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Abstract. We present low-temperature transport measurements on the two-dimensional electron
gas in S-doped GaAs which undergoes an insulator—quantum Hall-insulator transition as the
magnetic field is increased. Both low- and high-field transitions are marked by peaks in oy,
and the temperature-independent critical value of oy of 0.5¢2/k per spin. We map out the
phase diagram versus disorder and magnetic field and study the temperature dependence of o,
throughout. In the quanturmn Hall region we observe Mott variable range hopping and, around
the high-field transitions, scaling via a single parameter; z = (B — B*)T %45, The functional
dependence on z above this transition is fitted by recent network percolation calculations.

The transport properties of a two-dimensional electron gas (2DEG) continue to attract much
interest both experimentally and theoretically. In particular, the simultaneous presence of
both disorder and a strong magnetic field leads to a rich variety of phenomena of which
probably the most vivid is the quantum Hall effect [1].

The theoretical phase diagram [2,3] for the integral quantum Hall effect, showing the
stable T = () phases as a function of disorder and perpendicular magnetic field B, is shown
in figure 1(a). Starting from the insulator at B = 0 with some fixed level of disorder, it is
possible to observe a sequence of transitions from insulator through various quantum Hall
liquids and then back to the insulator by increasing the perpendicular magnetic field. In
the simplest picture of the quantum Hall effect, each transition, characterized by a peak
in 0, and a step in o5y, is a consequence of the extended states at a Landau level centre
passing through the Fermi energy. The quantum Hall index s,,, which counts the number
of energies below the Fermi level at which extended states exist, decreases by one at each
transition until the insulator (s, = 0) is reached. However, since all states are localized at
zero magnetic field, a series of ‘delocalization’ transitions is required at low fields in which
extended levels pass downwards through the Fermi energy and s, is incremented. The first
theory [2] for this sequence of transitions, based on two-parameter scaling [4], proposed a
simple interpolation formula to describe how extended states shift in energy with magnetic
field. In this model, as the magnetic field rises, extended states sink in energy and cross the
Fermi level until the point is reached where disorder-broadened Landau levels become well
resolved. As the magnetic field is further increased, the extended states sit at Landau level
centres and rise in energy, eventually recrossing the Fermi level. More recently this phase
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diagram has been reproduced and extended by a global theory [3] which is also applicable
to the fractional quantum Hall effect,

Experimentally, no low-field transitions were observed until recently [5] since in high-
mobility devices the states are only weakly localized at low magnetic fields and transport is
diffusive. Support for the global phase diagram [3] does exist in the fractional regime [6,7]
while evidence inconsistent with it has been obtained from low density silicon devices [8].
The first part of this paper reports measurements on low-mobility devices which enable us
to map the sy, = 1 <+ 0 phase boundary in detail and examine the critical behaviour of the
conductivity at the transition,

In the second part we examine the finite-temperature properties of such a 2DEG where
most previous experiments have concentrated on the conductivity only at Shubnikov-de
Haas ($dH) minima. Here various authors have found simple activation [9], Coulomb-gap-
induced T'/? variable-range hopping (VRH) [10,12] or Mott's T'/* vrH [11,5]. In the
critical region it is not clear whether the conductivity should show activated [12] or quasi-
metallic [13, 14] behaviour. Our study of the temperature dependence of the conductivity
over a wide range of magnetic fields answers some of these questions. We find that in the
quanturn Hall phase, everywhere except for the critical regions, the conductivity fits Mott’s
VRH formula. Around the upper critical magnetic field we find that o, (B, T') obeys a one-
parameter scaling law which agrees with calculations [15] based on a quantum percolation
network model.

We now discuss in detail our experimental set-up and results. The devices used in this
study were fabricated from MBE-grown §-doped GaAs wafers. An n-type Si-doped plane was
incorporated into a 0.55 pm thick undoped GaAs film to form a deep potential well in which
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the 2DEG is confined close to the ionized donors and is therefore highly disordered. Three
different wafers have showr similar behaviour but the detailed measurements described
below were carried out on just one wafer for which the carrier density was 4 x 10!! cm™2
in a layer 0.3 pm below the surface. Wet etching was used to define rectangular Hall
bars of width 80 pm with voltage probes spaced 640 pm apart. Control over the carrier
concentration, and thereby also the screening and effective disorder, was provided by
application of a voltage to a surface nichrome—gold Schottky gate. Transport measurements
were carried out at temperatures between 50 mK and 1 K in a dilution refrigerator using
standard ac lock-in techniques. The four-terminal longitudinal and Hall resistivities o,
and p,y were measured simultaneously using an excitation voltage of 10 'V or less at a
frequency of 14.5 Hz. By comparing measurements on samples with different aspect ratios,
we have checked that the resistivity (not the resistance) is the critical quantity close to the
transitions.

0.3

1
o
(o))

Pxx (units of h/ez)
=
S

(;2/4 30 syun) d

10.2 Figure 2. Solid curves: oy, at T = 50, 90, 175,
2135, 250, 445, 580, 795, 915 and 1020 mK and
Vgate = —0.2 V. Dashed curves: gy at T = 50,
445 and 1020 mK. Vertical dotted lines mark the

0 critical magnetic fields B}, and By, separating the
quantum Hall region (2) from the insulating regions
(1) and (3).

When the magnetic field is swept at a set of different temperatures, p,, exhibits two
temperature-independent crossing points, similar to the results of Jiang et af {5], between
which px, is close to its plateau value (figure 2). Figure 3 shows the conductivity
components oy, and oy, obtained by inverting the resistivity tensor, at a gate voltage
of —0.2 V. Two clear transitions are observed where the temperature dependences of o,
(and p,.) change sign at critical magnetic fields Bj, and Bp,, and the curves cross at a point.
The regions labelled (1) and (3) are insulating, with ¢y, — G and 64y = O as T — 0.
Region (2) is the filling factor two quantum Hall state, with ox — 0 and oy, — 2¢?/k as
T — 0, corresponding to a partially filled lowest Landau level with spin degeneracy two.
The Landau level is not strictly degenerate in the sense gug B < &T but we cannot resolve
the spin splitting because it is much smaller than the disorder broadening. The extra peak
predicted [2] for o;, is at 7.0 T and coincides with an upward step to a plateau in oy,

Alihough our data, like those of Jiang ef af [5), display quite sharp crossing points in
Pxz» We believe that oy, which also shows temperature-independent points, is the more
important quantity, In the scaling theory of the quantum Hall effect [4], values of oy, that
are half integral multiples of e*/h (per spin) behave as fixed points under renormalization.
This is an assumption in the theory of Khmelnitskii [2] which our experiment clearly
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Figure 3. oy, and oy, caiculated from the data of
figure 2 by matrix inversion.

corroborates at both transitions. In the same temperature range, on the other hand, oy,
is weakly temperature dependent at the transitions with magnitude approximately equal to
¢*/h. Given the good agreement between theoretical expectations and the experimental
values of the conductivity components at the transitions, it is reasonable to explain the
virtual temperature independence of pg,, as coincidence specific to the twansition between
filling factors zero and two. This follows from matrix inversion assuming oyy = oy with
oy varying only weakly. Although our data do not show this, we would not necessarily
expect temperature-independent behaviour for p,, at transitions between other filling factors
where 05y 3 Oy e2/h.

Curves like those in figures 2 and 3 correspond to a slice through the phase diagram
along something like the trajectory shown as a dotted line in figure 1(a). Repeating the
measurement for different levels of disorder by adjusting the gate voltage, we can shift the
critical magnetic fields and so map out an experimental phase diagram. As the gate voltage
is made increasingly negative, the width of the quantum Hall region diminishes until at
—{0.385 V it just vanishes. There is still a pronounced minimum in p,,(B) and a weak
plateau in p.,(B) at more negative gate voltages, where the device is always insulating,
presumably due to critical quantum-Hall-like fluctvations that persist into the insulating
phase.

QOur experimental phase diagram is plotted in figure 1(b). In reality the disorder cannot
be expected to remain constant with magnetic field: wavefunction shrinkage will increase
the effective disorder at high magnetic fields, hence the upward curve to the dotted trajectory
in figure 1(a). This variation we determined empirically from the device magnetoresistivity
measured at a high temperature and used to calibrate the disorder axis in figure 1(b) (dotted
construction lines). The theories [2, 3] parametrize disorder via a Drude-type conductivity on
a microscopic length scale of the order of the magnetic length and the nearest experimental
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analogue is the high-temperature (classical) resistance which is determined on the scale of
the inelastic length. The aim is to make our phase diagram as independent as possible of
sample-dependent microscopic details although we have neglected the small (15%) change
in carrier concentration which occurs in our experiment. The high temperature we have used,
T ~ 100 K, may introduce complications in that new mechanisms could affect the transport
but, in any case, our measure of disorder increases monotonically with negative gate voltage
and with magnetic field and therefore cannot alter the topology of the s,y = 1 <+ 0 boundary
which is seen to be as theoretically predicted [2, 3].

Turning now to the finite-temperature behaviour of o,,, throughout the entire magnetic
field range our data, within the experimental error, fits the 20 Mott hopping formula:
oxx = opexp—(To/T)' where o, is assumed constant and Ty « 1/£2%, & being the
localization length. The range over which o, varies is too small (an order of magnitude
or less) to clearly distinguish between the Mott law and the Efros—Shklovskii law, which
has exponent % However, in the quantum Hall regions at low disorders, where o, varies
most, several pieces of evidence combine to favour the Mott formula. Firstly, in this region
we can fit the data allowing the power in the hopping formula to vary freely as well as
oo (assumed temperature independent) and Ty, and find it to be 0.32 + 0.02. The error
describes the scatter in fits taken at different magnetic fields throughout the central 70% of
the quantum Hall region where the oy, variation is sufficiently great. One might expect
this value to be affected by any possible temperature dependence of the prefactor op but
the independence of the exponent on magnetic field is reassuring. The value obtained for
op also remains fairly constant at a reasonable value of about 2/ k. The T1/? law fit also
gives the correct localization length exponent near the transition: according to theory and
experiment [16], £ diverges as £ ~ |B — B*|™" near the centre of a disorder-broadened
Landau level with v ~ 2.3. From fits assuming the T'/? law we find near the tansitions
but not so close that hopping breaks down, that Ty ~ |B — B*|* with x = 5+ 1. This agrees
with Ty oc 1/£% in the Mott equation which implies x = 2v = 4.7. If we cary out the same
procedure for fits assuming the T'/? law we obtain approximately the same experimental
value for x but, since the Efros—Shklovskii law has Ty o< 1/£, the theoretical expectation
would be x = v = 2.3. Finally, the T'/2 law fitted to our data gives unphysical localization
lengths, greater than the sample size. Mott T'/* hopping is rarely observed in measurements
taken at o, minima; a Coulomb-gap-induced T'/? dependence is more common. However,
our fits yield hopping lengths which are unusually large, greater than the separation between
gate metal and 2DEG. The explanation for T'/? behaviour may therefore be that the gate is
effective at screening the hopping charges and the Coulomb gap in the density of states is
removed.

Next we consider the conductivity in the critical region around B(,, where the
temperature dependence is too weak to distinguish between alternative possible forms for
02 (T). Here it is predicted [13] that the transport is quasi-metallic once the localization
length is greater than the inelastic length and can be described as a function of a single
parameter, z = {B — B*)T~#, where . is a critical exponent. Our experimental o, curves
do indeed collapse onto universal functions of z for 4 = 0.45 + 0.05 while for oy, due
to a slight temperature dependence even at the transition, the scaling is worse (figure 4
inset). Previous experiments [17-19], focusing on the half-width of the p,, peak and the
derivatives of the Hall resistivity, d®p,, /dB®, half-way between plateaux, have obtained
a range of values for u. Our result is consistent with the value g = 0.43 = 3/7 [17]
explained by various theories [13, 14,20].

For B > By, the scaling of ox; is good over the whole height of the peak and,
moreover, is quantitatively well described by the scaling function [15] calculated for 2
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network quantum percolation model. This is shown in figure 4 where our experimental o,
has been scaled down by a factor of just over two so that its height is exactly 0.5¢%/h
and then fitted to the numerical results [15], assuming g = 3/7, via a single parameter
¢ which determines the horizontal position of the curve. The same calculations were also
successfully fitted [15] to data for the s,y = 3 < 2 transition indicating that both quantum
Hall-quantum Hail and quantum Hall-insulator transitions are in the same universality class
[217.

For B < By, the scaling is worse, perhaps because of the overlap between the peaks,
and the calculations do not fit the data. The approximate scaling function obtained can be
fitted to a simple activation law for o, > 0.7¢*/h while for o, < 0.6¢%/ 1 our VRH fit is
good, vielding a best exponent of close to 0.33. This lends credence to the VRH approach to
the temperature dependence of the peak width adopted in [12] but the prediction y£ = 0,42
requires Efros—Shklovskii rather than Mott VRH. On the other hand, the value u = 0.42
from scaling arguments is independent of the precise functional dependence of o, on 2.

Figure 5. Conductance versus magnetic field for a Corbino
device at full illurnination (iii) and at two intermediate
stages (i) and (ii), The weak features (7) at low fields
are accentuated in a numerical derivative (lower graph) of
curve (iii).
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Finally, it is interesting to see whether more of the left-hand side of the phase diagram
can be observed, for example the s,y = 1 < 2 transition. One problem is that, as the
disorder is reduced, a sample of practicable size may become weakly localized at B = 0
before the s, = 2 phase is reached. To check whether this is the case we used ungated
Corbino devices made from the same material and reduced the disorder via progressive
illumination utilizing the persistent photoconductivity effect. Results on discs of inner and
outer radii of 480 and 760 g, respectively, show metallic behaviour at B = 0 before the
N = 2 sdH oscillation is visible. Surprisingly, however, close to full illumination, even
though o, (0) 3> e2/h, there are very weak features in oy, (B) at 50 mK (figure 5, curve
(i)} which might correspond to delocalization transitions. The first three $dH peaks are seen
at B =18, 9 and 6 T but the fourth is not visible at 4.5 T. Two extra features (enhanced in
the figure via a numerical derivative) occur at lower fields of 1.5 and 2.5 T. Since g, cannot
be measured on these devices, we cannot use the quantization of the Hall conductivity to
identify these as phase transitions, nor do we have a great enough experimental range to
verify that these peaks shift in the opposite direction to the SdH peaks as the disorder is
varied. What we do observe after successive illuminations (curves (i) and (ii}))} is that the
0z = 0 « 1 peak shifts to lower fields and is lost in the metallic background before the
N = 2 sgn peak appears. The N = 3 SdH oscillation emerges next at about the same stage
ag the two weak low-field features. If we speculate that the new features do mark quantum
Hall delocalization transitions, then the associated divergences of localization length will not
much affect transport in the weakly localized regime, and transitions other than sy, =0 < 1
will be very difficult to observe clearly.

In conclusion we have observed an insulator-quantum Hall-insulator transition by
applying a perpendicular magnetic field to a highly disordered 2DEG and have mapped
out part of the phase diagram using a Schottky gate to vary the disorder. In the quantum
Hall liquid state, apart from the critical regions, we have found Mott VRH. The localization
length diverges as the transitions are approached and here we observe single-parameter
scaling: on8 = 045(B — B*)I' ¥, where ¢ =~ 3/7. The form of o,.(B,T) above the
high-field transition is well described by recent calculations.
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