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Abstract

®

CrossMark

Oscillations of the real component of AC conductivity o in a magnetic field were measured
in the n-AlGaAs/GaAs structure with a wide (75 nm) quantum well by contactless acoustic
methods at 7 = (20-500) mK. In a wide quantum well, the electronic band structure

is associated with the two-subband electron spectrum, namely the symmetric (S) and

antisymmetric (AS) subbands formed due to electrostatic repulsion of electrons. A change of
the oscillations amplitude in tilted magnetic field observed in the experiments occurs due to
crossings of Landau levels of different subbands (S and AS) at the Fermi level. The theory
developed in this work shows that these crossings are caused by the difference in the cyclotron

energies in the S and AS subbands induced by the in-plane magnetic field.

Keywords: semiconductors, two-dimensional electron gas, quantum Hall effect

(Some figures may appear in colour only in the online journal)

1. Introduction

Transport investigations of two-dimensional (2D) high-
mobility structures demonstrate a variety of effects taking
place in different ranges of magnetic fields and temperatures.
In moderate fields, the Shubnikov—de Haas oscillations are
observed, while in stronger fields, the integer and fractional
quantum Hall effects occur [1]. In some systems the Wigner
crystal is formed [1]. The most interesting results are mainly
obtained on n-type GaAs/AlGaAs structures due to high
mobility of carriers of up to ~ 107 cm? (Vs)~L.

Since the general description of the phenomena observed
in 2D systems in high magnetic fields is well developed,
the interest is now shifting to more exotic systems and situ-
ations. At large half-integer filling factors v > 5/2 and low
temperatures 7 < 150 mK the formation of the stripe phases
due to strong electron-electron interaction has been predicted
[2-4]. This phase is characterized by a strong anisotropy
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of longitudinal conductivity oy, and the stripe formation
explains the oscillations in ultra high-mobility heterojunc-
tions [5]. Recently it has been demonstrated experimentally
that the stripes can be re-oriented by the in-plane component
of a magnetic field, i.e., in a tilted magnetic field [6].

The conductivity in tilted magnetic fields is rather non-
trivial in 2D structures with a wide quantum well (WQW). In
such systems electrons are localized near the interfaces due to
electrostatic repulsion. As a result, a formed two-layer system
is similar to a pair of quantum wells. Due to an inter-layer
tunneling the electronic energy structure consists of two sub-
bands, the symmetric (S) and antisymmetric (AS), separated
by an energy gap Asas [7]. In low magnetic fields conduc-
tivity oscillations caused by elastic scattering between the
S and AS subbands were observed which are different from
the Shubnikov—de Haas oscillations [8]. The presence of two
conductivity channels in WQWSs results in conductivity mag-
netooscillations corresponding to filling factors v with even

© 2019 IOP Publishing Ltd  Printed in the UK
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denominators. At small filling factors v = 1/2,3/2 the frac-
tional quantum Hall effect has been observed in some WQWs.
A phase diagram has been constructed demonstrating con-
ditions of stable observation of the fractional quantum Hall
effect at v = 1/2 at various electron densities, quantum well
widths, and values of Agas, see [9] and references therein.
Also a gas of composite fermions has been observed in WQW:s
and investigated in detail, see, e.g., [10].

The conductivity magnetooscillations can be strongly
affected by the in-plane field component. For example, in
systems with one 2D subband, the Landau level crossing in
tilted magnetic fields occurs because the orbital splitting is
determined by the perpendicular field component, while the
spin splitting is given by the total magnetic field. It results
in crossing of opposite-spin sublevels pertaining to different
Landau levels. This crossing allows determining of the g-factor
from the magnetoconductivity measurements by a method
proposed long time ago [11] and widely used up to nowadays.
The situation is much richer in systems with two electronic
subbands, in particular in WQWs, due to the presence of the
Agas gap. It has been pointed out in [12, 13] that the crossing
of Landau levels from different subbands (S and AS) can
occur in this case in a tilted field, since the value of Agas can
depend on the in-plane field component. Calculations of the
energy spectrum in parallel field B| show that the gap Agas
increases at small B) while in stronger fields By > 2 T, the
inter-layer coupling is suppressed, and Agas — 0 [14]. This
result demonstrates a great potential of experiments on high-
mobility WQWs in tilted magnetic fields.

There are interesting studies of conductivity in bilayer
systems in tilted magnetic fields. Such works were made on
double quantum well systems ([15-20]) as well as on a WQW
[14, 21-23]. The magnetoresistance studies in most of these
papers were carried out in moderate magnetic fields where
SdH and intersubband oscillations coexist and produce a
beating pattern. By contrast, in the system under present study
Agsas = 0.42 meV is very small and therefore intersubband
scattering affects the conductivity only in small magnetic
fields B < 0.3 T [8]. In this study we analyze results obtained
in higher fields 0.5 T < B; < 1.5 T, i.e., in the range where
no beatings were observed.

We show that in a tilted field minima of these oscillations
are converted to maxima due to B induced crossings of the
Landau levels caused by the complicated energy scheme of
WQWs. We developed a theory demonstrating that the cross-
ings are caused by the effect of the parallel field on the cyclo-
tron energies in S and AS subbands.

2. Experiment

We studied a multilayered n-GaAlAs/GaAs/GaAlAs struc-
ture with a 75nm wide GaAs quantum well. The WQW was
d-doped on both sides and located at the depth ~197nm
below the surface of the sample. By illuminating the sample
with infrared light of an emitting diode when cooling the het-
erostructure down to 15 K we achieved the electron mobility
p=22x 107" cm? (Vs)~! and density n, = 3 x 10'! cm™2
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Figure 1. Dependence of the real part of the ac conductivity o
on magnetic field B at 7= 20 mK. SAW frequency f = 30 MHz.
Inset: o intherange B; = 0.5...1.5T at 7= 310 mK.

(at T= 0.3 K). In the absence of a magnetic field the S-AS
energy splitting in this structure was Agas = 0.42 meV [8].

In our contactless acoustic experiments a surface acoustic
wave (SAW) propagates along a surface of a piezoelectric
crystal LiNbOs while the sample is slightly pressed onto
this surface on which interdigital transducers are deposited
to generate and detect the wave. An ac electric field accom-
panying the SAW penetrates into the 2D channel located in
the semiconductor structure. The field produces electrical
currents which, in turn, cause Joule losses. As a result of the
interaction of the SAW electric field with charge carriers in
the quantum well the SAW attenuation I' and its velocity shift
Awv/v are governed by the complex high-frequency conduct-
ance, 0*C = o (w) — ioa(w). The SAW technique has shown
to be a very efficient tool as it allows studying both real o; and
imaginary o, components of the high-frequency conductance
without any needs for electrical contacts [24].

The measurements in a magnetic field perpendicular to
the sample plane were carried out in a dilution refrigerator.
Dependences of the absorption coefficient I" and the velocity
change Av/v on the magnetic field at B < 18 T were meas-
ured in the temperature interval 20-500 mK. The SAW
frequency was changed from 28 to 307 MHz. The ac conduc-
tivity oA€ was deduced with help of the expressions published
in [24]. The measurements in tilted magnetic fields were done
at SAW frequency of 30 MHz, in the same magnetic field
range of 18 T, and at the temperature 0.3 K in a *He cryostat.
Samples were mounted on a one-axis rotator, which enabled
us to change the angle between the normal to the structure and
the magnetic field. In the present work, we analyzed depend-
ences of the real component of the conductivity oy > 0, (in
this case o7 =2 oPC) on the magnetic field. Figure 1 shows
the dependence of the real component of the conductivity o
on the perpendicular magnetic field at 7= 20 mK. In high
magnetic fields conductivity oscillations corresponding to the
fractional quantum Hall effect are observed at n, = 3 x 10!
cm™2. In this article we report on our studies of oscillations in
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the range B; = 0.5...1.5 T. Dependence o (B) in this field
domain at 7 = 310 mK is illustrated in the inset to figure 1.

In the double-layer structure formed in WQWs the total
electron density is usually determined from the position
of the minimum (maximum in the case of v = 1/2) of the
FQHE resistance (conductivity) oscillations in strong magn-
etic fields, and the difference of the charge density in the
layers is derived using Fourier analysis of magnetoresistance
in fields B < 0.4-0.5 T. However, in the case of our multi-
layer sample figure 1 requires a special discussion. The oscil-
lations pattern near B = 12.35 T looks the same as usual for
v = 1/2, which corresponds to concentration n, ~ 1.5 x 10!
cm™2. At the same time analysis of oscillations in the field
B < 3 T gives n, ~ 2.7 x 10" cm~2. We believe that in large
magnetic fields, the layers in our wide quantum well are prac-
tically independent (due to small Agas = 0.42 meV), and the
conductivities from different layers with almost the same con-
centration are simply added. The appearance of oscillations
at B=12.35 T corresponds to v = 1/2 for each layer with
a concentration ~ 1.5 x 10'' cm™2. One needs to draw the
attention that determination of the electron density from the
oscillation position in a magnetic field gives different values
for low and high fields [25]. In the present work at B >4 T
n, =3 x 10" cm~2, while in the region under this study
B<2Tn,=27x 10" cm2 The latter value of the total
concentration of electrons is yielded also from both Fourier
analysis and the dependence of p,, at classically strong fields
B<I1T

In order to understand the nature of the oscillations we con-
sider a fan of Landau levels for the two-subband system under
study. Figure 2(a) represents the Landau level fan diagram for
our two subbands with spin splitting (g = 12). Indices N in
figure 2(a) represent Landau levels counted for each subband
independently, while filling factor v is equal to total amount of
Landau levels located below the Fermi level. Symmetric (red
lines) and antisymmetric (blue lines) are the Landau levels
with the gap Agas = 0.42 meV reported for this sample in [8].
The Fermi energy Er = 5 meV (at B = 0) corresponds to the
total concentration n, = 2.7 x 10" ¢cm~2 in the two-subband
balanced system. The positions of size-quantized levels and
the Fermi level in the 75 nm-wide quantum well are presented
in figure 2(b). The energies are found by solving the coupled
Schrodinger and Poisson equations at 7= 0 in the effective
mass method with the following parameters: the barrier height
370 meV and the electron effective mass m = 0.067my. It is
clear from figure 2(b) that two levels of size quantization are
occupied at 5 x 10'° < n, <4 x 10" cm2.

Our analysis (not presented here) demonstrates that in the
minima shown in figure 1 conductivity has an activation char-
acter. We compared the positions of the conductivity minima
with the figure 2 fan diagram and found that these minima are
related to the charge carrier transitions between different spin-
split subbands S and AS. Therefore, the activation energies
for different v are determined by steps in the Fermi energy
dependence on magnetic field. In figure 2(a) vertical lines in
the Fermi energy dependence represent these steps and are
drawn at the magnetic field values, where oscillation minima
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Figure 2. (a) Dependences of the energies of the spin split (g = 12)
Landau levels in the WQW on magnetic field B (bottom) and filling
factors v (top) with the tunneling splitting Agas = 0.42 meV

at B = 0. The Landau levels of the lower (S) and higher (AS)
subbands are shown by red and blue colors, respectively. Black
dash-dot line is the Fermi level at B = 0 corresponding to the total
electron density n, = 2.7 x 10'' cm~2. The black solid line is

the Fermi energy dependence on B. (b) Dependences of the size-
quantization levels from E; to E4 and the Fermi level Eg position
on the electron density in the 75nm WQW. All energies are counted
from the ground level E;. Vertical dotted lines indicate the values of
density where filling of the next size-quantized levels starts.

were observed. It follows from figure 2(a) that there are four
types of oscillation minima at B = 0 associated with trans-
itions between subbands. One of them are determined by

the activation energy equal to the difference Ey bt Eﬁi
(v =8, 12, 16, 20) and the rest demonstrates other possible

transitions between AS and S related levels: Ey | — Ep%
(v =10, 14, 18), E3 — Ey | (v = 11, 15), and E3S, — Ej ,
(¥ =9,13).

The oscillation pattern in the WQW is even more intriguing
in tilted magnetic fields. The results of corresponding measure-
ments are presented in figure 3. This figure shows that at some
tilt angles of the magnetic field the minima of the conductivity
oscillations are changed to maxima. The experimental results
presented in figure 3 were obtained at the in-plane component
of the magnetic field B oriented along the SAW propagation
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Figure 3. Dependence of the conductivity o on the normal
component B at different angles of the magnetic field tilt at

T =310 mK, f = 30 MHz. The numbers below the minima denote
the numbers of filled Landau levels under the Fermi level, v. Traces
are offset for clarity.

direction. We also performed experiments in another configu-
ration and observed that the minima of conductivity oscilla-
tions transformed to maxima at the same angles when B, was
oriented perpendicular to the SAW wave vector.

As mentioned above, the temperature dependence of the
conductivity in minima has the activation character. Thus,
the conductivity o o exp[—A,/(2kgT)], and the conduc-
tivity minima transforms into maxima when A, — 0, i.e., at
crossings of Landau levels. The nature of these crossings in
the two-subband system under study is discussed in the next
section.

3. Theory

There is a big theoretical activity devoted to study of bilayer
systems including WQWs in the presence of tilted magnetic
field [17, 20, 21, 26]. Most of these works are aimed at numer-
ical calculation of Landau levels and their change by the in-
plane field component. By contrast, we perform semiclassical
analysis and derive analytical expressions for the change of

the electron effective mass by the in-plane magnetic field
component. We show below that these expressions are appro-
priate for description of our experimental data. Besides, due to
weak coupling of the layers in the studied structure, the effect
of the in-plane field on the S-AS tunneling splitting important
in previous studies does not play a big role in our analysis.
Instead, the crossing of the Landau levels is due to a change
of the energy dispersion rather than due to modification of
tunneling.

The Hamiltonian of a doped WQW in a parallel magnetic
field is given by

n* d? 1 e \?2
He= sty (P A) Heo). (M
Here z is the axis normal to the WQW, p is the in-plane elec-
tron momentum, A = z(By, —B,,0) is the vector potential of
the magnetic field, and ¢(z) is the electrostatic potential.

We performed self-consistent calculations of the electro-
static potential and electron wavefunctions. First, the wave
functions are calculated in the tight-binding approach [27].
Then, the electron wave functions are used to calculate the
electron density distribution in the quantum well as explained
in [8, 28]. The value of the total electron density extracted from
our experiment is n, = 2.7 x 10" cm~2. The electrostatic
potential ¢(z) corresponding to the charged QW is found from
the numerical solution of the Poisson equation at zero in-plane
momentum p = 0. We account for the in-plane magnetic field
By through the effective potential ¢p = e(Bjz/c)*/2m, see
equation (1). We add the term e(z) + e¢p to the structure
potential and compute the next approximation for the electron
wave functions of the levels in the WQW. The procedure is
repeated until the self-consistency of the electron wave func-
tions and electrostatic potential is reached. In accordance
with previous studies [7, 8] we obtained that the carriers are
located near the WQW edges in the narrow layers separated
by a distance d = 56nm. At B = 0 Agas = 0.42 meV, and
the in-plane magnetic field changes this value due to the dia-
magnetic term e¢p. We discuss this dependence in the next
section. Here we note that Agas has weak dependence on B,
increasing by just about 40% at B =2 T.

Not taking into account Agags, we consider the states in the
left (L) and right (R) layers separately assuming the layers’
width to be infinitely small. Then, in the presence of the in-
plane magnetic field By, the energy dispersions of the L and
R states are anisotropic:

2 B d\ >
EL,R(p):L+ 1 <e I ) iﬁ(B” xp) (2)

2m | 2m 2c 2mc

Here the second term is the diamagnetic shift equal for both
states, and the separation of the subbands’ minima in the
momentum space, Ap = eBjd/c, is given by the last term. In
a tilted magnetic field this separation results in the difference
of centers of cyclotron circles Ar = d B /B_, figure 4.

Now we take into account that, due to tunneling, the carrier
trajectories are not just two shifted circles but are more com-
plicated ones. This fact results in a difference of the cyclotron
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Figure 4. Scheme of cyclotron trajectories in WQW representing
a two-layer system with the interlayer separation d. Green dashed
lines show the tunneling processes. Due to the separation of the
cyclotron orbit centers in the layers, the outer (red) trajectory has a
larger cyclotron period than the inner (blue) trajectory.

energies. Indeed, the cyclotron period T in the perpendicular
field B isrelated to the area in the momentum space bounded
by the trajectory, A, by

e oa
B leB1| OE~

2
A= f dgop—gp), 3)

where E is the carrier energy and ¢ is an angle between p and
B,|. The electron momentum absolute values at a fixed energy
E for 0 < ¢ < 7/2 are found from equation (2)

eB”d . eBHd 2
——sinp+4/2mE — [ —— | cos? |,
2¢ 2c

“)
and the momenta at other values of ¢ are obtained from this
expression by appropriate rotations. With account for tun-
neling the S and AS states are formed, and the electron tra-
jectories are different from simple circles [14, 16, 22]. The
cyclotron orbits are shown schematically in figure 4. With
account for tunneling the electrons spend by a half of their
cyclotron periods in the left and right layers. As a result, at
|| < 7/2 p=pL(p)in the S subband and p = pg(y) in the
AS subband. Substitution to equation (3) yields

PLr(@, E) =

/2
Asas =2 / d@Pi,R(SO)a (%)
0

and for the cyclotron periods in the S and AS subbands:

(1£d), b= 2 arcsin (eB|d> 6)
™ 2¢c+/2mER

Here w.o = |eB,|/mc is the cyclotron frequency in the
absence of parallel field, and we took the electron energy E
equal to the Fermi energy Epassuming Ep > Agas. As aresult,
we have different cyclotron frequencies in two subbands:

2T

Tsas =
We,0

We,0

SAS _

The cyclotron periods are different due to tunneling and sepa-
ration of the cyclotron trajectory centers.

We see that the cyclotron frequencies in the S and AS sub-
bands depend on the tilt angle 6 via B = B tan 6.

4. Discussion

Figure 5 shows the angular dependences of the real part of
the conductivity on the tilt angle 8 extracted from figure 3 for
various filling factors v. The dependence o(f) at v = 12,
16, 20 shown in figure 5(a) demonstrates that the oscillation
minima change by maxima at § ~ 7°,44° and 60°. Figure 5(c)
shows that in the other series of oscillations at v = 6, 10, 14,
18 the conductivity maxima take place at the angles 6 ~ 30°
and 6 ~ 54°.

The maxima in the conductivity in the activation regime
are caused by intersection of some Landau levels at the Fermi
level. These levels correspond to S and AS subbands and to
opposite spin orientations. Energies of the Nth level of the S
subband with spin down (}.) and N’th level of the AS subband
with spin up (1) are given by, (see equation (7)):

hweo(N+1/2)  Asas  gusB

S

Ex,= 1+b 2 2 ®
as _ hweo(N'+1/2)  Agas | gusB

B = 1—b > T2

Here g is the Landé factor, pp is the Bohr magneton, and B is
the total magnetic field.

Equation (8) demonstrates three reasons for reconstruction
of the energy levels by parallel magnetic field. First, the tun-
neling gap Agsas changes in the parallel field [14]. We have
calculated the dependence of Agas on By as described in the
previous section of this paper. The results of calculations are
shown in the inset to figure 5(d). We see that the dependence
of Asas on the parallel field B is weak, so that Agas in the
WQW under study is small in the whole range 0 < B <2 T.
Our analysis shows that account for the dependence of Agags
on the parallel field B shifts the crossing points of the Landau
level for v = 20 just by 0.2 meV which is 0.45% only.

Then, the Zeeman terms in equation (8) result in the
dependence of the Landau levels on the tilt angle at a fixed
perpendicular field via B = B, / cos 6. However, for explana-
tion of the level crossings at experimentally found angles one
should take the values of g ~ 30...40 which are unrealistic.

Finally, we examined the dependences of the cyclotron
energies in the S and AS subbands on Bj. According to equa-
tion (7) the cyclotron energy decreases/increases with ¢ in the
S/AS subband. It results in a dependence of the Landau level
positions on 6 via the factors b(#), see equations (8). In fig-
ures 5(b) and 5(d) we plot the Landau level positions at the
filling factor » = 16 and v = 18, respectively, taking the inter-
layer separation in the WQW under study as d = 56 nm [7, 8]
and the Fermi energy in each subband as Er = 5 meV. The
values of # corresponding to conductivity maxima are shown
in figure 5 by vertical lines. We do not analyze the crossings at
higher angles where B > 1.5T because the developed theory
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0 (deg)

Figure 5. (a) and (c): The conductivity as a function of the magnetic field tilt angle measured at different v, f = 30 MHz. v are the numbers
of filled Landau levels under the Fermi level. (b) and (d): Theoretical dependences of energy of the spin split Landau levels on the magnetic
field tilt angle. The levels are calculated using equations (8) with account of the broadening via equation (9) for subbands S (red) and AS
(blue). The numbers before S(AS) denote LLs numbers. The black solid horizontal line indicates the Fermi level Ef at B = 0. Arrows show
the spin orientation. The vertical lines illustrate experimental positions of the LLs crossings. Inset: The calculated dependence of Asas on Bj.

does not describe this regime. The curves are plotted with
account of the Zeeman splitting with g < 0.

Two series of the observed oscillations have maxima at
different tilt angles. At 8 = 0, the oscillations presented in
figure 5(a) are related to the activation gap A, = ES . — E}
(v=20), A,=E}, —E}} (v=16), A,=E5, —E)Y
(v = 12). Figure 5(b) shows that (v = 16) broadened levels
3AS] and 4S7 are getting closer with tilting of the field, and
at # =~ 10° they cross at the Fermi level resulting in closing
of the activation gap and in rising of the conductivity from
minimum to maximum. With further increase of the tilt angle,
the energies of these levels diverge, and A, increases until
0 ~ 22°. At larger angles, the activation gap is formed from
the converging energy levels 4S] and 3AST. In turn, these
levels cross at 6 ~ 31°, resulting in the next conductivity max-
imum. After the crossing they diverge as well, and the next
conductivity maximum occurs at € ~ 62° when 5S] crosses
2AS?. Analogous analysis performed for v = 20 and 12 dem-
onstrate the same crossing angles.

The other series of oscillations presented in figure 5(c) has
the conductivity maxima at the angles 6 =~ 30° and 0 ~ 54°.
At 6 = 0 these oscillations are related to the activation gap
i, = Eégz — E%l v=18), A,= E?}A—S Eiis (v = 14),

o« =Ey3 —E5 (v=10), and A, = ETY —E}, (v=0).

However, figure 5(d), built for v = 18, demonstrates that the
broadened levels 4AST and 4S] diverge with increase of the
tilt angle. At 6 > 15° the activation gap is formed by the
levels 5571 and 3AS] which cross at  ~ 37° resulting in the
conductivity approaching its maximum. The next conduc-
tivity maximum at 6 =~ 52° is due to crossing of the levels
5S| and 3AS7?. Similar curves for v = 14, 10 and 6 show the
same crossing angles. The minima at (v =9, 11, 13, and 15)
are associated with transitions between different subbands,
but with the same numbers of Landau levels and parallel
directions of spins. The magnetic field tilt affects the ampl-
itude of these minima very little, i.e., no level intersections
are observed in these cases and we assume that anticrossings
rather than crossings occur.

Our analysis has only one fitting parameter, namely
g-factor. The g-factor values determined by this procedure
were g = 12. However, if we consider the broadening of levels
in a magnetic field as [29]

1/2
A= (frhwh> , ©)

where w, is the cyclotron frequency in transverse magnetic
field By, and 7, = 4 x 10~ !! s is the quantum relaxation time,
determined for this sample in [8], we obtain the g-factor g = 9.
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Figures 5(a)-(d) demonstrate a reasonably good agreement
between theory and experiment. Some difference between
experimental and theoretical angles of intersection of Landau
levels in tilted magnetic fields is explained by an error in the
determination of the initial sample position (f = 0°) and also
by not very accurate determination of the dependence of the
o1 maxima on the tilt angle. Moreover, the magnetic field
dependences of conductivity were measured at the fixed tilt
angles rather than at a continuous rotation. So it seems to us
that one more reason for the above mentioned experiment-
theory difference is rather big step of the tilt angle change. For
example, the largest divergence (figure 5(a)) in the maximum
conductivity region, goes from measurements that were taken
at a 4 degree angle interval. The obtained g-factor agrees with
the data available in the literature determined from transport
experiments in various n-type GaAs/AlGaAs structures, see
[30] and references therein.

5. Conclusion

In the high-mobility n-GaAs/AlGaAs structure with a 75 nm-
wide quantum well we observed a rich oscillations pattern
corresponding to the integer and fractional quantum Hall effect
regimes. In this work we investigated in detail oscillations of
conductivity in magnetic fields By = 0.5...1.5 T. Analysis
of the oscillation minima positions in a magnetic field shows
that these oscillations are caused by the two-subband electron
spectrum (S and AS subbands) formed due to electrostatic
repulsion of electrons. In tilted fields a strong increase of the
conductivity leading to a disappearance of the minima took
place at some tilt angles different for different minima. This
effect is shown to be caused not by a variation of Agas with
B which is very weak in the studied structure but by cross-
ings of the Landau levels from the S and AS subbands. The
developed theory demonstrates that the crossings in the range
B =0...1.5T occur due to different dependencies of cyclo-
tron energies in the subbands on the parallel field. Namely, the
cyclotron energy in the S (AS) subband decreases (increases)
when B rises. We estimated the value of the electron g-factor
by fitting theoretical dependences to experimental data.

Acknowledgments

The authors would like to thank Yu M Galperin for careful
reading the manuscript and providing useful comments, S
A Tarasenko for useful discussions, and E Palm, T Murphy,
J-H Park, and G Jones for technical assistance. Partial sup-
port from program ‘Physics and technology of nanostructures,
nanoelectronics and diagnostics’ of the Presidium of RAS
(I'YS) and the Russian Foundation for Basic Research projects
19-02-00124 (ILD) and 19-02-00095 (LEG, MON) is grate-
fully acknowledged. MON and LEG thank the Foundation
for advancement of theoretical physics and mathematics
‘BASIS’. The National High Magnetic Field Laboratory is
supported by the National Science Foundation through NSF/

DMR-1157490 and NSF/DMR-1644779 and the State of
Florida. The work at Princeton was supported by Gordon and
Betty Moore Foundation through the EPiQS initiative Grant
GBMF4420, and by the NSF MRSEC Grant DMR-1420541.

ORCID iDs

I'Yu Smirnov ® https://orcid.org/0000-0001-5019-6820
AV Suslov @ https://orcid.org/0000-0002-2224-153X

M O Nestoklon ® https://orcid.org/0000-0002-0454-342X
L E Golub @ https://orcid.org/0000-0003-3818-1014

References

[1] Shayegan M 2006 Flatland electrons in high magnetic fields
High Magnetic Fields: Science and Technology vol 3, ed
F Herlach and N Miura (Singapore: World Scientific) p 31
[2] Koulakov A A, Fogler M M and Shklovskii B I 1996 Charge
density wave in two-dimensional electron liquid in weak
magnetic field Phys. Rev. Lett. 76 499
[3] Fogler M M, Koulakov A A and Shklovskii B I 1996 Ground
state of a two-dimensional electron liquid in a weak
magnetic field Phys. Rev. B 54 1853
[4] Moessner R and Chalker J T 1996 Exact results for interacting
electrons in high Landau levels Phys. Rev. B 54 5006
[5] Lilly M P, Cooper K B, Eisenstein J P, Pfeiffer L N and
West K W 1999 Evidence for an anisotropic state of two-
dimensional electrons in high Landau levels Phys. Rev. Lett.
82 394
[6] Shi Q, Zudov M A, Qian Q, Watson J D and Manfra M J 2017
Effect of density on quantum Hall stripe orientation in tilted
magnetic fields Phys. Rev. B 95 041403
[7] Shayegan M, Manoharan H C, Suen Y W, Lay T S and
Santos M B 1996 Correlated bilayer electron states
Semicond. Sci. Technol. 11 1539
[8] Drichko I L, Smirnov I Yu, Nestoklon M O, Suslov A V,
Kamburov D, Baldwin K W, Pfeiffer L N, West K W and
Golub L E 2018 Intersubband scattering in n-GaAs/AlGaAs
wide quantum wells Phys. Rev. B 97 075427
[9] Shabani J, Liu Y, Shayegan M, Pfeiffer L N, West K W and
Baldwin K W 2013 Phase diagrams for the stability of the
V= % fractional quantum Hall effect in electron systems
confined to symmetric, wide GaAs quantum wells Phys.
Rev. B 88 245413
[10] Mueed M A, Kamburov D, Hasdemir S, Shayegan M,
Pfeiffer L N, West K W and Baldwin K W 2015 Geometric
resonance of composite fermions near the v = 1/2
fractional quantum Hall state Phys. Rev. Lett. 114 236406
[11] Fang F F and Stiles P J 1968 Effects of a tilted magnetic field
on a two-dimensional electron gas Phys. Rev. 174 823
[12] Shabani J, Liu Y and Shayegan M 2010 Fractional quantum
Hall effect at high fillings in a two-subband electron system
Phys. Rev. Lett. 105 246805
[13] Liu Y, Hasdemir S, Shabani J, Shayegan M, Pfeiffer L N,
West K W and Baldwin K W 2015 Multicomponent
fractional quantum Hall states with subband and spin
degrees of freedom Phys. Rev. B 92201101
[14] Jungwirth T, Lay T S, Smircka L and Shayegan M 1997
Resistance oscillation in wide single quantum wells subject
to in-plane magnetic fields Phys. Rev. B 56 1029
[15] Davies A G, Barnes C H W, Zolleis K R, Nicholls J T,
Simmons M Y and Ritchie D A 1996 Hybridization of
single- and double-layer behavior in a double-quantum-well
structure Phys. Rev. B 54 17331


https://orcid.org/0000-0001-5019-6820
https://orcid.org/0000-0001-5019-6820
https://orcid.org/0000-0002-2224-153X
https://orcid.org/0000-0002-2224-153X
https://orcid.org/0000-0002-0454-342X
https://orcid.org/0000-0002-0454-342X
https://orcid.org/0000-0003-3818-1014
https://orcid.org/0000-0003-3818-1014
https://doi.org/10.1103/PhysRevLett.76.499
https://doi.org/10.1103/PhysRevLett.76.499
https://doi.org/10.1103/PhysRevB.54.1853
https://doi.org/10.1103/PhysRevB.54.1853
https://doi.org/10.1103/PhysRevB.54.5006
https://doi.org/10.1103/PhysRevB.54.5006
https://doi.org/10.1103/PhysRevLett.82.394
https://doi.org/10.1103/PhysRevLett.82.394
https://doi.org/10.1103/PhysRevB.95.041403
https://doi.org/10.1103/PhysRevB.95.041403
https://doi.org/10.1088/0268-1242/11/11S/015
https://doi.org/10.1088/0268-1242/11/11S/015
https://doi.org/10.1103/PhysRevB.97.075427
https://doi.org/10.1103/PhysRevB.97.075427
https://doi.org/10.1103/PhysRevB.88.245413
https://doi.org/10.1103/PhysRevB.88.245413
https://doi.org/10.1103/PhysRevLett.114.236406
https://doi.org/10.1103/PhysRevLett.114.236406
https://doi.org/10.1103/PhysRev.174.823
https://doi.org/10.1103/PhysRev.174.823
https://doi.org/10.1103/PhysRevLett.105.246805
https://doi.org/10.1103/PhysRevLett.105.246805
https://doi.org/10.1103/PhysRevB.92.201101
https://doi.org/10.1103/PhysRevB.92.201101
https://doi.org/10.1103/PhysRevB.56.1029
https://doi.org/10.1103/PhysRevB.56.1029
https://doi.org/10.1103/PhysRevB.54.R17331
https://doi.org/10.1103/PhysRevB.54.R17331

J. Phys.: Condens. Matter 32 (2020) 035303

| L Drichko et al

[16] Boebinger G S, Passner A, Pfeiffer L N and West K W
1991 Measurement of Fermi-surface distortion in double
quantum wells from in-plane magnetic fields Phys. Rev. B
43 12673

[17] Hu J and MacDonald A H 1992 Electronic structure of parallel
two-dimensional electron systems in tilted magnetic fields
Phys. Rev. B 46 12554

[18] Harff N E, Simmons J A, Lyo S K, Klem J F, Boebinger G S,
Pfeiffer L N and West K W 1997 Magnetic breakdown and
Landau-level spectra of a tunable double-quantum-well
Fermi surface Phys. Rev. 55 13405

[19] Gusev G M, Duarte C A, Lamas T E, Bakarov A K and
Portal J C 2008 Interlayer interference in double wells in a
tilted magnetic field Phys. Rev. B 78 155320

[20] Kumada N, Iwata K, Tagashira K, Shimoda Y, Muraki K,
Hirayama Y and Sawada A 2008 Modulation of bilayer
quantum Hall states by tilted-field-induced subband-
Landau-level coupling Phys. Rev. B 77 155324

[21] Larkin I A, Ujevic S, Wiedmann S, Mamani N, Gusev G M,
Bakarov A K and Portal J C 2013 Shubnikov—de Haas
effect in tilted magnetic fields in wide quantum well J.
Phys.: Conf. Ser. 456 012025

[22] Mayer W, Kanter J, Shabani J, Vitkalov S, Bakarov A K
and Bykov A A 2016 Magnetointersubband resistance
oscillations in GaAs quantum wells placed in a tilted
magnetic field Phys. Rev. B 93 115309

[23] Bykov A A, Strygin I S, Goran A V, Marchishyn 1V,
Nomokonov D V, Bakarov A K, Albedi S and Vitkalov S A
2019 Beats of quantum oscillations of the resistance in

two-subband electron systems in tilted magnetic fields
Pis’ma v ZhETF 109 401
Bykov A A, Strygin I S, Goran A V, Marchishyn 1V,

Nomokonov D V, Bakarov A K, Albedi S and Vitkalov S A
2019 JETP Lett. 109 400

[24] Drichko I L, Diakonov A M, Smirnov I Yu, Galperin Y M and
Toropov A I 2000 High-frequency hopping conductivity
in the quantum Hall effect regime: acoustical studies Phys.
Rev. B 62 7470

[25] Deng H, Liu Y, Jo I, Pfeiffer L N, West K W, Baldwin K W
and Shayegan M 2017 Interaction-induced interlayer
charge transfer in the extreme quantum limit Phys. Rev. B
96 081102

[26] Arapov Yu G, Neverov V N, Harus G I, Shelushinina N G and
Yakunin M Ya 2009 Spectrum of Landau levels of a double
quantum well in an inclined magnetic field Low Temp.
Phys. 35133

[27] Jancu J-M, Scholz R, Beltram F and Bassani F 1998 Empirical
spds™ tight-binding calculation for cubic semiconductors:
general method and material parameters Phys. Rev. B
57 6493

[28] Shchurova L and Galperin Y M 2017 Electron concentration
profiles in modulation doped structures with wide quantum
well Phys. Status Solidi C 14 1700190

[29] Dmitriev I A, Mirlin A D, Polyakov D G and Zudov M A
2012 Nonequilibrium phenomena in high Landau levels
Rev. Mod. Phys. 84 1709

[30] Liu Y, Shabani J and Shayegan M 2011 Stability of the g/3
fractional quantum Hall states Phys. Rev. B 84 195303


https://doi.org/10.1103/PhysRevB.43.12673
https://doi.org/10.1103/PhysRevB.43.12673
https://doi.org/10.1103/PhysRevB.46.12554
https://doi.org/10.1103/PhysRevB.46.12554
https://doi.org/10.1103/PhysRevB.55.R13405
https://doi.org/10.1103/PhysRevB.55.R13405
https://doi.org/10.1103/PhysRevB.78.155320
https://doi.org/10.1103/PhysRevB.78.155320
https://doi.org/10.1103/PhysRevB.77.155324
https://doi.org/10.1103/PhysRevB.77.155324
https://doi.org/10.1088/1742-6596/456/1/012025
https://doi.org/10.1088/1742-6596/456/1/012025
https://doi.org/10.1103/PhysRevB.93.115309
https://doi.org/10.1103/PhysRevB.93.115309
https://doi.org/10.1134/S0021364019060080
https://doi.org/10.1134/S0021364019060080
https://doi.org/10.1103/PhysRevB.62.7470
https://doi.org/10.1103/PhysRevB.62.7470
https://doi.org/10.1103/PhysRevB.96.081102
https://doi.org/10.1103/PhysRevB.96.081102
https://doi.org/10.1063/1.3075943
https://doi.org/10.1063/1.3075943
https://doi.org/10.1103/PhysRevB.57.6493
https://doi.org/10.1103/PhysRevB.57.6493
https://doi.org/10.1002/pssc.201700190
https://doi.org/10.1002/pssc.201700190
https://doi.org/10.1103/RevModPhys.84.1709
https://doi.org/10.1103/RevModPhys.84.1709
https://doi.org/10.1103/PhysRevB.84.195303
https://doi.org/10.1103/PhysRevB.84.195303

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Electronic band structure in ﻿n﻿-type GaAs/AlGaAs wide quantum wells in tilted magnetic field﻿﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿Experiment
	﻿﻿3. ﻿﻿﻿Theory
	﻿﻿4. ﻿﻿﻿Discussion
	﻿﻿5. ﻿﻿﻿Conclusion
	﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿References﻿﻿﻿﻿


