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Abstract. We present measurements of the diagonal R,, and off-diagonal R,, magnetoresistance under
quantum Hall conditions on several high electron mobility transistors (HEMT) based on Iny,Gai—_5As
quantum wells. From the magnetoresistance tensor we obtain the longitudinal conductivity o.. We study
the transport mechanisms near the o, minima at temperatures ranging between 2 K and 35 K; activated
transport is the dominant mechanism for temperatures above 7 K while variable range hopping conductivity
is significant for lower temperatures. We show that electron-electron correlations should be taken into
account to explain the conductivity vs temperature behaviour below 5 K. Finally, we study the behaviour
of the localization length as a function of Landau level filling and obtain a critical exponent v = 3.45+0.15.

PACS. 72.80.Ey III-V and II-VI semiconductors — 73.43.Qt Magnetoresistance — 72.20.Ee Mobility edges;

hopping transport

1 Introduction

The integer quantum Hall effect in a disordered two-
dimensional (2D) electron gas provides an experimental
system to study localization to delocalization transitions.
Early experimental studies [1] and theoretical results [2]
found that the width of the transition region shrinks as
the temperature goes to zero according to a power law of
the form

AB, (5pary/5B)r;;x o< T, (1)
with an universal exponent x = 0.42 £ 0.04, which was
obtained by Wei et al. [3,4]. The universality of x is
still controversial and it has been a point of discus-
sion. Experimental measurements on In,Gaj;_,As het-
erostructures [5,6] and on Si-MOSFETs (metal-oxide-
semiconductor field-effect transistors) [7] led to the con-
clusion that & is not universal showing a dependence with
carrier mobility and doping densities, taking values rang-
ing between 0.28 £ 0.06 < xk < 0.81 £ 0.03. This critical
exponent is closely related to the behaviour of the local-
ization length, &, near the Fermi level, which is described
by the expression:

§(v) = &olv — ol ™7, (2)
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where v is the Landau level filling and vy is the fill-
ing where the localization length diverges, i.e. the mo-
bility edge. The maximum localization (£, minimum) is
obtained at even Landau level fillings, when o, is a mini-
mum and the plateau of the integer quantum Hall effect is
well defined. Most of the studies on the scaling behaviour
of integer quantum Hall effect have been devoted to the
transition between adjacent plateaus. In this paper we fo-
cus our interest on the minimum of Shubnikov-de Haas os-
cillations, where localization is maximum and the 2D elec-
tron gas provides an experimental system where transport
mechanism between localized states can be studied.

When electron states are localized and the low tem-
perature limit is considered, the only possible mechanism
of electronic transport is variable-range hopping. Theo-
retical calculations of the temperature dependence of o,
including the effects of Coulomb interactions performed
by Efros and Shklovskii [8] led to a modification of
Mott’s law of variable range hopping [9]. They found that
the conductivity, when considering the existence of the
Coulomb gap, is of the form,

Oz = 09 exp{—(To/T)*/?}, (3)

with the exponent 1/2 independent of the dimensionality
of the system. T} is given by the expression:

et
Gka’

To=p (4)
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where ¢ denotes the localization length of the electrons
and [ is a numerical coefficient that depends on dimen-
sionality. Using the usual percolation theory for hopping
transport one obtains § ~ 6.2 for 2D systems. Evidence
of the importance of electronic correlations due to ex-
change in uncompensated p-type insulating Si:B when a
magnetic field is applied were early reported [10]. Since
then, several experimental measurements on a wide vari-
ety of samples imply that 8 should have a smaller value
than predicted by Efros and Shklovskii [11-13]. The quan-
tum Hall conditions of a 2D electron gas is nowadays the
best experimental system to perform magnetotransport
measurements at low temperatures and much effort have
been devoted to relate variable range hopping with the
scaling behaviour observed in such systems. Polyakov and
Shklovskii [14] explained the broadening of the conductiv-
ity peak in terms of variable range hopping,relating the
critical exponent v of equation (2) to the variable range
hopping parameter Ty. They obtained v ~ 2.3. A detailed
calculation of the effect of screening of the Coulomb in-
teraction on the conductivity in the quantum Hall con-
ditions was performed later [15]. This screening is pro-
vided by the metallic gate evaporated parallel to the plane
of the 2D electron gas present in the transistor used in
measurements and should be taken into account in order
to explain experimental results obtained on such struc-
tures. The x exponent of equation (1) turned out to be
equal to 1/27, observation of such dependence will prove
that Coulomb interactions play an important role for the
conductivity in the minima of the Shubnikov-de Haas os-
cillations. More recently, Pérez—Garrido et al. [16] per-
formed detailed computer calculations taking full account
of many-body effects of Coulomb interactions on strongly
localized electron systems. They showed that correlations
in the motion of electrons cannot be neglected in a trans-
port theory in the Coulomb gap, the 3 value obtained
being an order of magnitude lower than the reported by
Efros and Shklovskii in two-dimensional systems.

For higher temperatures than previously considered,
hopping conductivity can be damped by activated trans-
port. The activation-type conductivity does exists when
temperature is high enough to bring electrons from the
localized states to the mobility edge of the next empty
Landau level. The contribution to the conductivity of such
activated transport is given by the following equation,

Oxax = 00 exp(—Eg/QkBT), (5)

where E, is the energy gap between the Fermi level and
the mobility edge. When the Fermi level is placed on lo-
calized states at an integer Landau level filling (where lo-
calized states are supposed to be [17]), the energy gap
is half the energy between adjacent Landau levels (in an
ideal case without considering the broadening provided
by impurities and imperfections). If we move the Fermi
level along the density of localized states towards the next
Landau level, filling empty localized states the energy gap
reduces linearly. In a 2D electron gas existing in transis-
tor systems, this is achieved by applying a variable gate
voltage to the semiconductor heterostructure.
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Table 1. Summary of characterization results of samples S1
and S2 at zero gate voltage: electron density, effective mass,
transport lifetime 79 and quantum life time 74.

1e(101° m2)
S1  1.70 £0.01
S2  1.50 +£0.01

70(ps) 7q(ps)
0.066 + 0.002 0.87 +£0.03 0.11 +0.01
0.063 +0.004 0.80 +0.05 0.20 +0.01

m*/mo

For temperature dependent magnetotransport mea-
surements in the minima of Shubnikov-de Haas oscilla-
tions, both transport mechanisms should be considered.
At lower temperatures, variable range hopping will be
the fundamental contribution to transport between local-
ized states while for higher temperatures, approximately
above 5 K, activated transport will become more impor-
tant damping the hopping behaviour. At low magnetic
fields, these measurements cannot be accomplished be-
cause Landau levels are very close to each other and lo-
calized states are too close to extended ones, in this case
hopping conductivity does not play any role. Experimen-
tal measurements should be performed for high magnetic
fields so Landau levels would be clearly resolved.

2 Samples and measurements

We have performed magnetotransport measurements on
two different samples, called S1 and S2 in this paper.
Both are pseudomorphic high electron mobility transis-
tors (HEMT) based on In,Ga;_,As channels with dif-
ferent kind of doping layers: S1 sample is delta doped
and S2 sample is modulated doped. Both samples were
grown by Molecular Beam Epitaxy (MBE) on semiinsu-
lating (100) GaAs substrates. The S1 sample has a 120 A
thick Ing.3Gag.7As channel followed by an Aly3Gag.7As
barrier in which is embedded a doping Si delta layer
Np = 2.45x 102 ¢cm~2, a 50 A thick spacer is placed over
the well, the sample is finally covered by a 200 A GaAs
caplayer. The S2 sample has a 130 A thick Ing.18Gag.gaAs
channel followed by 190 A thick Alp.GaggAs barrier
which is homogeneously Si doped Np = 3 x 10'® cm™3,
a 20 A thick spacer is placed over the well. In order to
perform the measurements, Hall bar shapes were pho-
tolithographied on the samples, with a distance of 325 pm
between longitudinal resistance probes and a 3.5 length-
to-width ratio. Ti-Al top gates were evaporated on the
Hall bars to modulate charge into the channel using a gate
voltage. Both samples have been well characterized [18],
a summary of characterization parameters is given in Ta-
ble 1. For sample S1, the delta doped one, an oscillatory
behaviour of effective mass depending on Landau level fill-
ing under strong magnetic fields have been reported [19].
In this paper, we present results for a fixed magnetic field
at different Landau level fillings as will be explained be-
low. A well defined value for the effective mass can be
considered for every empirical calculation.

We have measured, using the four-point technique, the
diagonal (R,,) and off-diagonal (R,,) components of the
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Fig. 1. Diagonal and off-diagonal magnetoresistance measure-
ments performed on S1 sample at different temperatures as
function of applied gate voltage at a fixed magnetic field B =
10.5 T. R,z shows the Shubnikov-de Haas oscillations and R,
shows the integer quantum Hall plateaus for v = 2,4, 6,8 Lan-
dau level fillings.

transverse magnetoresistance tensor. The magnetic field
was applied perpendicular to the two dimensional elec-
tron gas of the heterostructure. The maximum magnetic
field was 12 T. The temperature was highly stabilized for
each measurement in a wide range going from 2 K to 35 K.
When the temperature is stabilized, we introduce a contin-
uous current of 10 pA which flows between both extremes
of the Hall bar. V., was measured between longitudinal
probes and V,, between transversal probes, the magne-
toresistance tensor is directly obtained from this measure-
ments. For each temperature two kinds of measurements
were performed: a magnetic field sweeping for a fixed gate
voltage and a gate voltage sweeping for a fixed magnetic
field (in this case we used 10.5 T for measurements on
S1 sample and 7.87 T on S2 sample, this value is selected in
order to study the lowest Landau levels). We show in Fig-
ure 1 the magnetoresistance vs gate voltage measurements
performed on S1 at B = 10.5 T for some temperature val-
ues. We observe the integer quantum Hall plateaus at the
expected values for even Landau level fillings (for ¢ = 2, 4,
6 and 8) and the corresponding Shubnikov-de Haas oscil-
lations on the diagonal component. The amplitude of the
oscillations decreases with the temperature and it is pos-
sible to select particular values for a determined Landau
level filling (at a specific gate voltage value) to study the
behaviour of the magnetoresistance as a function of tem-
perature. The advantage of this procedure is that temper-
ature is always very exactly determined avoiding gradient
effects along the sample because each temperature value is
stabilized for a long time using a PID intelligent temper-
ature controller. It guarantees a fixed temperature during
the complete measurement. Afterwards we can take mag-
netoresistance values for every gate voltage (equivalent to
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every Landau level filling) to obtain the dependence with
temperature in the range from 2 K to 35 K avoiding tem-
perature displacements and temperature gradients along
the sample.

3 Results

From both the diagonal and off-diagonal components of
the magnetoresistance tensor we can obtain by inverting
such tensor the components of conductivity, in particu-
lar o0,,, the diagonal component, which is often called
longitudinal conductivity:

S Ryw/LW

(6)

where LW is the length to width ratio of the samples.
Our experimental results are very dense data files so we
have R., and R,, data for every temperature, magnetic
field and gate voltage and we can obtain, using equa-
tion (6), indirect experimental values of the longitudinal
conductivity. Results are obtained for all measurements in
the temperature range going from 7'= 2 K to T' = 35 K.
The conductivity o,, are obtained for different Landau
level fillings at a fixed magnetic field (for S1 sample at
B =10.5T and for S2 sample at B = 7.87 T). The struc-
ture of Landau levels remains fixed at a constant magnetic
field and we “move” the Fermi level across this structure
when we change the gate voltage. Two special points at ev-
ery Landau level should be mentioned. The first one is the
minima of the oscillations, it corresponds to the half ex-
tent of the quantum Hall plateaus in the off-diagonal con-
ductivity, Fermi level are then anchored on the localized
states which populates this special point of the density of
states where magnetic induced localization is maximum.
The second interesting point is the crossing of all the plots
at the mobility edge, beyond which, the Fermi level is lo-
cated on extended states and the quantum Hall plateus
remains no longer quantified, furthermore, they show the
transition from one plateau to the next one.

We have studied in detail the conductivity behaviour
as a function of temperature for a great set of Landau level
fillings from the minima of the oscillation to the mobility
edge. For every filling, given by a fixed gate voltage value,
we select all the different temperature points to construct
the behaviour of the conductivity with the temperature
in the range from 2 K to 35 K. This can be seen in Fig-
ure 2 for S1 sample, where o,, is plotted as a function
of T=/2 for twenty-two different gate voltages ranging
from Vo = —0.94 V to V, = —0.72 V. The first gate volt-
age corresponds to a Fermi level placed on localized states
at the bottom of the oscillation (at integer ¥ = 4 Landau
level filling) and the last one to the next mobility edge of
empty extended states. Straight lines showing the fitting
for the lower temperature range (below 5 K) are superim-
posed to the experimental points. From this kind of plot
(042 at logarithmic scale as a function of inverse of tem-
perature or as a function of square root of inverse of tem-
perature) we can obtain by linear fitting the transport
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Fig. 2. Diagonal conductivity of sample S1 as a function of the
square root of the inverse of the temperature for different Lan-
dau level fillings ranging from the minima of the Shubnikov-de
Haas oscillation which corresponds to v = 4 Landau level to the
next mobility edge. Applied gate voltage ranges from —0.94 V
to —0.72 in steps of 0.05 V. We also show the linear fitting
(in logarithmic scale) for the lower temperature range of the
twenty two plots.

Table 2. Summary of experimental results of samples S1
and S2. For every sample at a fixed magnetic field we show
the transport parameters for variable range hopping: To ob-
tained experimentally and § deduced from the former, and for
activated transport, the energy gap between Fermi level and
mobility edge, E,. (Errors are lower than 5%.)

Magnetic Landau To(K) 8 Eg(meV)
field (T) level
2 39.5 0.25 2.16
S1 10.5 4 40.8 0.26 2.20
6 354 023 2.53
4 16.9 0.13 1.21
S2 7.87 6 16.3 0.12 1.23
8 16.2 0.12 1.42

parameters of both mechanisms which are playing a role:
variable range hopping for lower temperatures (below 5 K,
fitting the 1/7%/2 plot), and activated transport for higher
temperatures (up to 35 K, fitting the 1/T plot). This can
be done for every Landau level filling from the minima of
the oscillation to the mobility edge.

In Table 2 we show the results for the minima of the
Shubnikov-de Haas oscillations at three integer Landau
level fillings for both samples. From the higher tempera-
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ture portion of the plots we obtained the activation en-
ergies, say, the energy gap from the Fermi level to the
mobility edge, called E; in equation (5). It corresponds
(for 04z min) to half distance between the maximum of
the Landau level peaks of the density of states. From the
lower temperature portion we obtain the variable range
hopping experimental parameter T of equation (3); from
this value, the parameter 5 can be calculated using equa-
tion (4), which is supposed to apply when the localization
is maximum. This happens when the Fermi level is at the
bottom of the Shubnikov-de Haas oscillation, where we
can consider that the localization length is the shortest
one and takes for its value the magnetic length given by
& ~ 1 = (h/eB)Y?, where B is the applied magnetic
field. In equation (4) we have used the dielectric constant
for the material of the quantum well, which is the channel
where electrons move. It is usual to take e(In, Ga;_, As) =
(1—x)e(GaAs)+ze(InAs) when such material is a ternary
alloy; from the values for GaAs and InAs we obtain for
Sl: eg1 = 13.77 and for S2: eg5 = 13.54. At the end, we
have a relation between the experimentally measured Tj
and the parameter 3, which is also shown in Table 2. The
values obtained are an order of magnitude lower than pre-
dicted by one-electron theory. They are much closer to nu-
merical calculations which take into account many-body
effects [16].

Finally, we discuss the transition from localized to de-
localized states. It is observed when the Fermi level is
moved across the Landau level structure by varying the
gate voltage applied to the semiconductor heterostructure
for a given magnetic field. The transition happens when
the Fermi level moves from the minima of Shubnikov-
de Haas oscillations, which corresponds to well defined
integer quantum Hall plateaus and where localization is
maximum (minimum localization length), to the mobility
edge where extended states begin to be occupied. We have
studied in detail the case of the transition from Landau
level v = 4 to the next mobility edge on S1 sample. We
obtained the transport parameters for different Landau
level fillings ranging from the minima of the oscillation at
Ve = —0.94 V to the mobility edge at V; = —0.72 V. The
activated transport parameters gives the energy gap for
every Landau level filling showing as expected a linear de-
pendence with the gate voltage, as can be seen in Figure 3:
Eg changes linearly from his maximum value to zero. We
can state that AV, oc Av. From the variable range hop-
ping parameter Tg, obtained at every Landau level filling,
we can deduce the localization length ¢ taking for the
v = 4 level the value 8 = 0.26 previously obtained. The
results are shown on Figure 4 where we plot logarithmi-
cally £ as a function of the Landau level filling, obtaining
clearly a behaviour described by equation (2). We obtain
the critical exponent of equation (2) from the linear fit-
ting shown in Figure 4. The value obtained for the critical
exponent is v = 3.45 + 0.15.
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Fig. 4. Critical behaviour of the localization length £ as a function of Landau level filling as it grows from the minimum length
(maximum localization) at v = 4 Landau level to the next mobility edge. It can be observed how £ diverges when Fermi level

approximates to the mobility edge.

4 Conclusion

We have performed magnetoresistance measurements on
a two—dimensional electron gas confined in the quantum
well of an In,Ga;_,As high electron mobility transistor.
We studied in detail the temperature dependence of con-
ductivity at the minima of Shubnikov-de Haas oscillations
where localized states are contributing to electronic trans-
port. Two transport mechanisms play an important role,
but at very low temperature, variable range hopping is the
only mechanism. We obtain the parameter § = 0.26 +0.02
which is an order of magnitude lower than the value pre-
dicted by one-electron theory, reinforcing the opinion that

electron correlations play an important role on variable
range hopping conductivity of such systems. At higher
temperatures activated transport turns out to be the dom-
inant mechanism and damps the hopping contribution.
Localization to delocalization transition have been stud-
ied and a parameter v = 3.45 £ 0.15 is obtained.
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