.2%. From the self-consistent
calculation for B = 0 (cf. Ref. 17), we find that 11.6%
of the holes are in the second subband which within the
error limits (only two periods of the second subband have
been considered) verifies the statement that the surface
density of different subbands can be determined by eval-
uating the different periods of the Shubnikov-de Haas
oscillations.

Now we can compare with the experimental results
of von Klitzing et al.,®> who determined the position of
the resistance maxima as a function of the gate volt-
age Vg. From this, we can extract (1) the fraction of
holes in the second subband for large N}, (i.e., large Vg)
and (2) the critical concentration Nj. above which the
second subband is populated. The latter is an indirect
measure for the energetic distance of the two subbands:
the larger this energy difference is, the larger is Nj.. In
Fig. 7, N2/Np [or additionally (N2 + N3)/N; when a
third subband is populated] is shown as a function of

Q acc —— Sham-Kohn
= 0.20 o 10"cem? ——— Hartee
z. A 10%em? 5= -
Py 0 1016cmz P s
20150 107em”  ogigo0—H
+, ® vK TOT A o7
Z
5 0.10
=
Z
50.05
Z.
0.00
0

FIG. 7. Fraction of holes in the second or second and third
subband for an accumulation layer (acc) or an inversion layer
with different doping concentrations Ny (given in the legend)
in the Sham-Kohn or the Hartree approximation together
with the experimental result of von Klitzing et al.
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N, for different doping concentrations Vg in Sham-Kohn
and in the Hartree approximation (for simplicity the cal-
culations are performed for B = 0) as well as the ex-
perimentally found N;/N,. The critical concentration
N;7P = 2.7%x10'2 cm™2 is reproduced in the Sham-Kohn
approximation for a plausible N; between 1014 cm~2 and
10'® cm~3, whereas in Hartree approximation unrealisti-
cally high doping concentrations between 10® cm~—3 and
10'7 cm—3 are required. The theoretically found occupa-
tion of the second subband is too high, but in the Sham-
Kohn approximation the curves are not as steep as in
Hartree approximation, thus explaining the experiments
better.

For the case of two occupied subbands, Fig. 5 shows
two curves for every density, the lower one involving a
self-consistent calculation of the Landau levels for every
1 and for the upper one the spectrum has been calcu-
lated with a potential v(z) determined self-consistently
for o = 9.5. There are only small differences concerning
the large-period oscillations. Thus, it is sufficient to do
the self-consistency only once for a large 7o.

IV. UNIAXIAL STRESS

When applying external stress o, to the system, the
Hamilton operator Hp (see the Appendix) and thus the
subband structure and the Landau level spectrum are
modified. Dorozhkin?® experimentally applied a uniaxial
stress 0, = 0gz0,:0,c by bending the MOSFET. The
corresponding strain tensor €, can be found by inverting
Hook’s law o = Ce. The nonvanishing components are
€2y Eyys €22, Which are related by

- _ Cizezz
Ch+Ciy

_ C125::z
Caz + Cas

Eyy = €22 =

Here C;; (C};) are elastic constants in the nontensorial

Voigt notation®? for a coordinate system with z = [110],
& = [001], g = [110] (&' = [100], §' = [010], 2’ = [001]).
By such a uniaxial stress, the symmetry at a [110] sur-
face in a perpendicular magnetic field is not reduced: the
symmetry group is C,, even if €,, # 0. We use the
parameters®? D, = 2.88 eV, D!, = 4.42 eV, C}, = 169
GPa, C1, = 65 GPa (the latter two for T = 4 K) and for
the doping concentration we clicose Ng = 10!® cm™2 as
this explains the node position for €., = 0 best (see Sec.
III).

The main effect of the deformation is a shift of the node
position shown in Fig. 8 along with the experimental
results of Dorozhkin.2® In case of compression (g2 < 0),
we found the beat to be shifted to lower filling factors 7
and at low concentrations NVj, an additional node emerges
at large 7. In case of expansion (e, > 0), the beat
is shifted to higher  and an additional node appears
at small 7, which is almost independent of N, and e,,.
Experimentally, Dorozhkin found only one node, which
depends almost linearly on €., whereas our calculations
predict a saturation already for |e.| = 3 x 10~3. For
high concentrations N}, the slope of v(e,) is only poorly
reproduced.
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FIG. 8. Filling factor v at which a node appears in the
magnetoquantum oscillations as a function of the strain €.
The calculations in the Sham-Kohn approximation (SK) are
performed for an inversion layer with Ng = 10'® cm™3. The
experimental results are by Dorozhkin. The numbers in the
legends are the hole concentration Ni/(10'? cm™2).

Possible reasons for this discrepancy are (1) calibration
of stress experiments is difficult. An error of 50% for €.,
is possible, but rescaling the £, axis alone cannot explain
the discrepancy. (2) In order to investigate the depen-
dence on the deformation potentials, we tried another set
of parameters (D, = 3.40 eV, D/, = 4.42 eV):32 As long
as only one subband is populated, the density of states
is almost unchanged. The deformation potentials have
an influence on how much the second subband is popu-
lated with increasing Nj, but do not change the position
of the node for two occupied subbands. Thus, the influ-
ence of D,, D, seems to be uncritical. (3) Therefore,
besides possible calibration errors the uncertainty of the
Luttinger parameters is expected to be the main cause
of the discrepancy between theoretical and experimental
results.

(E-Ej) (meV)
N W oW A
G & & o

N
S

[y
(9,

32 -1 0 1
3
Exxx10
FIG. 9. Energy difference between excited bands and the
ground subband for k = 0 (B = 0) as a function of the strain
€22 for an inversion layer with N, = 3x 102 cm ™2, Ny = 10*®

cm™3. The insets show the square of the corresponding wave
functions |¢(2)|? for €z = 0 and €., = +2 x 1073,
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The uniaxial strain also has an influence on the relative
energetic position of the subband edges. This is shown for
an inversion channel with N, = 3x10'2 cm—2, Ny = 10'°
cm~3 in Fig. 9. For |ez,| 2 1073 the second subband
is populated. Whether the second and third subbands
are heavy or light holelike depends on £,,. However, for
large |e;.| a distinction between heavy and light holes is
almost impossible for the excited subbands. In Fig. 9 the
square |((z)|? of the wave functions at k = 0 has been
indicated. Whereas, for €,, > 0, the third subband is
ground state like, for e,, < —10~3 the second subband
is about ground state like. For finite k, the situation is
much more complicated.

V. SUMMARY

We investigated p-type accumulation and inversion lay-
ers at a [110]-Si surface in large external magnetic fields
in Sham-Kohn approximation. When only one subband
is occupied, the Hartree and the exchange-correlation po-
tential, which have to be determined self-consistently, are
almost independent of the magnetic field unless the sys-
tem is in the magnetic quantum limit. On the other
hand, there is a definite dependence of the potential on
the magnetic field when a second subband is populated,
leading to discontinuities of the slope of the Landau levels
at certain integer filling factors.

The Shubnikov-de Haas effect, i.e., the transversal re-
sistivity of the quasi-two-dimensional hole system, has
been calculated in SCBA. It has been shown that the
position of the minima is the same as for the density of
states at the Fermi edge, which can be calculated easily in
zeroth order LOCA. We could reproduce the density de-
pendence of the beating pattern in the magnetoquantum
oscillations. In the Sham-Kohn approximation, we could
explain the critical concentration Nj. above which the
second subband is populated, in Hartree approximation
we could not. The former approximation yields some-
what too large concentrations for the holes in the second
subband when the density IV}, is increased above N, but
these values are better than the corresponding Hartree
result.

For the MOSFET under uniaxial stress, we investi-
gated the strain dependence of the node position v(ez;).
The slope of this curve could be reproduced within a
factor of 2. The discrepancy is mainly attributed to un-
certainties in the Luttinger parameters.
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APPENDIX

We explicitly write down Luttinger’s matrix Hy be-
cause (1) we choose a special coordinate system (z =
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[110], x = [001], y = [110]) and (2) sometimes the term
being explicitly B dependent is given wrong in the liter-
ature (e.g., in Ref. 33). It consists of a term Hy, which
is independent of the external fields, of an explicitly B-
dependent term Hp and finally of H,., which depends on

an external strain € m’:33,34

Hi(K',B,e,,) = Ho(k') + Hp(B) + Ho(c,). (A1)

Hy(k') is the matrix Ho(k') given in Ref. 17, which has
been unitarily transformed:

Ho, = DH,D!, (A2)

1 -3

D = diag(a®,a,a” !, a /4

—1 _
,a,a ), a=e
in order to achieve a real matrix for finite B. Hp and,

thus, Hy can be written in terms of the operators A4, B,
C, D, and A = H,, which are functions of a, af, N, and

k,:
3
Ay = (1 T _'73_f_7_2) k2
2m
1 3
e (1223 E2) 0N 1)
l2 4’)’1
3 v3— 72, 42 2
4l2 Y1 (a ta )’

A=k§+l12(2N+1)+A,

B = V6 |:’YS—7ZGT+ Btr, ik,
l 24! "

C

_ ﬁ’h—"rzkz_é%—%
2 m  F o4 oy
3VBu -7 42 + V3573 + 37 ,

a4z 42 7 ’

(2N +1)

D= %(A.}. - A_)

When considering the spherical symmetric term Hp, we
have to take care of the electron spin. Luttinger’s result
(in SI units)

Hg = —B8k+1)upB -1+ upB -0,

yields after transformation to our j = %, % basis with

U = (1my, im,|jm;) (in effective units):
i DU = 2-B-J 35#B-TT
B= BY T \3=!B.T 2HB.o )’

where I, J, o are three-, four- and two-dimensional rep-
resentations of the angular momentum operator corre-
sponding to spin 1, 3/2, and 1/2 and the matrices T are
given in Ref. 33. We assume Luttinger’s parameter g to
be zero. As a result of k - p perturbation theory, « is
related to vi, vz, v3 by33

Y1—2y2—-3y3+3k+2=0.
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The term depending on &, is found to be®?
H. = D3Tre + 2D, [(I? — I*/3)e4z + c.p.]
+4D, [{IzIy}ezy + c.p.]

+(Dy — Dy)[—(I7 — I7)(eyy — €22)
+4{IyIz}EyZ]’
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H.=U'H.U, {AB}= (AB+ BA)/2
with the deformation potentials D} (irrelevant in our

case), D, D!. Finally, Hg and H, have to be trans-
formed according to Eq. (A2).
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