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Quantum Hall effect and Shubnikov—de Haas oscillations in a high-mobility
p-type PbTe quantum well

F. S.Pena,' S. Wiedmann®,? E. Abramof®,> D. A. W. Soares®,' P. H. O. Rappl®,? S. de Castro®,* and M. L. Peres®'
VInstituto de Fisica e Quimica, Universidade Federal de Itajubd, Itajubd, CEP 37500-903, Minas Gerais, Brazil
2High Field Magnet Laboratory (HFML-EMFL) & Institute for Molecules and Materials, Radboud University,
6525 ED, Nijmegen, The Netherlands
3Laboratério Associado de Sensores e Materiais, Instituto Nacional de Pesquisas Espaciais, Sdo José dos Campos,
CEP 12201-970, Sdo Paulo, Brazil
4Universidade do Estado de Minas Gerais, Divindpolis — MG, CEP 35501-170, Minas Gerais, Brazil

® (Received 30 July 2020; revised 7 April 2021; accepted 10 May 2021; published 19 May 2021)

‘We present here the magnetotransport experiment performed with a magnetic field up to 30 T on a 10 nm-wide
p-type PbTe quantum well. Pronounced Shubnikov—de Haas oscillations and the integer quantum Hall effect are
clearly observed, demonstrating the transport of a confined two-dimensional hole gas with negligible parallel
conduction at low temperatures. The sequence of filling factors can be explained by considering the magnetic
field evolution of Landau levels derived from two longitudinal and one oblique occupied subbands and taking
Zeeman spin splitting into account. During illumination, the total carrier density of the system is raised by 15%,
which leads to a plateau sequence in the integer quantum Hall effect with higher filling factors in comparison to

the dark condition.
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I. INTRODUCTION

The optical and electrical properties of PbTe have been
widely investigated over the years and have been applied in
the development of infrared sensors [1,2], and laser diodes
[3-5]. From the point of view of fundamental research, PbTe
has very peculiar properties making this material system dis-
tinct from other semiconductors. For instance, its paraelectric
character allows PbTe to present a huge static dielectric con-
stant (~1350 at 4.2 K) which can lead to a high charge carrier
mobility (~10°cm?/V s). Likewise, it is possible to observe
quantized conductance with considerable spin splitting of the
plateaus already in magnetic fields about 0.2 T due to its high
Landé g factor [6]. The strong spin-orbit coupling intrinsic
to PbTe based compounds was experimentally investigated
in symmetric [7] and antisymmetric quantum wells (QWs)
[8]. In addition, PbTe was theoretically predicted to exhibit
a dissipationless spin-Hall effect, without any accompanying
charge current [9]. This makes PbTe compounds a promising
candidate for the development of spintronic devices.

PbTe is part of the IV-VI family of the periodic table and
its Fermi surface is composed of four equivalent ellipsoids
with strong anisotropy (K = my/m, ~ 10), located at the
L points of the Brillouin zone, where the longitudinal valley
lies along the [111] direction and the three oblique valleys
along the [111], [ 111], [ 111] directions tilted 70.53° from
the [111] axis. The multivalley character of the Fermi surface
was investigated using high magnetic fields and low tem-
peratures. Under these conditions, the integer quantum Hall
effect (QHE) accompanied by Shubnikov—de Haas (SdH) in
the longitudinal resistance oscillations are observed if the
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samples have high carrier mobility. From their analysis, it is
possible to obtain information about the number of occupied
electronic subbands and spin splitting in PbTe QW systems.
For the n-type PbTe QW, a complete description of the elec-
tronic properties was presented in Ref. [10] and an anomalous
sequence of filling factors was observed in the QHE due
to multiple valleys. Recent photoconductivity measurements
also revealed the contribution of multiple subbands in PbTe
QWs giving rise to the anomalous behavior of photoconduc-
tivity amplitudes [11]. For p-type samples (in which holes
are the majority carriers), neither quantitative nor qualitative
results have been obtained so far. This is due to the difficulty
of producing p-type samples with high crystalline quality and
high electronic mobility.

In this work, we present magnetotransport measurements
performed on a 10-nm-wide p-type PbTe QW grown by
molecular beam epitaxy, which exhibits pronounced SdH
oscillations and the integer QHE. Our results demonstrate
the transport of a two-dimensional hole gas in a p-type
PbTe quantum well with negligible parallel conduction at
low temperatures. The confinement energies derived from
the longitudinal and oblique valleys are calculated using a
two-band k - p model within the envelope function approxi-
mation and the Fermi level is obtained by integrating over the
two-dimensional density of states for all subbands to obtain
iteratively the measured carrier density. We show that the
filling factors sequence can be explained if one takes into
account the magnetic field evolution of the occupied subband
energies considering the individual Landau levels and Zee-
man spin splitting. We also find that after illumination with a
light-emitting diode (LED) the total carrier concentration of

©2021 American Physical Society
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FIG. 1. (a) Longitudinal (R,,) and transversal (R,,) components of the electrical resistance as a function of the magnetic field applied
perpendicularly to the p-type PbTe QW sample surface. The presence of the SdH oscillations and QHE in the curves of R,, and R,,, respectively,
is clearly observed. The slope of R,, at low magnetic fields represented by the green line (see arrow) gives the total Hall carrier density (pyan)-
(b) The inverse of Ry, in units of (e*/h) is plotted as a function of B. The assigned Landau level (LL) filling factors v = 2, 3, 4, 5, 6, 7, 8, and
11 are indicated on the plateaus. The dashed lines correspond to the exact values. The inset plots the filling factors as a function of the inverse
magnetic field position of the R,, minima. The linear fit (red line) gives the oscillations frequency F and the carrier density py; in the quantum

well.

the system increases by 15% leading to a plateau sequence
with higher filling factors in the integer QHE in comparison
to the dark situation. Moreover, we perform temperature and
angular dependencies of the longitudinal magnetoresistance
that lead to further information on the PbTe multiple valley
semiconductor system.

II. EXPERIMENT

The p-type PbTe single quantum well structure was grown
by molecular beam epitaxy (MBE), using a Riber 32P system,
on (111) BaF, monocrystal substrates with a cross section
area of 15x15mm?. In the beginning, during the prepara-
tion process, freshly cleaved thin slices of BaF, less than
1 mm thick were separated from the crystalline bar. Inside
the MBE growth chamber, after the thermal cleaning pro-
cess, the epitaxial structure deposition was carried out at
a substrate temperature of 240 °C and the sample structure
follows the sequence BaF,/Pbg¢Eug ;Te/PbTe/PbgoEu ;Te.
First, a 2 um PbggEug ;Te thick buffer layer (first barrier
layer) was deposited on top of the (111) BaF, substrate, at
a constant growth rate of 1.6 A/sec; subsequently the 10 nm-
thick PbTe single quantum well was grown, at a 1.3 A/sec
rate, and finally, the second Pbgg¢Eug ;Te barrier layer of
similar thickness and identical to the buffer growth conditions
was deposited. The PbTe source is filled with nonstoichiomet-
ric charge, but intentionally metal rich, so that an additional
tellurium flux was simultaneously sublimated to obtain an
intrinsic p-type PbTe well. For the barriers, PbTe, Eu, and
Te sources were used. The parallel conduction through the
barriers is minimized by choosing an Eu content of x = 0.1 in
the Pb;_,Eu,Te barrier layers. At low temperatures (~10 K),
the PbggEuy, Te barrier resistivity is 107 times higher than the
one of the PbTe well. van der Pauw geometry samples were

prepared by soldering 25 pm-thick gold wires with small
indium pellets. Magnetotransport measurements were carried
out at temperatures from 0.35 to 70 K in a *He system in
a 33 T resistive (Bitter-type) magnet. We used the standard
four-probe AC lock-in technique with a constant excitation
current of 1.0 nA. After the first series of experiments, the
measurements were taken with the sample illuminated with a
red LED (wavelength 643 nm, diameter of 3 mm, and a current
of 1 mA).

III. RESULTS AND DISCUSSION
A. Quantum Hall effect

Figure 1(a) presents the longitudinal (R,,) and transversal
(Ryy) components of the electrical resistance as a function of
the magnetic field B applied perpendicularly to the PbTe QW
sample surface at 7 = 0.35 K. Pronounced SdH oscillations
and the integer QHE are clearly observed in the R, and R,,
traces, respectively. At 15 T, a wide plateau in R,, and a nearly
zero resistance in R, are found, demonstrating the high sam-
ple quality and the presence of a two-dimensional (2D) hole
gas in the QW. At higher fields, the longitudinal resistance
R, vanishes at the B intervals relative to the plateaus in R,,.
From the slope of R,, at low magnetic fields, represented by
the green line (see arrow) in Fig. 1(a), a total hole carrier
density pya; = (1.97 £0.01)x 10'® m~2 is extracted. Consid-
ering this hole concentration and the zero-field resistivity at
T = 0.35K, we obtain a hole mobility of 1.2x10° cm?/V's.
This value is equivalent to the mobility found for the n-type
PbTe QW sample [10], which also proves the quality of the
p-type PbTe QW investigated here.

Figure 1(b) presents a plot of 1/R,, in units of (€?/h) as
a function of B (blue curve), where % is the Planck constant
and e is the electron charge. This plot would directly give the
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values of the filling factors (see dashed lines). As the plateaus
are not exactly at integer multiples of (¢?/h), we derive the
correct sequence of filling factors related to the Landau level
occupation using the expression v = (hpyan/eB), where the
values of B are taken from the minima in R,,, i.e., B = 33,
25, 19, 15, 12.2, 10.8, 9.4, and 7.5 T. These B values give
the corresponding integer filling factors v = 2, 3, 4, 5, 6, 7,
8, and 11, which are assigned to the plateaus in Fig. 1(b).
Even though the plateau related to the filling factor 7 is not
defined, it is present as a minimum at 10.8 T in the R,, curve.
Next, we plot in the inset of Fig. 1(b) the Landau level filling
factors v as a function of inverse magnetic fields (1/B) at
which the R,, minima occur. The expected linear behavior
is observed and from the linear fit, we obtain the frequency
of the oscillations F according to the relation v o< F/B. The
obtained value is F = (83 ==3) T corresponding to a hole
concentration pr; = (2.0 £0.1)x10'® m~2 in the quantum
well. For this calculation, we used the relations p = k7 /47
and k7 = 2Fe/h, where kr is the Fermi wave vector and 7 is
the reduced Planck constant. This value of pyy is equal to the
total Hall carrier density (py,) within the experimental error,
indicating that the parallel conduction through the barriers is
negligible at low temperatures. This result demonstrates the
2D transport of a hole gas in a p-type PbTe quantum well with
no sign of parallel conduction.

B. Calculation of confinement and Fermi energies

The sequence of filling factors can be further investigated
if one considers the magnetic field evolution of Landau levels
including the Zeeman spin splitting of the subbands. For this
purpose, it is necessary to know the confinement energies
in the quantum well. To calculate the subband energies de-
rived from the longitudinal and oblique valleys of our p-type
PbTe well, we use the analytical model proposed in Ref. [12]
based on the Dimmock two-band k - p theory [13] within
the envelope function approximation. This model was applied
to determine the optical transition energies in PbEuTe/PbTe
multiple QWs [14] and the confinement levels for electrons in
n-type Pbg9Eug  Te/PbTe single QWs [10].

The confinement energies related to the longitudinal and
oblique valleys for the p-type PbTe QW are solutions of the
transcendental equations,

X q gL
= — tan | — ), 1
mf,o mZV,O ( 2 > )
X q qL
= cot| — ), 2
mf,o mZV,o < 2 ) @

which are obtained from the matching of the plane wave solu-
tions of the well (W) and the barriers (B) at the interface, using
the Ben-Daniel-Duke like boundary conditions. Equations (1)
and (2) are relative to even and odd solutions, respectively,
where L is the width of the quantum well (L = 10 nm in our
case), and

x =~/ (2mk o/F?)(AE, —E). 3)

g=,/(2 m{YO/h2)E 4)

TABLE 1. Band structure parameters for the PbTe well and
PbyoEug ; Te barrier at 0.35 K: energy gap (Eg) and band-edge ef-
fective masses in units of the free electron mass (im,).

cyc

Layer EgeV) my my. my mo mp my

0.190 0.213 0.021 0.213 0.023 0.021 0.063
0.638 0.536 0.066 0.536 0.073

PbTe (W)
Pbg9Euy  Te (B)

are the wave vectors of the barrier and the well, respectively,
with the barrier height in the valence band given by AE,.
From geometrical arguments, the confinement effective
masses along the [111] direction for the longitudinal (mp)
and oblique (mgp) valleys are given in terms of the paral-
lel (m) and perpendicular (mm,) effective masses by m; =
my and mop = 9mym_ /(8my + m ). Table I summarizes the
band-edge effective mass values and energy gaps used here.
Within the two-band k - p Dimmock model [12], the energy
dependence of the effective mass is expressed by m) 1 (E) =

(W)(E + E,), where P | is the parallel (perpendicular)

momentum interband matrix element. The effective matrix
elements chosen here are those that reproduce the experimen-
tally determined band-edge effective masses my | (0) listed
in Table I, i.e., 2P|ﬁl/me = [me/my, 1 (0)]E,. Using this ap-
proach, the energy-dependent effective mass for the PbTe
well becomes m)’ | (E) = m|" (0) +m), (0) [E/E)]. As-
suming that the momentum interband matrix elements of the
PbEuTe barriers are the same as for the well, the relation
mi  (E)= m{ (0)4+m'" (0) [E/E]] gives the barriers ef-
fective mass as a function of energy. Also, the cyclotronic
mass obtained from the projection of the mass ellipsoid on
the k, — k, plane is given for each valley by m; " =m,

and my© = fmy [(1+ 8%). The values of the cyclotronic

masses are also displayed in Table I.

Using the energy gap values at a temperature of 0.35 K
given in Table I for the PbTe well and PbgygEuy ; Te barriers
and considering a 55:45 conduction to valence-band offset
(Q = 0.55) [10], the barrier height for the holes is AE, =
(1-0) AE, =0.202 eV. Figure 2(a) shows the numerical
solution of the transcendental equations (1) and (2) in the
negative part of the coordinate axis (valence band) for lon-
gitudinal (blue lines) and oblique (red lines) valleys of our
10 nm-wide p-type PbTe quantum well. The confinement en-
ergy values are obtained from the intersection points indicated
by arrows. The subband energies, relative to the valence band
edge, are 10, 38, 77, 121, and 168 meV for the longitudinal
valley, and 42 and 149 meV for the oblique valleys in the p-
type PbTe QW. These subbands are represented in the energy
diagram shown in Fig. 2(b).

We can calculate the Fermi level by integrating over
the two-dimensional density of states for all subbands to
obtain iteratively the measured carrier density. In this calcu-
lation at low temperatures (7" = 0.35K), the 2D density of
states is a step function that increases by 1xmwh*/m;** or by
3xmh?/ mcoyC each time the energy crosses a longitudinal or an
oblique level, respectively. The values of 1 and 3 correspond
to the valley degeneracy. Using the 2D carrier concentration
at 0.35 K from the inset in Fig. 1(b) and the values of the
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FIG. 2. (a) Confinement energies at low temperatures for the
longitudinal (blue lines) and oblique (red lines) valleys of the 10-
nm-wide p-type PbTe quantum well obtained from the intersection
points, indicated by arrows, of the transcendental equations (1) and
(2) in the negative part of the coordinate axis (valence band). (b)
Energy diagram of the PbTe QW indicating the position of the
longitudinal (L) and oblique (O) confinement energies together with
the Fermi energies (dashed green lines) under dark and illuminated
conditions.

cyclotronic masses m;”* and m,}° given in Table I, we obtain

the value of Er = (59 & 1) meV for our p-type PbTe QW at
dark conditions. This Fermi energy position is also marked
in the energy diagram of Fig. 2(b), showing that the first
and second longitudinal and the first oblique subbands are
occupied.

C. Evolution of Landau levels and Zeeman spin splitting

The magnetic field evolution of Landau levels (LLs) and
Zeeman spin splitting for the subbands can be computed using
the Mitchell and Wallis formalism [15—17] also applied to the
n-type PbTe QW in Ref. [10]. In the case of B || [111], this
evolution follows the equations

1
Eq(Ei,n, B) = Ei + = (a, + by)

1 B [ 2P2 12
+—[(an—b,,)2+4he—< l)(wl)} ,
2 me \ m,

&)

1
E/(E,n,B)=E + E(Cn—l +du_1)

1 B 2P\ 1'°
+ _[(Cnl _dn1)2+4he_( J_>nj| 9
2 me \ M,
(6)

where E; is the confinement energy already calculated and
shown in Fig. 2, n = 0, 1, 2, ... is the orbital number, 1 and |,
stand for spin-up and spin-down states, respectively, and the
terms a,, b,, c,, and d,, are given by

1 1
a, = ho; (n + z) + Egz_l/‘BBv (7N
+ 3 1 +
bn = h(,()t n+ z - Eg] I‘LBBv (8)

wl ) @ e
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FIG. 3. (a) Fan chart of the spin-split Landau levels vs magnetic
field for the first (E£.;) and second longitudinal (£},) and first oblique
(E¢) subbands. The colors correspond to orbital numbers n = 0 to
n =2 for E;;, n = 0 for E;,, and n = 0 for Ey;, and solid (dashed)
lines represent spin-down (spin-up) states. The green solid line is
the calculated Fermi energy position. (b) Longitudinal (R,,) and the
inverse of transverse (1/R,,) resistance component vs B. The filling
factors are indicated on the (1/R,,)xB curve for comparison to the
predicted values shown in (a) and in Fig. 1(b).

_ 3 I

ey = ho, (n + 5) - Egl usB, &)
+ 1 1y

d, = ho" | n+ 5 + Egl ugB. (10)

In this Mitchell and Wallis approach, the energy of Landau
levels depends on the far-band contributions to the transverse
masses m> and longitudinal g factors g;—L in the valence (4)
and conduction (—) bands. The transverse cyclotron frequency
is @ = eB/m} and up is the Bohr magneton. The term
2P? /m, comes from the perpendicular interband momentum
matrix element already mentioned above.

Figure 3(a) presents the fan chart of the spin-split Landau
levels versus the magnetic field B for the first and sec-
ond longitudinal (E;; = 10 meV and Ej; = 38 meV) and
first oblique subband (Ep; = 42 meV) subbands. The solid
(dashed) lines represent the calculated energy values for spin-
down (spin-up) states and the colors are related to the Landau
levels from n = 0 to n = 2 for the first longitudinal, n = 0
for the second longitudinal, and n = O for the first oblique
subbands. From this diagram, one can predict the sequence of
filling factors present in the quantum Hall effect. For example,
in the magnetic field interval from 13 to 17 T, five longitudinal
sublevels are below the Fermi energy, resulting in a filling fac-
tor of v = 5, as the longitudinal valley is nondegenerate. Now,
in the region between 7 and 8.2 T, eight longitudinal and one
oblique sublevels are contributing to the transport (E < Ef),
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FIG. 4. (a) Plot of R,, vs B measured at temperatures from 0.35 to 70 K. Some specific filling factors are indicated. (b)—(e) Graphs
of AR,y/Rmax vs T for each filling factor represented by square symbols together with the best fits (solid lines) using the thermal term of
Lifshitz-Kosevich equation. The values of A obtained from the best fits are labeled inside the graphs.

which yields a filling factor v = 11, as the oblique level is 3 x
degenerate. Due to the low magnetic field in this region (low
resolution in the spin splitting), the plateau for v = 11 is not
well defined, but the contribution of the first oblique level with
spin-up state (solid orange line) is evidenced by the jump of
3 in the filling factor sequence (from 8 to 11). Hence, the fan
chart predicts the filling factors of v =11, 8, 7, 6, 5, 4, 3, and
2 in agreement with the filling factors sequence presented in
Figs. 1(b) and 3(b). For the fan chart calculation in Fig. 3(a),
the values of m;" = —0.102m,, g/ = —2.61 and g, = 1.72
were kept fixed [17], while the values of m, and ZPi /M,
were used as free parameters. The following best values were
found in the calculations: m; = 0.105, 0.048, and 0.025m,

and ﬁ = 1.2, 2.5, and 4.0 eV for the first longitudinal, sec-
ond longitudinal, and first oblique subbands, respectively. It
is important to notice that these free parameter values differ
from the ones published for bulk PbTe [17] but they are still
acceptable as they provide a reliable nonparabolicity and a
consequent nonlinearity in the magnetic field evolution of the
Landau levels [10].

D. Temperature dependence

We investigate the temperature dependence of the longitu-
dinal magnetoresistance R, to obtain a picture of the energy
separation between two adjacent Landau levels and the mo-
bility gaps in the QW sample. In Fig. 4(a), we plot the R,,
curves for temperatures from 0.35 to 70 K as a function of
B with the indicated filling factors of v = 8§, 5, 4, and 3. We
can use the thermal damping term of the Lifshitz-Kosevich
(LK) equation, AR,/Ryax = x/sinh(x) withx = 2m%kgT /A,
to extract the energy separation A between the LL centers. For
each filling factor, we identify a maximum Rp,x (taken from
the next nearest peak at the low-field side) and a minimum
R, resistance values in the R, curve and the resistance

difference AR,y = Rmax — Rmin 1S obtained by subtracting
them. The values of AR,,/Rn.x as a function of temperature
for the respective filling factor are presented in Figs. 4(b)—4(e)
together with the best fits using the thermal LK expression,
from which the A value is obtained. If we calculate the LL
separation energies directly from the expression Eyy = hw,,
where w, = eB/m,Jr , the obtained values are 10, 17, 22, and 27
meV for B =9.2, 15, 19, and 24 T, respectively. These values
are higher than the ones obtained for A from the LK fittings.
This is a consequence of the large g factor of PbTe that leads
to larger values of Zeeman spin-splitting gaps as compared to
the energy separation of two adjacent Landau levels.

The activation energy (E,) for each filling factor can be
obtained if we consider thermally activated transport Ry, =
Roe Ea/?ksT "\where R, is the zero-field resistance. In Fig. 5(a)

T
A v=3, E,=(0.67£0.06) meV (b)
A v=5 E=(072£0.07) meV

A v=8, E,=(0.60£0.04) meV

(a)
'S 10 R E, Eni
£ \é\ 8 N ;‘#‘:
14 i i
1

DOS

A

>
B>

0 2 4 6
1/2kgT (10° eV-1)

energy

FIG. 5. (a) Plot of Ry,/Ro as a function of the inverse of 2kgT
and the linear fittings (solid lines) to the data. The values of activation
energy E, obtained from the fits for each filling factor are displayed
in the graph. (b) A pictorial description of the energies and density
of states. The LK energy gap A corresponds to the energy separation
between the LL centers. The activation energy E, relative to the
mobility gap delimits the region of the localized state (filled areas
in blue).
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FIG. 6. (a) Carrier density obtained from Hall effect measurements at temperatures from 0.35 to 60 K with light switched on (pN,, red
triangles) and off (pg':ﬁ , blue circles). (b) R, and R,, resistance components measured under illumination at 7 = 2.9 K. The inset plots the
filling factors v as assigned in (d) vs the inverse magnetic position of the R,, minima. The oscillations frequency F and the carrier density
pCL’E' in the quantum well are obtained from the linear fit (red line). (c) Fan chart of the spin-split Landau levels for the first (E;;) and second
longitudinal (E;,) and first oblique (E¢,) subbands. The colors correspond to orbital numbers n = Oton = 3 for E;;,n = 0 and n = 1 for Ej»,
and n = 0 for Ep,, and solid (dashed) lines represent spin-down (spin-up) states. The green solid line is the calculated Fermi energy position
under illumination. (d) A plot of 1/R,, in units of (¢?/h) vs B with the filling factors v = 14, 11,9, 8, 6, 5, and 4 assigned to the plateaus.

we plot the logarithm of Ry, /Ry as a function of the inverse
of 2kgT and, hence, the values of E, are obtained from the
slopes of the fittings (solid lines). These activation energies
that correspond to the mobility gaps are in the order of 1
meV, much smaller than the energies found for the separation
between LLs. This result indicates that the region of localized
states is mainly placed in the tails of the density of states
(DOS) curve, as illustrated in Fig. 5(b).

E. Effect of illumination

We also investigated the p-type PbTe QW sample illumi-
nated with a commercial red LED. Figure 6(a) shows the
carrier concentration obtained from Hall effect measurements,
in the temperature range 0.35-60 K, performed under il-
lumination (pon, red triangles) and dark conditions (porr,
blue circles). We find that the total Hall carrier density at
2.9 K increases from p9ff = (2.01 £0.01)x10'® m~? to
POl = (2.32£0.01)x 10" m™2. Using this value of p{p,
the calculated Fermi energy under illumination is found to
be (62.5 £ 1) meV, 3.5 meV higher than the value at dark
conditions. For this Fermi energy, we still have the same

two longitudinal and one oblique subbands occupied [see
Fig. 2(b)] as in the dark situation. Nevertheless, the clear
change in the R,, and R,, traces under illumination plotted
in Fig. 6(b) in comparison to the dark situation [Fig. 1(a)]
indicates a modification in the Landau level occupation due
to the increase in the carrier concentration. Figure 6(d) plots
the inverse of transverse resistance 1/R,, under illumination,
in units of (&2 /h), as a function of B (blue curve), from where
the filling factors sequence v = 14, 11, 9, 8, 6, 5, and 4 can be
inferred. The filling factor v = 7 is also not well defined like
in the dark case. The plot of v vs 1/B, shown in the inset of
Fig. 6(b), also exhibits a linear behavior and the oscillations
frequency F = (95 & 5) T obtained from the linear fit gives a
2D hole density pPN = (2.3 £0.1)x 10'® m~2 in the quantum
well. Although this carrier concentration is identical within
the experimental error to the Hall value, the nonzero values in
the R, trace in the integer quantum Hall regime [see Figs. 6(b)
and 6(d)] suggest that a parallel conduction takes place when
light is switched on.

Following the same procedure as for the dark case, we use
Egs. (5)—(10) to predict the sequence of filling factors when
the sample is illuminated. Figure 6(c) presents the fan chart
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B 0 T=13K
7B cos(0)

R, (kQ)

B cos(6) (T)

FIG. 7. Angle dependence of the R,, as a function of the applied
magnetic field (the curves are offset for clarity). The sample is rotated
in situ while the magnetic field is kept in a fixed direction as shown
in the inset. The sequence of filling factors strongly changes upon
tilting the sample.

of the spin-split Landau levels, in which the solid (dashed)
lines represent the calculated energy values for spin-down
(spin-up) states and the colors are related to the Landau levels
from n = 0 to n = 3 for the first longitudinal (E7;), » = 0 and
n = 1 for the second longitudinal (Ef,), and n = O for the first
oblique (Ep;) subbands. For this calculation, the same fixed
values for m,", g, and g; were used, while the following
best values were found during the simulation: m, = 0.130,
0.080, and 0.02m, and Zmﬁ = 1.5, 2.0, and 3.0 eV for the first
longitudinal, second longeitudinal, and first oblique subbands,
respectively. These free parameter values are close to the ones
found for the dark case. The calculated fan chart of Fig. 6(c)
also predicts well the sequence of filling factors for the PbTe
QW under illumination. For instance, at the plateau region
assigned as v = 6, six longitudinal sublevels are below the
Fermi energy. Now, for the plateau labeled as v = 14, 11
longitudinal and 1 oblique sublevels are occupied, and a jump
from 11 to 14 occurs as the spin-down oblique level starts to
contribute. As expected for a QW with higher carrier density,
a sequence of filling factors with higher values is observed as
the sample is illuminated.

F. Angular dependence

We present here the angle-dependent measurements of R,
that were carried out to investigate the interplay between mul-
tiple valleys before illumination. Figure 7 exhibits the angle
dependence of the R, as a function of the applied magnetic
field. The sample is rotated in siru while the magnetic field is
kept in a fixed direction. The field component perpendicular to
the sample surface makes an angle & with the fixed direction
(see inset). This graph shows that the sequence of filling
factors is strongly altered upon changing the tilt angle 6.
While some filling factors are suppressed with increasing tilt
angles, for instance v = 5 and 8 indicated by the dashed lines
in Fig. 7, other filling factors appear in certain regions, see
v =7 for & > 22° or v = 6 for & > 50°. These changes can
be qualitatively understood by recalling that the perpendicular
component of the magnetic field scales with Bcos(8) while
the Zeeman remains constant. Also, the multivalley character
of PbTe makes a quantitative analysis very complex, which is
beyond the scope of this work.

IV. CONCLUSIONS

The investigation of Shubnikov—de Haas oscillations and
integer quantum Hall effect in a 10 nm-thick p-type PbTe
quantum well was presented here. The results revealed that the
transport occurs through the two-dimensional hole gas con-
fined in the quantum well with negligible parallel conduction
at low temperatures. We derived the subband energy diagram
and found that two longitudinal and one oblique subbands
are occupied and contribute to electrical transport. From the
magnetic field evolution of the Landau levels and considering
the Zeeman spin splitting of the subbands, we were able
to explain the filling factors sequence observed in the R,y
component of magnetoresistance. Due to the increase in the
total carrier density of the QW system during illumination, a
different plateau sequence in the integer quantum Hall effect
with higher filling factors was found in comparison to the dark
situation. Due to the high Landé g factor of PbTe that leads to
large Zeeman spin splittings, the energy gap obtained from the
fittings to the thermal damping term of the Lifshitz-Kosevich
equation was determined to be smaller than the cyclotronic
energy separation between two adjacent Landau levels. The
angular dependence analysis showed that the sequence of
filling factors is strongly modified upon tilting the sample, as
expected for a semiconductor material with multiple valleys.
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