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The longitudinal p,(B, T) and Hall p,(B, T) resistances are experimentally investigated in n-InGaAs/GaAs

nanostructures with a single and double quantum wells in the magnetic field range B = 0-2.5 T and temperatures

T =1.8-20 K. It is shown that the origin of the temperature-independent point located at @.t = 1 on the p(B, 7)

curves is due to the combined action of the classical cyclotron motion and the quantum interference effects

of weak localization and electron-electron interaction. The results obtained indicate that the transition from

the dielectric phase to the phase of the quantum Hall effect is a crossover from weak localization (quantum

interference effects in a weak magnetic field) to strong localization in quantizing magnetic fields in the quan-

tum Hall effect regime.
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Introduction

The discussion about the fate of delocalized states re-
sponsible for transitions between different plateaus of
the quantum Hall effect with decreasing magnetic field
uB=wm,t <1 has a long history [1-5] and remains in the
spotlight for lack of microscopic theory of the quantum
Hall effect (QHE) [4] (o, =eB/m*, n,, m*, 1=1/Vy, [ and
1 being concentration, effective mass, transport time, mean
free path and mobility of carriers, respectively). The main
question is whether the disappearance (floating up) of de-
localized states occurs during the quantum phase transition
or it is explained by the crossover from weak localization
(quantum interference effects in a weak magnetic field) to
strong localization in the QHE regime [3, 5]. From a his-
torical point of view, the theoretical concepts were based
on the global QHE phase diagram [3], where the existence
of delocalized states in strong magnetic fields can be con-
sistent with the absence of delocalized states in zero mag-
netic field predicted by the scaling theory of localization in
the 2D case [6], only if delocalized states float up above
the Fermi energy when the magnetic field decreases to zero
(the “floating up” hypothesis) [1, 2]. The new theoretical
and experimental works shown both the floating up of de-
localized states (see, references in [4, 5]) and the
antilevitation [7 and references therein] when the energies
of delocalized states turn out to be lower than the energies

of Landau levels related to ideal system with an increase in
the degree of disorder W, or an increase in the magnetic
field strength B.

It was shown [5] that QHE behavior (with v >2) in
systems of finite dimensions at finite temperatures in the
region of weak magnetic fields is well described by the
scaling theory of QHE without using any exotic hypothe-
ses like the floating up hypothesis. In [5] it was pointed out
that there are some physical limits in observation of delo-
calized state floating up like the large localization length &
which in a magnetic field in 2D systems puts the bounds in
the form of exponentially low temperatures and exponen-
tially large sizes of the system. The Hall resistance will be
a monotonously increasing function of the magnetic field
at achievable temperatures and system sizes. The tempera-
ture dependence of the dissipative resistance near the mag-
netic field values w,t=1 changes from a weak increase in
low magnetic fields to a decrease in high magnetic fields.
Thus, the transition from dielectric behavior in zero mag-
netic field to the appearance of delocalized states in the
QHE regime occurs through a crossover between weak
localization at @, t<1 and strong localization in a quantiz-
ing magnetic field.

Usually the so-called temperature-independent point
(Ting-point) on the magnetoresistance curves measured at
different fixed temperatures serves as a boundary which
divides the regions of magnetic fields where delocalized
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Fig. 1. (Color online) Dependencies p..(B) at T = (1.8-20) K for
SQW. Inset shows the temperature dependences of p,, at fixed
magnetic fields B=0.4 T (Od)and B=1.4T (O).

states are absent and where delocalized states are responsible
for the appearance of transitions between quantized QHE
plateaus. The well-defined T;,4-point was observed in the
series of experiment in GaAs [8—12], quantum wells in the
base of InAs [13—15], graphene [16, 17], Ge [18, 19] 2D
systems. Mainly the position of T;4-point doesn’t coincide
with the magnetic field value which is the boundary be-
tween classical and quantizing magnetic fields. Moreover,
the Tiq-point position depends on carrier density [8, 13].

There are the works, which focused their attention on
studying interaction-induced effects [8, 14] and the role of
disorder potential scale on the T;,4-point position, and so
insulator-quantum Hall liquid transition [8]. It can be easily
noted that there is no clarity in this question and the most
of the work has been done on the most perfect GaAs based
system. In particular, for the GaAs/AlGaAs samples with
long-range disorder potential, which is used as a tool for
suppression of electron-electron interactions it was shown
that B, value didn’t coincide with the onset of strong loca-
lization in QHE regime [8]. On the other hand, in the
GaAs/AlGaAs quantum wells with the built-in layer of
self-assembled InAs quantum dots, which is highly disor-
dered it was made the conclusion that the critical point of
metal-insulator transition didn’t correspond to crossover
points from localization to Landau quantization [13].
Therefore, it is quite interesting problem to study the sys-
tem with a short-range disorder potential and a strong in-
terference effects.

The scaling properties of the magnetoresistance at the
Tina-point were studied in [9-18] in the context of a quan-
tum phase transition from the dielectric state to the QHE
phase occurs. There is a point of view that the nature of the
Ting-point is associated with the joint action of classical
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Fig. 2. (Color online) Dependencies p,(B) at T = (1.8-20) K
for DQW.

cyclotron motion and quantum interference effects [19].
The interpretation of the experimental data (Figs. 1 and 2)
within the scaling concept was presented in [15].

The aim of this work is to analyze the origin of the
temperature-independent point on the p, (B, T) curves in
low magnetic fields in the model of parabolic negative
magnetoresistance in n-InGaAs/GaAs nanostructures in
order to obtain a new information on the nature of transi-
tion from the dielectric phase to the phase of the quantum
Hall effect.

Experimental results and disscusion

The n-Ing,GaysAs/GaAs samples were grown by or-
ganometallic gas-phase epitaxy on semi-insulating GaAs
substrates at the Research Institute of Physics and Tech-
nology of Nizhny Novgorod University by the group of
B. N. Zvonkov. The results obtained on the same samples
as in [15] is discussed. The structures were symmetrically
doped in Si barriers (np = 10" cm ), spacer width d, = 19 nm.
The two types of structures are taken for the experiments
with the same technological parameters: single (SQW) and
double (DQW) quantum wells (see Table 1). The potential
profiles of the studied systems, as a function of the growth
direction z, were obtained from self-consistent solutions of
Schrédinger and Poisson equations [20]. In a double tun-
nel-coupled quantum well the wave functions of the energy
levels of each of the two wells are strongly mixed and form
symmetric (S) and antisymmetric (AS) states separated by
the tunnel gap Agys. It follows from the calculations that
two subbands, both of S and AS states, are filled in DQW
samples. There is also only one filled subband in the SQW
sample. One can see a quite close parameters of charge
carriers and structures (Table 1). The ratio of transport
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mean free time 1, to quantum life time t,, which character-
ize the scale of disorder potential is 141, = 1. This is an
indicator of a short-range disorder potential and agree well
with the fact that we deal with the predominantly short-
range scattering potential from the alloy scattering of elec-
trons by In atoms as substitutional impurities. Rather high
values of the parameter, k,/ > 1, indicate the good quality
of the samples studied. Effective mass of charge carriers
m*=0.058m,,, where m; is the mass of a free electron.

Table 1. Parameters of the samples: d,, is the width of the
well, d,, is the barrier width, #, is the total charge carrier concen-
tration, p is the carrier mobility, E is the Fermi energy

Sample | d,, dy, n, u, Er, kgl
nm nm | 10 m? [m*(V-s)| meV

DQW 5 10 2.27 1.13 9.4 17

SQW 10 0 2.10 1.21 8.6 12

The longitudinal p,.(B, T) and Hall p,,(B, T) components
of the resistivity tensor are measured in a magnetic field B
up to 2.5 T perpendicular to the 2D plane of the sample at
fixed temperatures 7 = 1.8-20 K in n-In;,GaggAs/GaAs
nanostructures with SQW and DQW quantum wells. Ex-
periments were carried out at the Collaborative Access
Center “Testing Center of Nanotechnology and Advanced
Materials” of the M. N. Miheev Institute of Metal Physics
of the Ural Branch of the Russian Academy of Sciences.

The experimental dependences p, (B, T) for a sample
with a SQW are shown in Fig. 1. A “dielectric” behavior of
the resistance with temperature changing occurs near weak
fields B<0.7T: p.(B, T) increases with decreasing T
(O in the inset to Fig. 1). The opposite behavior is observed
beginning with a some value of B,, i.e., p.(B, T) increases
with increasing temperature (O in the inset to Fig. 1). The
change of the temperature behavior takes place at B= B,
near magnetic fields at p, (B, T) =p,, (B, T). We don’t see
the single Ti¢-point (like in the Fig. 3), it slightly diffuses
into higher fields with increasing 7. Shubnikov—de-Haas
oscillations (with a filling factor v=8) occur in the sam-
ples at B~09T (B> B,.). The negative magnetoresis-
tance in magnetic fields B < B, is associated with quan-
tum interference corrections to the conductivity from
weak localization.

The same features can be observed for the sample with
DQW (Fig. 2). The only exception is the fact that the dif-
fuse Tjq-point places in the region of Shubnikov—de-Haas
oscillations.

Quantum effects are insignificant at high temperatures
and low magnetic fields, so the conductivity can be calcu-
lated from the kinetic equation (Drude’s expression):
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Fig. 3. (Color online) Dependencies p,,/pp on (B—B,) at T =
=(1.8-20) K for SQW.

The conductivity in the absence of a magnetic field in
weakly disordered 2D systems (kz/ >> 1) at low tempera-
tures is determine by the Drude conductivity 6, = e*kl/ h
and contributions from quantum interference corrections of
two types Ac = Ac”” + Ac® (weak localization and electron-
electron interaction). In the diffusion regime k,zT1/% <<1
and in magnetic fields B > B, = h(4eDt)™" (D is the diffu-
sion coefficient), where the effects of weak localization are
suppressed, the longitudinal magnetoresistance is given by
the expression [21, 19]

+{1—[H(T)B]2}M. ?)
op(T) op(T)

It is clear that p,, depends on B in a quadratic manner
and for uB = 1 becomes independent on T (the so-called
parabolic negative magnetoresistance model).

The experimental dependences p . (B) for the samples
under study clearly demonstrate a diffusion of Tj,¢-point in
temperature. It was shown in [22-24] that this diffusion is
associated with the temperature dependence of the electron
mobility w(7) which is determined by the temperature de-
pendences of corrections to conductivity from the interfer-
ence induced effects of weak localization and electron-
electron interaction in k7t /h <1 temperature range (kg —
Boltzmann’s constant, # — Plank’s constant), u(7") oc In (7')
[20, 22], and from exchange contribution of electron-
electron interaction (the interference contribution to the
conductivity from scattering by Friedel oscillations) in
kgTt/h>1 temperature range, W(7) c T [24]. The growth
of W(7) is essential: Ap/p(10K)=~40% for DQW and
Ap/ (10 K) = (20-25) % for SQW [24]. So, the interference-
induced effects are significant in samples under study.

pxx(B7T) =

20 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 1



Localization and interference induced quantum effects at low magnetic fields in InGaAs/GaAs structures

The critical behavior of the magnetoresistance in the
o,t=1 region was investigated in [15] where a rather
rough method for accounting of the temperature depend-
ence u(7) was used: the experimental values of p (B, T)
and p,, (B, T) were inverted into the magnetoconductivity
tensor [Eq. (1)], and then a series of curves p’ (B, T) at
different temperatures was calculated using Hall resistivity
taken only at 7'= 1.8 K, p,, (B, T'=1.8K), at the reverse
transformation. The genuine scaling properties were found
with the critical exponent values depending on the density
and mobility of the charge carriers: the lower the density
the greater the deviations from the theoretically predicted
values [15]. This fact points to the importance of the
screening of charged impurity defects by conduction elec-
trons and thus to electron-electron interactions.

Here we use another method of accounting of the tem-
perature dependence u(7). The data from Figs. 1 and 2 are
set out in coordinates [(B—-B,); p,, /pp] (Figs. 3 and 4),
B, =1/u, pp=2/0(B=B8,), where at B, ¢ (B.)=0,,(B,).
This allows us to take into account the dependence w(7)
accurately. Tj4-point is perfectly visible (Figs. 3 and 4),
which is in full accordance with Eq. (2). The results ob-
tained allow us to conclude that the nature of the temperature-
independent point is determined by the joint action of the
classical cyclotron motion and quantum interference effects of
weak localization and electron-electron interaction.

The w(T) accounting method used indicates that in our
case the T},4-point position coincides with the magnetic field
value which is the boundary between classical and quantizing
magnetic fields. For the DQW sample the T;,4-point posi-
tion is also before the region of Shubnikov—de-Haas os-
cillations (Fig. 4).
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Fig. 4. (Color online) Dependencies p,,/pp on (B — B,) at T =
= (1.8-20) K for DQW.

Tunable insulator-quantum Hall transition was demon-
strated in [8] by using gate voltage as a tool for shifting the
P (B)=p,, (B) position with respect to Tj,g-point by vary-
ing the effective amount of disorder and the carrier density
in GaAs/AlGaAs structures with long-range scattering po-
tential which was used for suppressing electron interaction.
The conclusion [8] is that at least for the system with weak
electron-electron interaction the onset of strong localiza-
tion occurs at a relatively higher field that does not corre-
spond to B, = 1/, a boundary between classical and quan-
tizing magnetic fields as it is in our experiments.

According to conclusions in [5] a quantum phase transi-
tion from the dielectric phase to the QHE phase is possible
when only a plateau with n=1 (v =1) in the QHE mode is
observed. In this case, the classical conductivity [Eq. (1)]
can be ~ e/ 2h during the QHE-dielectric phase transition
in low magnetic fields and the scale of crossover & can be
microscopic. Then a scaling behavior should be observed
at the T},¢-point [18].

A phase diagram is drawn to show conditions for transi-
tion occurrence from the dielectric phase to the QHE phase
in our system (Fig. 5). This diagram is an analogue of the
global QHE phase diagram [3]. Depending on degree of
disorder in the system the transition from the dielectric
phase to the QHE phase can occur both through the inter-
mediate phases of the quantum Hall liquid, corresponding
to the filling factors v > 1, and directly into the phase with
v =1 [18]. It is clear that there are two QHE phases with
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Fig. 5. According to [3] the part of the QHE phase diagram of the
n-Iny ,Gag gAs/GaAs structure with a SQW at 7 = 0.05 K, ob-
tained in magnetic fields up to 16 T. The break of the line sepa-
rating the dielectric phase and the QHE phase with v = 1 corre-
sponds to the achievement of limiting values of the magnetic
fields in the experimental installation. Inset: 6,.(c,,) dependence
at 7=0.05K.
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v=2and v =1 in our system, so, according to [5], we as-
sume that there is the crossover at the Tj,¢-point, which
confirms our conclusions regarding its origin.

We would like to emphasize that the found peak values
of 6, =045¢*/h for v=2 u 5 =0.52¢*/h for v=1
(Fig. 5) well correspond to the predictions of the theory
(see, for example, review [25], which up to now have been
observed experimentally only in several cases (see re-
ferences in [26]). That characterizes the systems studied as
an ideal model object.

Conclusions

It has been experimentally shown that in the structures
with strong interference-induced effects and a short-range
disorder potential the origin of the temperature-
independent point on the set of p, (B, T) curves located at
.t =1 is associated with the joint action of the classical
cyclotron motion and quantum interference effects of weak
localization and electron-electron interaction. In structures
studied the transition from the dielectric phase to the phase
of the quantum Hall effect is a crossover from weak locali-
zation (quantum interference effects in a low magnetic
field) to strong localization in quantizing magnetic fields in
the QHE regime.

The research was carried out within the state assign-
ment of Ministry of Science and Higher Education of the
Russian Federation (theme “Electron” No. AAAA-A18-
118020190098-5), supported in part by the Russian Foun-
dation for Basic Research, grant No. 18-02—-00192. Exper-
iments were carried out at the Collaborative Access Center
“Testing Center of Nanotechnology and Advanced Materi-
als” of the M. N. Miheev Institute of Metal Physics of
the Ural Branch of the Russian Academy of Sciences.
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Localization and interference induced quantum effects at low magnetic fields in InGaAs/GaAs structures

Jlokanisauis Ta KBaHTOBI iHTepdepeHLUinHi ehekTn
B CcrnabKkmx MarHiTHUX nonsx
y cTpykTypax InGaAs/GaAs

A. P. Savelyev, Yu. G. Arapov, S. V. Gudina,
V. N. Neverov, S. M. Podgornykh,
N. G. Shelushinina, M. V. Yakunin

ExcriepuMeHTaIbHO TOCHTIIKEHO MO3IOBKHINA P, (B, T) Ta X0-
niBcekuit p,(B, T) onmopu B HaHOCTpyKTypax n-InGaAs/GaAs 3
OIMHMYHAMH Ta TOABIMHMMH KBaHTOBUMM SIMAMH B Jiala3oHi
MarHiTHUX moniB B = 0-2.5 Tx Ta Temneparyp 7 = 1.8-20 K.
TlokazaHo, IO MOXO/PKCHHSI TEMIICPATypPHO-HE3aIeKHOT TOYKH,

IO 3HAXOAUTHCS MOONH3Y M.T = | Ha KPUBUX P.(B, T), OB’ s13aHe
31 CIIBHOIO JII€F0 KJIACHYHOTO LMKIOTPOHHOTO PyXy Ta KBaHTO-
BUX iHTepdepeHuiitnux edexTiB cnabkoi Tokamizauii it elneKTpoH-
eNIeKTPOHHOI B3aemMonii. OTpUMaHi pe3yJbTaTH CBil4arh, 10 Me-
pexin 3 pienekTpuuHoi ¢a3u y daszy kBaHToBoro edekry Xomia €
KpOCOBepoOM Bix ciabkoi jokani3amnii (KBaHTOBI iHTepdepeHmiliHi
edekTi B c1abKoMy MarHiTHOMY IIOJI) 0 CHJIBHOI JIOKauti3amii
IIpY KBAaHTYBAaHHI MarHiTHUX ITIOJIB Y PEKMMi KBAHTOBOTO €(EKTy
Xoina.

KurouoBi cnoBa: kBaHTOBHiT edekt Xoiuia, KpOCOBEp, KBAHTOBA
iHTepdepeHLis.
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