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The energy spectrum of the valence band in HgTe/Cd,Hgi—,Te quantum wells with a width (8 —
20) nm has been studied experimentally by magnetotransport effects and theoretically in framework
4-bands kP-method. Comparison of the Hall density with the density found from period of the
Shubnikov-de Haas (SAH) oscillations clearly shows that the degeneracy of states of the top of the
valence band is equal to 2 at the hole density p < 5.5 x 10'* cm™2. Such degeneracy does not agree
with the calculations of the spectrum performed within the framework of the 4-bands kP-method
for symmetric quantum wells. These calculations show that the top of the valence band consists of
four spin-degenerate extremes located at k # 0 (valleys) which gives the total degeneracy K = 8. It
is shown that taking into account the “mixing of states” at the interfaces leads to the removal of the
spin degeneracy that reduces the degeneracy to K = 4. Accounting for any additional asymmetry,
for example, due to the difference in the mixing parameters at the interfaces, the different broadening
of the boundaries of the well, etc, leads to reduction of the valleys degeneracy, making K = 2. It
is noteworthy that for our case two-fold degeneracy occurs due to degeneracy of two single-spin
valleys. The hole effective mass (mp,) determined from analysis of the temperature dependence of
the amplitude of the SAH oscillations show that my, is equal to (0.2540.02) mo and weakly increases
with the hole density. Such a value of m; and its dependence on the hole density are in a good
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agreement with the calculated effective mass.

I. INTRODUCTION

The quantum wells in heterostructures
HgTe/Cd,Hg;_,Te have a number of unusual properties
compared to quantum wells based on semiconductors
with non-zero band gap. The reason for this is the
“negative” band gap of gapless semiconductor HgTe
in which I'¢ band, forming a conduction band in
conventional semiconductors, is located below the I's
band, which in conventional semiconductors forms
the valence band. Great attention is now paid to the
study of topological states arising in such wells (see
recent paper [1]). Knowledge of the energy spectrum
of two-dimensional (2D) carriers is required for reliable
interpretation of all phenomena and it has been studied
in the last decade, both theoretically [2-17] and exper-
imentally [§14]. However, quite a lot of differences
between the experimental data and the results of the
calculations has been accumulated to date. First of all it
refers to the spectrum of the top of valence band in the
structures with quantum well width d > (7.5 — 8) nm
M] The multi-band kP-calculations predict for such
a case the nonmonotone F versus k dependence and the
existence of four local maxima (valleys) at k # 0 and
so the eight-fold degeneracy of these states (two-fold
spin degeneracy, s = 2, and four-fold valley degeneracy,
v = 4). However, such a degeneracy was not justified
experimentally.

So, it should be recognized that the band spectrum
of these structures cannot be considered well established
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Figure 1. (Color online) Sketch and energy diagram of the
structures investigated.

at the moment despite the large number of papers de-
voted to the study of HgTe/Cd,Hg1—_,Te quantum well
heterostructures. In this paper, we present the results of
experimental study of the magnetotransport in the het-
erostructures with the HgTe quantum wells with d from
8.3 nm to 20.4 nm, within a wide hole density range.
The comparison of the Hall density and density found
from the SAH oscillations clearly shows that the states
near the top of valence band are two-fold degenerate
within whole studied range of hole density and quan-
tum well width. It is shown that a hole effective mass
(mp,) found from the temperature dependence of the am-
plitude of SdH oscillations is about (0.25 4= 0.02) mg at
density (1 —2) x 10! ecm~2 and slightly increases with
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the increasing hole density (my is the free electron mass).
To understand and interpret the experimental data we
have calculated the energy spectrum using a 4-band Kane
Hamiltonian. We show that taking into account the in-
terface inversion asymmetry and any additional asym-
metry, for example, due to the difference in the mixing
parameters at the interfaces, the different broadening of
the boundaries of the well, etc., explains the two-fold de-
generacy of the states and gives quantitative agreement
with the value of the hole effective mass and its density
dependence.

II. EXPERIMENT

Our HgTe quantum wells were realized on the basis of
HgTe/Cd,Hg;_,Te (x = 0.5—0.7) heterostructure grown
by molecular beam epitaxy on GaAs substrate with the
(013) surface orientation [19]. The nominal widths of the
quantum wells under study were d = (8.3 — 20.4) nm.
The samples were mesa etched into standard Hall bars
of 0.5 mm width with the distance between the poten-
tial probes of 0.5 mm. To change and control the elec-
tron and hole densities in the quantum well (n and p,
respectively), the field-effect transistors were fabricated
with parylene as an insulator and aluminium as a gate
electrode. The measurements were performed at tem-
perature (1.3 — 4.2) K in the magnetic field up to 6 T.
For each heterostructure, several samples were fabricated
and studied. The sketch and the energy diagram of the
structure investigated are shown in Fig. [l

The parameters of the structures investigated are pre-
sented in the Table [l The main results for all the struc-
tures investigated are close to each other, therefore, as an
example, let us consider in more detail the data obtained
for the structure H1529 with d = 8.3 nm.

First, let us consider the behavior of the transverse
(pzy) and longitudinal (p,,) resistivity within classical
magnetic fields at different gate voltages (V). As seen
from Fig. 2(a), pzy(B) changes the sign when the gate
voltage changes. The value of p., linearly depends on
magnetic field in B < 1 T within hole conductivity range
(when V; < =1 V) and in B < (0.4 — 0.5) T within elec-
tron conductivity range (that corresponds to V, > +2 V).
(An exception is the structures with d = 15 nm and
20.4 nm where two-types conductivity is observed in mag-
netic field B < 0.1 T due to overlapping of the conduction
and valence bands.) The gate voltage dependencies of the
Hall density of the holes, py = 1/eRg(1 T), and elec-
tron density, ng = —1/eRy(0.2 T), plotted in Fig. RIb)
show that the rate of change of the density of the elec-
trons and holes, —dng/dVy and dpg/dV,, respectively,
are close to each other and they are well described by the
dependence (1.6 x 10 — 7 x 1019V, V), cm~2 over the
whole gate voltage range. It should be noted that the
measurements of the capacitance (C) between the gate
electrode and two-dimensional gas in the quantum well
for the same sample give the value of (1/e)dQ/dV, =

Table I. The parameters of heterostructures under study

number structure d (nm) type
1 H1529 8.3 P
2 H725 8.3 p,n®
3 HT71 9.5 p,n®
4 H1524 10 n
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6 H1114 20.4 p
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Figure 2. (Color online) (a) — The magnetic field dependen-
cies of pgy for some V, values. (b) — The gate voltage de-
pendence of the carriers density. The solid circles are the
Hall density for holes pg = 1/eRu(B = 1 T) and for elec-
trons ng = —1/eRp(B = 0.2 T). The crosses and empty
circles are the hole density found from SdH oscillations for
the degeneracy of the Landau levels (spin and valleys) 8 and
2 (crosses and circles, respectively). The solid line is car-
rier density found from capacitance between the 2D gas and
gate electrode as C(Vy2NF — V) /eS,, where V"N is the gate
voltage corresponding to charge neutrality point. (c) — The
density dependence of the hole mobility. 7' = 1.4 K.

C/Sy, = (740.1) x 10 ecm=2/V (where S, is the gate
area). This value within experimental accuracy coincides
with dn/dV, and —dp/dV, found from the Hall measure-
ments (the quantum capacitance gives contribution less
than 1.5 percent).

So, 1/e|Rp| gives the density of the holes and elec-
trons. The values of the hole mobility are large enough,
pn = (7.5 — 8.5) x 10% cm?/Vs [see Fig. 2c)] and as
Fig. Bla) shows the SAH oscillations are observed at
T = 1.4 K. It is seen that some distortion of the oscilla-
tions starts to be observed in magnetic fields higher than
~ 2.5 T. We assume, that this is due to the complex spec-
trum of the valence band in magnetic field, therefore we
restrict ourselves for further consideration to the range
of relatively low magnetic fields B < 2.5 T. In Fig. Bl(b),
we have plotted the positions of the maxima of p,, at
different V; values. One can see that the maxima shift to



the higher fields with the growing hole density when V,
becomes more negative. The data are well extrapolated
toVy ~23Vat B=0,i.e., to the V; value, which corre-
sponds to the charge neutrality point [compare Fig. 2l(b)
and Fig. Bl(b)].

Now let us find the hole density from the SdH oscil-
lations. For the case when the number of undistorted
oscillations is not large, it is more reliable to determine
their frequency in the reciprocal magnetic field from the
fitting of the experimental curves to the Lifshits-Kosevich
formula @] rather than from the Fourier spectrum:

Pzx(B,T) — pea(0,T) 2n f
A(B,T — 1
et s s ()0
with
A 27T2kBT . 27T2kBT
A(B, T) = exp <_ﬂ) TC sinh (Tc) N

where f is the oscillations frequency in the reciprocal
magnetic field, w. = eB/m, m is effective mass, kp is the
Boltzmann constant, A is the broadening of the Landau
levels (LL). An example of such a fitting procedure for
Vy = —5 V within the magnetic field range (1.2 —2.5) T
is shown in Fig. B(a) by the solid line.

To find the carrier density from the oscillations fre-
quency f, one should know the spin and valley degener-
acy, K = s + v, of the Landau levels:

deH:f%XK- (3)

The most straightforward way to determine K is based
on analysis of the positions of the minima of p,, in re-
ciprocal magnetic field 1/B,,;, plotted as function of the
oscillation number N [see Fig. Blc)]. Really, the minima
of pg. occur in those fields, when the integer numbers of
Landau levels are filled. The number of states in non-
degenerate LL is (e/h)B therefore at carrier density p,
the filling factor will be equal to v = p/[(e/h)B], so
for integer v [that corresponds to the minima in pg;(B)]
1/ Buin(N) = (¢/W)K x N/p [21].

Above, we have shown that the hole density is equal
to pm, therefore we have plotted in Fig. Bl(c) the depen-
dences 1/Bpnin(N) = (e/h) x KN/pg for different val-
ues of K. It is evident that the experimental values of
1/Bmin(IN) coincide with (e/h) x KN/py with K = 2
only. The hole density found from the frequency of the
SdH oscillations using the degeneracy K = 2 are shown
for all V, values in Fig. 2(b). One can see that it co-
incides with /e determined from the capacitance mea-
surements and with py over the whole density range.
So, all the above data and their analysis show that the
states of the top of valence band at hole density less than
5 x 10 ¢cm™2 are two-fold degenerate.

Another important parameter of the spectrum is the
hole effective mass my. The value of m; can be found
from the temperature dependence of the amplitude of
SdH oscillations. As an example, the oscillations of
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Figure 3. (Color online) (a) — The magnetic field dependen-
cies of (dpzz/dB)/pz2(0.1 T) at different Vg, T'= 1.4 K. The
solid line for Vg = —5 V is fit to the Lifshits-Kosevich for-
mula, Eq. [@). (b) — The positions of the maxima of pz, in
coordinates (B, V;). The dashed lines are provided as a guide
for the eye. (¢) — The points are the positions of minima of
Pza in inverse magnetic field, 1/Bmin, as a function of the fill-
ing factor for the different degeneracy of LL. The solid line is

(e/h) x (N/pm).
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Figure 4. (Color online) (a) — the magnetic field depen-
dences of dpy./dB taken at different temperatures at p =
3.6 x 10 cm™2. (b) and (c) — The amplitude of the oscil-
lations at different temperatures for B = 2.4 T and 1.9 T,
respectively (symbols). The dashed curves are the results of
the best fit to Eq. @) with m/mo as the fitting parameter.

dpze/dB at hole density 3.6 x 10! ¢cm™2 measured at
different temperatures are presented in Fig. l(a). To ex-
clude the monotone contribution, analysis of tempera-
ture behavior of dp,.(B)/dB instead of p,.(B) is more
reliable for such studies. The temperature dependen-
cies of the oscillations amplitude at two magnetic fields
are shown in Figs. @(b) and [Ec). They are well de-
scribed by Eq. (@) with the hole effective mass mj =
(0.27—0.28) mg. It should be noted that the use of Eq. (2]
for determination of the effective mass presumes that the
broadening A is independent of temperature. To check
the validity of this assumption we have determined A
at different temperatures from the magnetic field depen-
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Figure 5. (Color online) (a) — The broadening A for different
temperatures at p = 3.6 x 10'* cm~2. (b) — The values of the
hole effective mass found at different hole densities.

dencies of the oscillations amplitude. FigureBla) demon-
strates that A really is independent of T in our case.

The values of the hole effective mass were determined
for all the structures investigated with d from 8.3 nm
to 20.4 nm at different hole densities. These results are
collected in Fig.[6l It is evident that: (i) the hole effective
mass is independent of the quantum well width within
experimental accuracy, (ii) mp = (0.22+0.03) mg at hole
density p ~ (1 —2) x 1011 ecm™2, (iii) it weakly increases
with the hole density.

III. THE CALCULATIONS OF THE ENERGY
SPECTRUM OF THE VALENCE BAND AND
DISCUSSION

This section is devoted to theoretical consideration of
the electron spectrum in HgTe quantum well.

A. The energy spectrum of the valence band of the
well with [013] orientation

The band structure was calculated using a 4-band
Kane Hamiltonian. For the quantum well grown on the
plane (013) the explicit form of the Hamiltonian includ-
ing deformation terms is given in [22]. Calculation of the
wave functions and electron spectrum was carried out for
the superlattice with a large period when barriers virtu-
ally nontransparent. In this method, one can use peri-
odic boundary conditions for the electron wave function
(corresponding to the center of the Brillouin zone in the
superlattice) and expand the wave function in a series:

(2,9, 2) = exp (ikyx + ikyy)

=N 2imzl
x> Oz(kz,ky)eXp<d >

I=—Npow sl

where the index j denotes the component of the wave
function, k, and k, are components of the electron wave

vector in the plane of the quantum well (z and y axes
are chosen along the [100] and [031] directions, respec-
tively), dq is the superlattice period, Ci(ks, k) are the
expansion coefficients. With this approach, finding the
electron spectrum and the wave functions reduces to
finding the eigenvalues and eigenvectors of the matrix
8(2Nmaz+1) X 8(2Naz+1). In the calculation, the value
Npaz = 20 was used. Check with N4, = 30 showed
practically identical results. We used in calculations the
parameters for Hgy_,Cd,Te from Ref. [4]. Parameters
to describe the deformation contribution to the Hamilto-
nian were taken from Ref. [23].

Let us consider the calculated spectrum of the valence
band in the quantum well with d = 8.3 nm for which the
experimental results were presented in Figs. 2Hol Fig-
ure[[lshows that the top of the valence band consists of 4
local extremes (valleys), which are located at k # 0. The
E versus k dependencies for three directions [100], [031]
and direction which passes through maximum (labeled
as [diagonal]) are presented in Fig. B(a). The dashed
lines in this figure divide the energy into three regions:
(i) within the region 1, there are 4 closed isoenergy con-
tours. It means that the states are 8-fold degenerate
with taking into account the spin degeneracy; (ii) within
the region 2, there are 2 closed isoenergy contours, which
arise after the merger of the two pairs nearest valleys and
the states are 4-fold degenerated; (iii) within the region
3, there are 2 concentric contours.

The dependence of the hole density on the Fermi en-
ergy for p < 2 x 1012 cm~2 is plotted in Fig. B(b). The
hole density p was calculated as p = svS1(Er)/(27)?,
where S1(Ep) is the area of the single closed contour at
energy Er in k space. For this case s = 2 while v = 4
within the Fermi energy range (20.5 — 18.0) meV and
v = 2 for lower energy when two valleys are merged.
This figure shows that over whole studied density range
(p < 5 x 10! em™2) there are 4 isolated isoenergv con-

0.4 T T T T T

. %%fﬁé %iﬁ%? #

E; 0.2+ i
£

0.1

10nm (H1524)
8.3nm (H1529)
20nm (H1114)
15nm (H1312)
8.3nm (H725)

Ot R eP

0.0 L L L L L
0.0 0.1 0.2 0.3 0.4 0.5

p (10%cm %)

Figure 6. (Color online) The values of hole effective mass
measured in all the structures investigated within whole hole
density range. The calculated dependence of mj with differ-
ent parameters is presented by the wide semitransparent line

(see Section [IIC).
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Figure 7. (Color online) The isoenergy contours of the top

of valence band. Orientation of substrate is (013), width of
the well is equal to 8.3 nm. We show half of the picture, the
second part is a mirror image. The energy is measured from
E(k = 0). The step is 1 meV. The energies for some contours
are shown in plot. The dashed line shows the direction which
passes through the maximum of E(k).

At this point it should be noted that all the infor-
mation on the spectrum was obtained from the oscilla-
tions in the magnetic field. Therefore, for comparison of
the theoretical calculations with experiment one needs to
know the energies of the Landau levels En(B) for such
spectrum. We use quasiclassical quantization rule which
for quantization by a magnetic field is reduced to replace-
ment S — 27(N +1/2)/L%, where Ly = \/h/eB is the
magnetic length, N =0,1,2,.... So, the spin and valley
degeneracy of the Landau levels coincides with the de-
generacy of the spectrum at B = 0 in the valence band
top. The energy distance between nearest Landau lev-
els (hw.) is equal to hw, = 27(eB/h)(dS;/dE)~! and
the effective mass is m = (h?/27)dS;/dE. Namely this
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Figure 8. (Color online) (a) — The dependencies E(k) for
three directions: [100], [013] and [diagonal] one, which passes
through the maximum of E(k). (b) — The dependence of hole
density on the Fermi energy. The arrow shows the density of
holes at which the two nearby valleys are merged.

d(c)] [24).

Thus, the theoretical calculation predicts 8-fold degen-
eracy of the valence band states while experimental data
give 2-fold degeneracy [25].

‘What factors were not taken into account in the
above calculation? First and foremost is the lack of in-
version symmetry in the heterostructures based on AsBs,
Az Bg semiconductors. It was shown ﬂj, 26, @] that in-
terface inversion asymmetry (IIA) significantly changes
the energy spectrum of HgTe quantum well, especially
the top of the valence band.

B. The energy spectrum of the valence band with
taking into account ITA

To take into account the ITA we used an addi-
tional term in the Hamiltonian, which is suggested by
E. Ivchenko [29]. This term leads to “the mixing of the
states” at the boundaries and in case when the normal
to the quantum well is along to the [013] direction, is as
follows

H, = 2—3% y (5)
00 0 0 0 0 0 0
00 0 0 0 0 0 0
00 0 & —it o0 32 42
00 2 0 0 it o 35
00 ¢ 0o 0o -2 6
00 0 i -3 0 B2 32
00 -2 o 36 42 o
00 —&2 36 o 32 o

where z is the normal to the quantum well, the function
U(z) depends only on jump in the semiconductor com-
position at the boundary. We have assumed it is a linear
function of the Cd content z

U(z) = [1 = x(2)]ga- (6)

and g4 is parameter of “mixing”.

The results of such calculation are presented in Fig. [0
We used the value g4 = 0.8 eVA (the value g4 = 0.8 —
0.6 eVA satisfactorily describes the experimental data on
the splitting of the valence and conduction bands in the
structures with d ~ d, [27]). Figure @(b) shows that ITA
leads to large (about (6 —7) meV) “spin” splitting of the
states in the valleys while the isoenergy contours of the
upper states remain close to that calculated without ITA
[compare Fig. [ and Fig. Ba)]. As Figs. Bl(b) and QI(b)
show, the splitting is so large that up to hole density
of ~ 4 x 10'2 ¢cm™2 the holes fill the upper split states
only. Thus, taking into account the interface inversion
asymmetry reduces the degeneracy of the top of valence
band from 8 to 4 within studied hole density range. But
this is not enough, because the experimental value of the
degeneracy is 2.
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Figure 9. (Color online) (a) — The isoenergy contours of the
upper split-off state calculated with taking into account IIA.
(b) — The E versus Kdiagonai dependences for both split-off
states. (c) — The dependence of hole density in the upper
(solid curve) and lower (dashed curve) split-off states on the
Fermi energy.

What else dos not take into account this theoretical
model?

C. The role of the additional asymmetry of the
quantum well resulting from difference of the mixing
at the well boundaries and their broadening

In the previous section, we considered the role of mix-
ing the states on the boundaries of a quantum well in
the simplest symmetric case, when the additional term,
Eq. (@), to the Hamiltonian is proportional to dU/dz and
differs on the boundaries only by sign due to z(z) [see
Eq. (@)]. In this case, ITA removes the spin degeneracy,
but leaves a valley degeneracy. As further calculations
of the spectrum show, this state is unstable: the addi-
tional asymmetry of the boundary conditions, i.e. dif-
ferent values of the parameter g4 at the boundaries, the
different broadening of the walls of the quantum well lead
to the removal of valley degeneracy, too. The reasons for
this asymmetry relate to the fact that the walls of the
quantum well are grown under different conditions (at
different times and temperature). In addition, the elec-
tric field, normal to the 2D plane, both built-in, which
results from uncontrolled doping of barriers, and created
by a gate voltage, also leads to the removal of valley de-
generacy.

As an example, in Fig.[I0l we plot the results of the cal-
culation of the spectrum with an insignificant difference
in the parameter g4 = 1 eVA and g4 = 0.8 eVA for one
and another boundaries (in Fig.[@ the value of parameter
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Figure 10. (Color online) (a) — The isoenergy contours of the
upper split-off states calculated with the different parameter
ga, namely g4 = 1 eVA and g4 = 0.8 eVA on one and
another boundaries. (b) — The E versus kdiagonal dependences
for both split-off states of upper valley (solid and dashed lines)
and for upper states of lower valley (the dotted line). (c) —
The dependence of hole density in the upper (solid curve) and
lower (dashed curve) split-off states on the Fermi energy.

g4 was equal to 0.8 eVA for both boundaries). A compar-
ison of the isoenergy contours in Fig. Bl(a) and Fig. [0(a)
shows that such difference removes the valley degener-
acy. As seen from Fig. [I0(b) the “spin” splitting of the
valleys practically unchanged, however the height of the
valleys becomes different. This figure demonstrates, that
within the Fermi energy range (24.5 — 20.5) meV, the
holes fill only two from four “valleys”. This means that
in this range, the degeneracy became 2 rather than 4.
The dependence of the hole density on the Fermi en-
ergy presented in Fig. [[0(c) shows that the degeneracy 2
should be up to the hole density of about 5 x 10 cm~2.
The arrow in this picture marks the energy when lower
“valleys” begin to fill up that leads to increase of the rate
dp/dEF

Thus, taking into account both the interface inversion
asymmetry and difference in parameters of the wall of
the quantum well allows us to explain the degeneracy of
the top of valence band states @]

Now consider the dependence of the holes effective
mass on their density. The calculated dependences for
the well with d = 8.3 nm for the two cases considered
above are shown in Fig. [[1l The solid curve shows the
my, versus p dependence calculated for the case when the
parameter g4 for both boundaries was equal to 0.8 eVA .
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Figure 11. (Color online) The experimental (symbols) and

theoretical (lines) hole density dependence of the hole effective
mass in the structure with d = 8.3 nm. The solid line is
calculated when the value of the parameter g4 is the same for
both boundaries of the quantum well, g4 = 0.8 eVA. The
dashed line is the case when the value of g4 is different for
different boundaries, g4 = 1 eVA and 0.8 eVA.

The dashed curve is the case when g4 = 0.8 eVA and
1 eVA for different boundaries. It can be seen that the
values and the dependences on the density are quite close
to each other. In this figure we present the experimental
my, values for the sample H1529 with d = 8.3 nm. They
agree well with the calculated dependence for the second
case.

Calculations carried out for wider wells, d = (10 —
20) nm, show that taking into account only the differ-
ence in the parameter g4 on the boundaries is not suf-
ficient to remove the valley and spin degeneracy in the
hole density range up to p = (5 — 6) x 10! cm=2 for
which experimental results were presented in Fig.

However, the calculations carried out within some
modifications of the theoretical model which take into ac-
count other causes of asymmetry, the difference in broad-
ening of the boundaries of the well, the electric field,
normal to the 2D plane, show that it is possible to ob-
tain the sufficient values of the spin and valley split-
ting. This is achieved with reasonable values for the pa-
rameters: the boundaries broadening is always less than
0.1d, the electric field is less than ~ 6 x 10° V/cm, and
gs = (0.6 — 1.2) eVA . Therewith, the range of change
of the effective mass, which is shown by the wide semi-
transparent line in Fig. [6] is not wide and well describes
the data obtained in all the structures investigated. It
is currently not possible to separate the roles of various

mechanisms.

IV. CONCLUSION

We presented the experimental results of the studies
of the longitudinal and transverse magnetoresistance in
HgTe/Cd, Hg;_,Te quantum wells of (8.3 — 20.4) nm
nominal width in the hole conductivity regime in a wide
range of hole density. Comparison of the Hall density
with the density found from the period of the SdH oscil-
lations clearly shows that the degeneracy of states of the
top of the valence band is equal to 2 over the entire hole
density range from 1 x 10! em™2 to 5.5 x 10! cm™2.
This value of the degeneracy does not agree with the cal-
culations of the spectrum performed within the frame-
work of the 4-bands kP-method for symmetric quantum
wells. These calculations show that the top of the valence
band consists of four spin-degenerate extremes located
at k # 0, which gives the total degeneracy K = 8. It is
shown that taking into account the mixing of states at the
interfaces [29] leads to the removal of the spin degeneracy,
which reduces the degeneracy to K = 4. However, such
a state is unstable. Taking into account any additional
asymmetry (the difference in the mixing parameters at
the interfaces, the different broadening of the boundaries
of the well, etc.) leads to the removal of valleys degen-
eracy, making K = 2 within the investigated range of
hole density. It is noteworthy that for our case two-fold
degeneracy occurs due to degeneracy of two single-spin
valleys.

Another parameter of the energy spectrum, the hole ef-
fective mass, was experimentally determined in the entire
range of the hole density by analyzing the temperature
dependence of the amplitude of the SdH oscillations. We
have shown that the effective mass at p ~ 2 x 10'' cm ™2
in the wells of width d = (8 — 20) nm is equal to
(0.25+0.02) mg and weakly increases with the increasing
hole density. Such a value of my; and its dependence on
p are in a good agreement with the calculated effective
mass of the valleys.
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