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We carried out magnetotransport measurements and scaling analysis to report on a new magnetic-
field-induced metal-insulator transition in two dimensions, where the separatrix between insulating and
conducting states appears at a critical magnetic field. In the insulating state, a giant magnetoresistance
is observed over a wide range of magnetic field. At the transition, the resistance remains nearly constant
over two decades of temperature. In the conducting state a quantum Hall plateau is observed at h/2e2.
The critical exponent is in agreement with those of similar transitions in the quantum Hall regime, possi-

bly reflecting a symmetry between the delocalization processes in 2D.

PACS numbers: 71.30.+h, 73.20.Fz, 73.20.Jc

The interplay between localization and the manifesta-
tion of macroscopic quantum phase coherence in two di-
mensions (2D) has been a subject of intense study. On
the one hand, it is understood from the scaling theory of
localization that all electronic states become localized by
any small amount of disorder; thus no metallic phase with
nonzero conductivity is allowed in 2D [1]. On the other
hand, the electronic wave functions may become extended
because of the particular quantum mechanical nature of a
system, and there may be a vanishing resistance [2]. Of
particular interest are the magnetic-field-induced 2D
insulating-to-conducting transitions. At present the
known ones include the superconductor-insulator transi-
tion [3], which is believed to reflect the fundamental na-
ture between charge and flux duality in 2D [4], and the
transitions between the plateaus in the quantum Hall
effect [5], where the celebrated single-parameter scaling
theory breaks down and must be replaced by a two-
parameter scaling theory [6]. In this Letter we address
questions that arise from the following consideration.
Given that at zero magnetic field a system must be local-
ized at sufficiently low temperatures, and that at strong
magnetic fields the quantum Hall effect is present as an
extended system, how does one regime cross over to the
other? Does it occur at zero field or finite field? And
does it proceed in a gradual manner or by a sharp transi-
tion? Theoretically these questions were first considered
by Khmel’nitzkii and Laughlin, who argued that between
localization and the quantum Hall effect there should be
a sharp phase transition [7,8]. Here we present experi-
mental evidence that there is indeed a sharp phase transi-
tion, where below a critical magnetic field the system ex-
hibits insulating behavior while above the critical field the
system exhibits conducting behavior, with the data col-
lapsing onto the same scaling curve. The critical ex-
ponent was found to be consistent with the value found
for the transitions between quantum Hall plateaus, hence
reflecting a profound symmetry in the delocalization pro-
cesses.

Our samples are modulation-doped GaAs/Alp3Gag7As

heterostructures. Because the experiments require a
low-mobility, high-resistance, 2D electron gas, we use a
special technique to create disorder in the samples. The
heterostructures consist of a 1 um thick GaAs buffer lay-
er grown on a semi-insulating GaAs substrate, a 10 nm
thick undoped Alp3Gag 7As spacer, a 30 nm thick heavily
Si-doped Al 3Gag7As layer, and a 50 nm thick Si-doped
GaAs cap layer. The purpose of the heavy doping is to
allow the positively charged Si ions to create a long-range
random potential in the 2D electron gas. To prevent ex-
cess electrons from occupying the higher subbands, we
deposit a 100-200 nm thick metal layer on top of litho-
graphically patterned Hall bars (widths from 10 to 100
um and lengths from 55 to 200 um). This metal contact
depletes electrons via the Schottky effect. The resulting
sample is a very disordered 2D electron gas with a re-
duced carrier density. Specifically, without the metal
contact a typical sample resistance, carrier density (n),
and mobility at 4.2 K are 90 @, 8.8x10'" ¢m ™2, and
8x10% cm?/Vs, respectively; and with the metal contact
these values become 10* @, 3x10!'" ¢cm ~2, and 2% 103
cm?/Vs, respectively. The generality of our approach
was demonstrated by varying the contact metals (Pb, Au,
and Ti/Au) and finding qualitatively the same results.
The dramatic increase in resistance with reduced carrier
density is consistent with results from previous experi-
ments using techniques of either directly gating a GaAs
device [9] or partially removing the cap layer of the het-
erostructure using low energy ion milling to deplete the
electrons [10]. These results were interpreted in terms of
models concerned with the reduction in electron screening
of the long-range random potential induced by the donor
ions [11].

Measurements were taken in a rf-shielded room using
either a *He cryostat or a *He+ *He dilution refrigera-
tor. Low-pass filters were installed to minimize ground
loop pickup. A PAR model 124A lock-in amplifier was
operated at 3.2 Hz. A dc technique was also employed to
check the results. Typically, excitation voltages at the
lower temperatures were kept below 20 uV to minimize
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electron heating. As far as disorder is concerned, we em-
phasize that our samples were sufficiently disordered that
there was no need to further deplete the carriers by a gate
bias. Instead the top metal contact was left floating.
This minimized complications from leakage currents as
well as high electric-field-induced hopping events in the
donor layer, which could result in a change in the defect
configuration. A light-emitting diode (LED) was also in-
stalled to modulate the carrier density and therefore the
sample resistance. The magnetic field was applied per-
pendicular to the sample.

Overall we have studied more than half a dozen sam-
ples with resistances ranging from a few kQ to 20 kQ.
The zero-field behavior of these samples is consistent with
previous weak localization studies in disordered metal
films and in Si metal-oxide-semiconductor field-effect
transistors [12,13]: At a few kQ, the resistance follows
both a logarithmic temperature (In7) dependence (at low
voltage bias) and a logarithmic voltage (In¥) dependence
(at low temperature), and the resistance tends to saturate
below 0.1 K. Around 10 kQ the temperature dependence
gradually changes from InT to exponential hopping be-
havior. Here we present the data of two samples. Sam-
ple A had a resistance above 10 k@ and was essentially in
the hopping regime, while sample B had a resistance
below 10 k@ and was in the weakly localized regime.
Figure 1 shows both the longitudinal sheet resistance
(pxx) and the Hall resistance (py,) of sample A as a
function of magnetic field B. Here pyx exhibits giant
magnetoresistance, with a steep drop at small fields until
B reaches 0.5 T, after which p,, decreases linearly with
increasing B. At higher fields, px, exhibits a shallow and
a deep minimum, and a distinct quantum Hall plateau
was observed at h/2e? in Pxy, corresponding to the filling
factor 2. The transition from an insulating state to the
quantum Hall liquid state appears to occur around 3 T.

We note that p,, remains linear and temperature in-
dependent at low fields. Similar behavior has also been
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FIG. 1. Both px, (left axis) and p,, (right axis) as a function
of magnetic field B for sample A. Plotted are three tempera-
tures: 6.1, 4.2, and 1.9 K.
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observed in high mobility samples in the insulating phases
where the fractional quantum Hall effect series terminate
[14,15]. Such insulating phases differ from conventional
insulators in that as T— 0, px, =B/ne instead of going
to infinity. It has been argued that this is a characteristic
of a fundamentally new “Hall insulator” phase [16].
Whether the low field behavior in our disordered samples
is relevant to this Hall insulator phase is not clear at this
point.

Sample B was measured down to low temperatures (35
mK). Figure 2 shows the evolution of py,(T) with in-
creasing magnetic fields. The most remarkable feature of
the data is that there appears to be a critical magnetic
field (B.) which separates the p.(7T) curves into two
categories: Those below B, appear to be insulating (pyx
increasing as T— 0) and those above B, appear to be
conducting (p,, decreasing as T— 0). B is identified as
the point where the resistance approaches a constant as
T— 0. Whether or not p, falls to zero immediately
above B, is not possible to resolve by the present mea-
surements because the temperature may not be low
enough. On the insulating side we observed that the
resistance began to saturate below 100 mK, an effect that
was observed previously [12,13]. This effect was attribut-
ed to electron heating, where the phonon relaxation time
for the electrons becomes so long that the electrons can-
not cool in the finite size of the sample [17]. Interesting-
ly, Fig. 2 resembles the 2D superconductor-insulator
transition observed in ultrathin homogeneous Bi films
[18], where there is a critical thickness that separates all
the superconducting curves from the insulating curves. In
these systems there appears to be a direct transition from
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FIG. 2. Evolution of the temperature dependence of pxx with
magnetic field for the weak localization sample (B). From the
highest curve to the lowest one, the magnetic fields are 0, 0.1,
0.5, 1.0, 1.5, 1.75, 2.15, 2.75, and 3.25 T. The critical magnetic
field B.=2.15T.
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FIG. 3. The magnetoresistance curves px,(B) for sample B.
From the upper insulating curve to the lower insulating curve
(i.e., B <B.), the temperatures are 75 mK, 200 mK, 400 mK,
600 mK, 1.0 K, 1.5 K, and 2.18 K.

the insulating state to the superconducting state [19].

The isotherms of the p,, vs B plots of Fig. 3 reveal
more clearly the significance of B, (indicated by the ar-
row). With decreasing temperature the crossover shar-
pens up, accompanied by a change of slope around B.. In
principle, as 7— 0 an infinitesimal increase of magnetic
field can drive the system from the insulating state to the
conducting state. Contrarily, exactly at B, =2.15 T, the
resistance is nearly constant over more than two decades
of temperature. It varies less than 0.5% from 6 to 1 K
and less than 0.2% from 1 K down to 35 mK (limited by
the instrument resolution). A constant critical resistance
(p.) has been argued to be a generic feature of all con-
tinuous insulating-to-conducting transitions in 2D as
T— 0 [20]. A system can either be insulating, perfectly
conducting, or have a finite resistance. Furthermore, this
critical resistance may be universal, depending only on its
universality class. In our samples the critical resistance
falls between 4 and 7 kQ. Further examination of a
universal critical resistance will require samples with a
wider range of disorder and measurements down to lower
temperatures than presently available.

In a 2D magnetic-field-induced phase transition the
characteristic length scale & diverges as |[B—B.| ~¥ and
the characteristic frequency Q vanishes as & 7 =|B
—B.|", where v and z are two dynamical exponents.
The data near the transition should satisfy the scaling
function [21]

pxx(B,T) =poplcolB—B.|/T""], 1)

where |B—B.|/T'" is a dimensionless scaling variable.
A direct experimental determination of the critical ex-
ponent k=1/vz can then be made by evaluating |dp../
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FIG. 4. |dpsx/dB|s, vs 1/T plotted on a logarithmic scale.
The slope of the solid line is the critical exponent «, as indicated
in the figure.

dB|p, at fixed T, i.e.,
|dpxx/dB|s, =pocoT ~*5'(0) 0))

and plotting |dpx/dBlg, vs T ™' on a logarithmic scale.
The results are shown in Fig. 4. The solid line is con-
sistent with Eq. (2) and from the slope we deduce
k=0.21£0.02. It is interesting to compare this result
with previously known values of k for the transitions be-
tween adjacent Hall plateaus in the integer quantum Hall
effect. For those transitions between non-spin-split Lan-
dau levels, ¥ was found to be 0.21 £0.02 in both
InGaAs/InP samples [22,23] and AlGaAs/GaAs samples
[24]. More recently in microwave frequency measure-
ments in AlGaAs/GaAs samples, x was found to be
0.20 +0.05, with z=1 and v=14/3 [25]. The non-spin-
split states are due to the disorder, as is the case in our
samples. The agreement between our experiment and
these experiments suggests that such delocalization tran-
sitions belong to the same universality class. We note
that for spin-split Landau levels in the integer quantum
Hall effect « is almost twice as large (close to 0.42). This
difference can be attributed to different delocalization
processes, where the spin-split and the non-spin-split
transitions may belong to two different universality
classes [5,22-25].

Once B, and « are known, the scaling form g can then
be independently tested without the use of any fitting pa-
rameters. This is shown in Fig. 5, where p,,(B,T) is
plotted against the absolute value of the scaling variable,
|B—B.|/T*. The two branches B < B, and B > B, are
identified as above and below the transition. Good scal-
ing is observed over three decades of |B—B.|/T*. The
scaling is also sensitive to the choice of B.. A 5% varia-
tion in B. produces noticeable deviation in the data.
These results strongly suggest that we have indeed ob-
served a genuine phase transition from localization to the
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FIG. 5. Scaling analysis with py, against the dimensionless
scaling variable |B—BCI/T". The two branches B < B, and
B > B, are indicated as above and below the transition.

delocalization. This also agrees with the theoretical pre-
dictions of a sharp delocalization phase transition by
Khmel’nitzkii and Laughlin [7,8].

Recent theoretical work on the global phase diagram of
the quantum Hall effect suggested that in a disordered
2D system there is a direct transition from an insulating
state to the quantum Hall liquid state with increasing
magpnetic field [16]. One then observes a series of transi-
tions between Hall plateaus and at even higher fields the
system becomes a Hall insulator. Our results are con-
sistent with this picture and reflect the symmetry between
delocalization processes at low and high fields, except
that the predicted transition occurs at the lowest Landau
level while in our experiments B, is below the filling fac-
tor 4. The reason may be that in the low-field regime
where the elastic scattering length is comparable to the
cyclotron radius, the theory may be further constrained.
In such instances the crossing of Landau levels must be
considered.

In summary, studies of magnetotransport properties in
weak localization and variable-range-hopping regimes
have revealed a new magnetic-field-induced metal-
insulator transition. The critical exponent of the transi-
tion was determined and good scaling behavior was ob-
served. The existence of this phenomenon implies that
the transition from the localization regime to the quan-
tum Hall effect regime is a genuine phase transition.
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Note added.—Independently, H. W. Jiang and co-
workers [26] recently reported similar delocalization phe-
nomena in samples more disordered than ours.
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