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Abstract. This paper presents the results of a study of magneto-intersubband resistance
oscillations in a one-dimensional lateral superlattice fabricated on the basis of a single GaAs
quantum well with two filled energy subbands. A strong modification of magneto-intersubband
oscillations both in amplitude and in phase has been observed. The obtained experimental data
are explained by the role of Van Hove singularities in resonant intersubband transitions.

Keywords: magneto-intersubband oscillations, lateral superlattice

Funding: This study was funded by the Russian Science Foundation grant number RSF-22-
22-00726, https://rscf.ru/en/project/22-22-00726/.

Citation: Strygin 1.S., Bykov A.A., Magneto-intersuband resistance oscillations in a one-di-
mensional lateral superlattice, St. Petersburg State Polytechnical University Journal. Physics
and Mathematics. 16 (1.3) (2023) 67—72. DOI: https://doi.org/10.18721/JPM.161.311

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTepwuanbl KoHdepeHunn
YK 538.9
DOI: https://doi.org/10.18721/IJPM.161.311

MarHeto-mMeXnoAa30HHble OCUHINISALUU CONPOTUBICHUS
B OAHOMEpPHOM slaTepas/ibHOM CBepXxpeLieTKe

N.C. CtpbirnH ' &, A A. bbikoB'

L UHCTUTYT DU3MKM NONYNPOBOAHMKOB UM. A. B. PxxaHoBa Cnbupckoro otaenenusi PAH,
r. HoBocnbupck, Poccus
Hvanya-91@yandex.ru

AnHotanusa. B pabGore mpuBOmSTCS pe3ynabTaThl MCCIIEIOBAHUS MarHeTO-MeXITOA30HHbIX
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Introduction

Landau quantization in quasi-two-dimensional electronic systems in which several
size-quantization subbands £ are filled (;j is the subband index) leads not only to several series
of Shubnikov-de Haas (SdH§ oscillations, but also to magneto-intersubband resistance oscil-
lations (MISO) of p_ versus magnetic field B [1]. The MISO are due to elastic intersubband
scattering, which becomes resonant when the Landau levels of different subbands coincide. In a
two-subband system with a large number of filled and strongly overlapping Landau levels, MISO
are described by the following relation [2]:

APyiso / Po = Aviso exp( 21/ ® TMISO)COS(zTCAIZ /hw,), (1)

where p,=p (B=0), 4 2r /T, T, is the transport scattering time, T, is the intersubband
scattermg time, t MISO = ir r +1,), T is the quantum lifetime, A12 is the intersubband
splitting, ®_ = eB7m is the’ cyclotron fafequency, and m" is the electron effective mass. MISO
are not suppressed by temperature broadening of the Fermi distribution function, which makes
it possible to use them to study quantum transport under conditions when SdH oscillations are
suppressed [3].

This work considers MISO in a two-subband unidirectional lateral superlattice (ULSL), a
quasi-two-dimensional electron system with one-dimensional periodic potential modulation:
V(x) = V cos(2nx/a), where V is the potential amplitude and a is the modulation period. The
most strﬁ(mg phenomenon found in the ULSL is the commensurate oscillations (CO) of the
resistance [4]. The maxima and minima of CO occur when the following conditions are satisfied:

2R Ja=(i+1/4), )
2R Ja = (i-1/4), ()

where R _ is the cyclotron radius and i is a positive integer. Within the framework of the classical
model, ffOs arise due to the commensurability between R and a [5], and within the framework
of the quantum mechanical model they result from a perlodlc change in the width of the Landau
bands with 1/B [6].

The one-dimensional periodic potential removes the degeneracy of the Landau levels with
respect to the coordinate of the center of the wave function x , which leads to the formation of
Landau bands. Under the conditions V << E E =g, (E, is the position of the Fermi level),
the dependence of the Landau level E Wlth >> 1 oﬁ X, is given by the expression [6]:

E,(x)~E, +(Nj +1/2)th +V,, cos(2mx, / a), (4)

Vi =Voly(2nR, / a). (5)

For 27R /a>1 the width of the Landau bands I', = 2|V, | reaches maximum if Eq. (2) holds
true and is equal to zero if Eq. (3) is satisfied.

The density of states D under the conditions V <<g_ Nj >> 1 and l/rqj ~ o, is given by the
following relationship [7]:

D,/ D,~1-2J, <2nVBj /hmc)exp(—n/cocrqj)cos@nsﬁ /hmc), (6)

where D = m’/mh?. Using relations (1) and (6), the behavior of MISO in a two-subband ULSL
can be described by formula [8]:

Apyiso ! Po = Aisodo (217, 1 R, ) T (210V, / hieo, )exp( 21/ ® rMISO)cos(2nA12/h0)C). (7)

In this formula, the role of V(x) is taken into account by the factors J (2nV /hw ), which are
absent in Eq. (1).
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Fig. 1. Dependences I'; (1/B) calculated by Eq. (5) for two different values of ¥ : 0.2 (1 ),
0.65 meV (2), dependence 7w (1/B) (3), the arrow indicates the maximum p0s1t10n for i = 4 (a);
dependences of D,/D, on 1/B, calculated by Eq. (6) (b)

Figure 1, a shows the dependences I', (1/B) for weak (1) and strong (2) modulation of the
potential V(x) with respect to 7o . In the strong modulation regime, there are intervals of 1/B
where T', (1/B) ~ ho . Fig. 1, b ‘shows the dependences of D /D, on 1/B, calculated by Eq.
(6) for a ﬁxed ¢ and for two different values of V. It can be seen that the dependences of

/D_on 1/B for weak and strong potential modulatlon are out of phase in the regions where
r 81(17 ~ ho . This behavior is due to the role of Van Hove singularities in the spectrum of
states at the edges of the Landau bands. Egs. (6) and (7) predict a significant transformation of
the MISO when ') (1/B) ~ ho_. The purpose of this work is to experimentally detect the MISO
under such conditions.

Materials and Methods

The initial heterostructure was a single GaAs quantum well 26 nm wide with short-period
AlAs/GaAs superlattice barriers [9, 10]. The charge carriers in the quantum well were provided
by means of Si & doping. Single Si d-doped layers were located on both sides of a single GaAs
quantum well at a distance of 29.4 nm from its boundaries. The heterostructure was grown by
molecular beam epitaxy on a (100) GaAs substrate. The studies were carried out on double
bridges 100 um long and 50 pum wide. They were fabricated using optical photolithography and
liquid etching. One bridge was the control one, and the ULSL was formed on the second one
(see inset to Fig. 2, a).

The ULSL was a set of Ti/Au strips with a period a = 400 nm. The ULSL was fabricat-
ed using electron beam lithography. The experiments were carried out at 7= 4.2 K in fields
B <2 T. The resistance of the samples p_ and p,, Was measured at an alternating current not ex-
ceeding 1 pA with a frequency of ~ 1 kHz. In the control bridge, the electron concentration and
mobility were: n,, = 8.2x10"” m?; u= 115 m*/Vs. The presence of superlattice slightly reduces

and p. In the ULSLs under study, the modulating potential arises without applying voltage
I/H to the metal strips. One of the reasons for such modulation is the elastic mechanical stresses
that arise between the metal strips and the heterostructure [11].

Results and Discussion

The results of p_/p, versus B measurements in the control bridge and in the ULSL are shown
in Fig. 2, a. The M §O with frequency f ~ 8.8 T are detected in the control bridge. The in-
tersubband splitting determined from the tZrequency f12 is A, =15 meV. In the ULSL the more
pronounced are the oscillations whose maxima and minima positions are given by Egs. (2) and
(3), which allows us to consider them commensurate. The Fourier analysis of CO shows two
frequencies (f.,, =0.64 T and /., = 0.36 T) in good agreement with their expected values. Fig-
ure 2, b shows the dependences of p /p0 versus 1/B in the region of magnetic fields, where the
MISO in the control bridge and the ULSL are in antiphase.

The dependences of Athso/ p, versus 1/B for the control bridge and the ULSL, obtained af-
ter subtracting from the experimental curves the CO and monotonic components, are shown in
Fig. 3, a. The amplitude of MISO in the ULSL is strongly suppressed compared to the control

69



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3

| >
a) b)
22 b reference patierned Tl a =400 nm
1.8 F
= - 12
X reference E‘:"
o a =400 nm &
14 F 1.1k
reference
1.0 1 i | M 1 n 1 i 1.0 M | M 1 M 1 M 1 "
0.0 0.1 0.2 0.3 0.4 0.5 53 5.5 5.7 59 6.1 6.3
B(T) 1/B (T)

Fig. 2. Dependences of p_/p, versus B measured at T = 4.2 K in the control bridge and in the ULSL:
the inset shows the schematics of the sample (a); dependences of p_/p, on 1/B in the region of the
MISO phase flip (b)

bridge. The dependences of Ap, O/p0 on 1/B for the control bridge and the ULSL calculated
from Eq. (7) are shown in Fig. §, b. Good agreement between the experimental dependenc-
es and those calculated is observed for ¥, = 0 and t MS° = 8 ps for the control bridge, and for
V,=0.65 meV and thTSO = 6 ps for the ULSL. A deécrease in thTSO in the ULSL indicates that
the deposition of a grating leads to an increase in the random scattering potential in the two-sub-
band electron system under study.
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Fig. 3. Dependences of Ap,,../p, versus 1/B for the control bridge and the ULSL (a); dependences
of Ap,,./P, versus 1/B, calculated by Eq. (7): n, = 6x10° m?, n, = 1.9x10" m2, A ., = 0.4, for the
control bridge thISO = 8 ps, for the ULSL thISO = 6 ps (b)

Fig. 4, a shows ApMISO/ p, versus 1/B for the control bridge and the ULSL in two regions where
they are in-phase and out-of-phase. The dependences of FBj on 1/B calculated for V,=0.65 meV
are shown in Figs. 4, b. Two regions are highlighted in gray in which MISO for the control bridge
and the ULSL are in-phase and out-of-phase. In region 1. I', <o /2. In region 2: ', < ho /2,
and I',, ~ i . In region 1, the oscillations of D /D, and Dz/Hb0 versus 1/B for the control bridge
and for the ULSL are in phase under condition that 1/t  ~ ®, . In this case, V(x) leads only to a
decrease in the amplitude of MISO, but does not changeq]their phase. In region 2, the oscillations
D /D, and D,/D, are out of phase. In this situation, V(x) leads not only to a suppression of the
MIIS(g amplitude, but also to a change in their phase. Thus, the "reversal" of MISO is due to the
fact that in region 2: I') <#hw /2, and T, ~ 1o,

The observed flip ofB the MISO is fungamentally different from the flip of the SdH oscillations
in the ULSL [12]. The SdH oscillations in quasi-two-dimensional systems are due to the Landau
levels induced modulation of the density of states D. When Z® changes, the regions with a
higher Dj cross E, periodically in 1/B, which leads fo SdH oscillations. The one-dimensional
potential leads to Van Hove singularities in the dependence of Dj on energy €. The density of
states at the edges of the Landau bands has a maximum, while inthe center it has a minimum.
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Fig. 4. Dependences of Ap,, . /p, versus 1/B in two narrow intervals (a); dependences of FBj on 1/B,

calculated by Eq. (5): n, = 6x10° m?, n, = 1.9x10" m~, a = 400 nm, ¥, = 0.65 meV, shaded regions

1 and 2 denote intervals of 1/B, in which the MISO for the control bridge and the ULSL are in-phase
and out-of-phase (b)

Such a “splitting” in D (¢) leads, under the conditions I', ~ o _and 1/t~ ho,, to a flip of the
SdH oscillations [12]. * ’ v

In a two-subband system, as 1/B changes, resonant transitions of electrons between the Landau
levels of different subbands occur periodically giving rise to the MISO. The resonant nature
of such transitions is not related to the position of E,, which makes the physics behind the
MISO fundamentally different from that of the SdH oscillations. The MISO maxima arise when
the Landau levels of different subbands coincide. The one-dimensional periodic potential by
changing D (&) significantly transforms the conditions for resonant transitions. In this case, the
conditions for resonant magneto-intersubband transitions arise only in certain intervals of B,
which is observed experimentally.

Conclusion

To summarize, we fabricated an ULSL based on a highly mobile two-subband electron system;
MISO were considered in this ULSL assuming overlapping Landau bands. We observed a "flip"
of the MISO in some ranges of magnetic fields. We established that the “flip” of the MISO
occurs when the width of the Landau bands in the first subband is significantly less than the
cyclotron energy, while the width of the Landau bands in the second subband is comparable to
the cyclotron energy.
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