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The longitudinal ρxx(B, T) and Hall ρxy(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 ωcτ ≅ 1 on the ρxx(B, T) 
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 

  1cBµ =ω τ  has a long history [1–5] and remains in the 
spotlight for lack of microscopic theory of the quantum 
Hall effect (QHE) [4] ( *  /c eB mω = , nc, *m , / Fl Vτ = , l and 
µ 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 2ν > ) 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 ξ  
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  1 cω τ=  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  1 cω τ<  and strong localization in a quantiz-
ing magnetic field. 

Usually the so-called temperature-independent point 
(Tind-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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states are absent and where delocalized states are responsible 
for the appearance of transitions between quantized QHE 
plateaus. The well-defined Tind-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 Tind-point doesn’t coincide 
with the magnetic field value which is the boundary be-
tween classical and quantizing magnetic fields. Moreover, 
the Tind-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 Tind-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 Bc 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 
Tind-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 
Tind-point is associated with the joint action of classical 

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 ( ,  )xx B Tρ  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-In0.2Ga0.8As/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 (nD = 1018 cm–2), spacer width ds = 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 
Schrödinger 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 ΔSAS. 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 

Fig. 1. (Color online) Dependencies ρxx(B) at T = (1.8–20) K for 
SQW. Inset shows the temperature dependences of ρxx at fixed 
magnetic fields B = 0.4 T () and B = 1.4 T (). 

Fig. 2. (Color online) Dependencies ρxx(B) at T = (1.8–20) K 
for DQW. 
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mean free time τtr to quantum life time τq, which character-
ize the scale of disorder potential is τtr/τq ≈ 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, 1Fk l  , indicate the good quality 
of the samples studied. Effective mass of charge carriers 

*
0  0.058m m= , where m0 is the mass of a free electron. 

The longitudinal ρxx(B, T) and Hall ρxy(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 T = 1.8–20 K in n-In0.2Ga0.8As/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 ρxx(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 < 0.7 T: ρxx(B, T) increases with decreasing T 
( in the inset to Fig. 1). The opposite behavior is observed 
beginning with a some value of Bc, i.e., ρxx(B, T) increases 
with increasing temperature ( in the inset to Fig. 1). The 
change of the temperature behavior takes place at B ≅ Bc 
near magnetic fields at ( ,  ) ( ,  )xx xyB T B Tρ = ρ . We don’t see 
the single Tind-point (like in the Fig. 3), it slightly diffuses 
into higher fields with increasing T. Shubnikov–de-Haas 
oscillations (with a filling factor   8ν= ) occur in the sam-
ples at 0.9 TB ≈  (B > Bc). The negative magnetoresis-
tance in magnetic fields cB 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 Tind-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): 

 2 ,
1 ( )

.

D
xx

c

xy c xx

σ
σ =

+ ω τ

σ = ω τσ
  (1) 

The conductivity in the absence of a magnetic field in 
weakly disordered 2D systems (kFl >> 1) at low tempera-
tures is determine by the Drude conductivity 2 /D Fe k l hσ =  
and contributions from quantum interference corrections of 
two types WL ee∆σ = ∆σ + ∆σ  (weak localization and electron-
electron interaction). In the diffusion regime / 1Bk Tτ <<  
and in magnetic fields 1

tr (4 )B B h eD −> = τ  (D is the diffu-
sion coefficient), where the effects of weak localization are 
suppressed, the longitudinal magnetoresistance is given by 
the expression [21, 19] 
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It is clear that ρxx depends on B in a quadratic manner 
and for µB = 1 becomes independent on T (the so-called 
parabolic negative magnetoresistance model). 

The experimental dependences ( )xx Bρ  for the samples 
under study clearly demonstrate a diffusion of Tind-point in 
temperature. It was shown in [22–24] that this diffusion is 
associated with the temperature dependence of the electron 
mobility µ(T) 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 / 1Bk T hτ   temperature range (kB — 
Boltzmann’s constant, h — Plank’s constant), ( ) ln ( )T Tµ ∝  
[20, 22], and from exchange contribution of electron-
electron interaction (the interference contribution to the 
conductivity from scattering by Friedel oscillations) in 

/ 1Bk T hτ   temperature range, ( )  T Tµ ∝  [24]. The growth 
of μ(T) is essential: / (10 K) 40 %∆µ µ ≈  for DQW and 

μ / (10 K) (20–25) %∆ µ ≈  for SQW [24]. So, the interference-
induced effects are significant in samples under study. 

Fig. 3. (Color online) Dependencies ρxx/ρD on (B – Bc) at T = 
= (1.8 – 20) K for SQW. 

Table 1. Parameters of the samples: dw is the width of the 
well, db is the barrier width, nt is the total charge carrier concen-
tration, µ is the carrier mobility, EF is the Fermi energy 

Sample dw,  
nm 

db,  
nm 

nt, 
1015 m–2 

µ, 
m2/(V⋅s) 

EF, 
meV 

kFl 

DQW 5 10 2.27 1.13 9.4 17 
SQW 10 0 2.10 1.21 8.6 12 
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The critical behavior of the magnetoresistance in the 
ω 1cτ ≅  region was investigated in [15] where a rather 
rough method for accounting of the temperature depend-
ence ( )Tµ  was used: the experimental values of ( ,  )xx B Tρ  
and ( ,  )xy B Tρ  were inverted into the magnetoconductivity 
tensor [Eq. (1)], and then a series of curves * ( ,  )xx B Tρ  at 
different temperatures was calculated using Hall resistivity 
taken only at T = 1.8 K, ( ,  1.8 K)xy B Tρ = , 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 ( )Tµ . The data from Figs. 1 and 2 are 
set out in coordinates ][( ); /c xx DB B− ρ ρ  (Figs. 3 and 4), 

1 /cB = µ , 2 / ( )D cB Bρ = σ = , where at cB  ( ) ( )xx c xy cB Bσ = σ . 
This allows us to take into account the dependence ( )Tµ  
accurately. Tind-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 ( )Tµ  accounting method used indicates that in our 
case the Tind-point position coincides with the magnetic field 
value which is the boundary between classical and quantizing 
magnetic fields. For the DQW sample the Tind-point posi-
tion is also before the region of Shubnikov–de-Haas os-
cillations (Fig. 4). 

Tunable insulator-quantum Hall transition was demon-
strated in [8] by using gate voltage as a tool for shifting the 

( ( ) )xx xyB Bρ =ρ  position with respect to Tind-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 Bc = 1/μ, 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  1 n=  ( 1 ν = ) in the QHE mode is 
observed. In this case, the classical conductivity [Eq. (1)] 
can be 2~ / 2e h  during the QHE-dielectric phase transition 
in low magnetic fields and the scale of crossover ξ can be 
microscopic. Then a scaling behavior should be observed 
at the Tind-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 ν > 1, and directly into the phase with 
ν = 1 [18]. It is clear that there are two QHE phases with 

Fig. 5. According to [3] the part of the QHE phase diagram of the 
n-In0.2Ga0.8As/GaAs structure with a SQW at T = 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 ν = 1 corre-
sponds to the achievement of limiting values of the magnetic 
fields in the experimental installation. Inset: σxx(σxy) dependence 
at Т = 0.05 K. 

Fig. 4. (Color online) Dependencies ρxx/ρD on (B – Bc) at T = 
= (1.8–20) K for DQW. 
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ν = 2 and ν = 1 in our system, so, according to [5], we as-
sume that there is the crossover at the Tind-point, which 
confirms our conclusions regarding its origin. 

We would like to emphasize that the found peak values 
of 20.45 /xx e h=σ  for 2ν =  и 20.52 /xx e h=σ  for 1ν =  
(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. 

Сonclusions 

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 ( ,  )xx B Tρ  curves located at 

1cω τ ≅  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. 
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Локалізація та квантові інтерференційні ефекти 
в слабких магнітних полях 
у структурах InGaAs/GaAs 

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

Експериментально досліджено поздовжній ρxx(B, T) та хол-
лівський ρxy(B, T) опори в наноструктурах n-InGaAs/GaAs з 
одиничними та подвійними квантовими ямами в діапазоні 
магнітних полів B = 0–2.5 Тл та температур T = 1.8–20 К. 
Показано, що походження температурно-незалежної точки, 

що знаходиться поблизу ωcτ ≅ 1 на кривих ρxx(B, T), пов’язане 
зі спільною дією класичного циклотронного руху та кванто-
вих інтерференційних ефектів слабкої локалізації й електрон-
електронної взаємодії. Отримані результати свідчать, що пе-
рехід з діелектричної фази у фазу квантового ефекту Холла є 
кросовером від слабкої локалізації (квантові інтерференційні 
ефекти в слабкому магнітному полі) до сильної локалізації 
при квантуванні магнітних полів у режимі квантового ефекту 
Холла. 

Ключові слова: квантовий ефект Холла, кросовер, квантова 
інтерференція. 
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