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We observe a magnetic-field-driven

transition

in the two-dimensional electron system in

GaAs/Al,Ga,; _,As, from a strongly localized insulating phase at B=0 to the integer quantum Hall phase that
includes a fully developed v=1 state. The quantum Hall phase terminates with an additional transition from

the v=1 state to an insulating phase.

The prevailing association of the quantum Hall effect
(QHE) with clean, low-disorder two-dimensional electron
systems (2DES) is rooted in the historical development of
the field.! In the course of the last two decades many of the
new discoveries related to the QHE were a direct result of
improvements in sample quality. In recent years, however,
attention has shifted towards lower quality samples. Jiang
et al.? and others®>* demonstrated that even highly disordered
2DES that are strongly localized at zero B field can exhibit
the integer quantum Hall effect (IQHE). Surprisingly, only
the v=2 IQHE was observed in these samples, with the
v=1 missing even at fields as high as 10 T. This should be
contrasted with cleaner samples, that are ‘“metallic” at
B=0, where the spin-polarized v=1 IQHE state has been
observed at B as low as 0.15 T

A B-field-induced insulator to QHE transition has been
predicted theoretically by Kivelson, Lee, and Zhang® (KLZ)
as a part of a global phase diagram they suggested for spin-
less electrons. One consequence of their phase diagram is
that a continuous transition from the IQHE phase to the in-
sulator can only take place from the lowest Landau level.
According to their framework, the experimentally observed
transition from the v=2 IQHE state to an insulating phase
can only occur if the electron system is spin degenerate. The
absence of the spin-split v=1 IQHE state at B fields higher
than 10 T,* at which the 2DES in GaAs/Al,Ga; _,As hetero-
structure is unlikely to remain spin degenerate, may be re-
garded as inconsistent with the phase diagram proposed by
KLZ.

In this paper we report on a study of samples that are
similar to the samples of Refs. 2—4 in that they are insulating
at B=0, and undergo a well-defined transition into the
v=2 IQHE state. In contrast to the samples of previous stud-
ies, these samples also exhibit a well-defined, fully-
developed v=1 IQHE state. This state is observed for B as
low as 0.8 T. For lower density samples that are even more
insulating at B=0, the »=2 IQHE state can no longer be
resolved, and a transition directly to the v=1 IQHE is ob-
served. In both cases, as B is increased beyond the v=1
state, the IQHE phase terminates with a single transition
from the v=1 IQHE to an insulating phase.

The results in this work were obtained from two samples
cut from a single GaAs/Al,Ga;_,As wafer grown by

0163-1829/95/52(20)/14372(4)/$06.00 52

molecular-beam epitaxy technique. They were wet etched to
the shape of a standard Hall bar 100 xm wide, with a 290-
pm distance between the voltage probes. In-Sn contacts
were alloyed at 450 °C. Measurements were done in a dilu-
tion refrigerator capable of a base temperature (7') of 20 mK,
using an ac lock-in technique with an excitation current of
0.1 nA. The carrier density n (and the effective disorder) was
controlled in the range 0.8—-2.9%X 10 cm~?2 by biasing, for
sample C70E, an In back gate situated 500 um and for
sample C70G, an aluminum front gate a distance of 2300 A
away from the plane of the 2DES. Similar results were ob-
tained with the two gating methods. For brevity, in this paper
we will only show data for sample C70G.

In Fig. 1, we present resistivity (p) vs T data obtained at
B=0 for sample C70G, taken at several values of the front
gate bias voltage, Vi, . At V= +10 mV the sample exhibits
metallic behavior down to our lowest T, in the sense that p is
only weakly T dependent and is always less than 25 k().
This is no longer the case for Vi, values that are lower than
—21 mV. A strong T dependence develops below 7'=250
mK with p(7T) rapidly increasing as 7—0, typical of insu-
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FIG. 1. p,, vs T at B=0 for several values of Vg,.
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FIG. 2. Solid lines are p,, vs B traces at various T’s for two
Vi values. The T’s in (a) are 39, 47, 57, 71, 89, 112, 141, 178, 224,
and 283 mK, and in (b) 33, 43, 60, 73, 91, 114, 144, 182, and 228
mK. Dashed line in (b) is a trace of p,, at T=44 mK. B; and
B, are the phase transition points (see text).

lating behavior. This behavior becomes more dramatic for
lower Vg, and for Vg, = —50 mV, p reaches 920 k() at our
lowest T. These results indicate that sample C70G is in a
strongly localized, insulating state at B=0 for Vg<-—21
mV.

We now focus on the high-B behavior at Vi< —21 mV,
for which sample C70G exhibits insulating behavior at B=0
(cf. Fig. 1). In Fig. 2 we show two sets of B-field traces of
the diagonal resistivity, p,,, for Vi=—21 mV [Fig. 2(a)]
and —30 mV [Fig. 2(b)], taken at various T’s between 33
and 283 mK. We have also included a Hall resistivity p,,
trace taken at Vg,=—30 mV and 7=43 mK [dashed line in
Fig. 2(b)]. For both values of Vi, we clearly observe a
T-independent transition point, designated by B, in the fig-
ure (at B=0.389 and 0.415 T for Vi =—21 and —30 mV,
respectively), that separates the low-B insulator and the
v=2 IQHE state. A similar transition point has been reported
in Refs. 2—4. The new feature in our data is the existence of
a clearly defined v=1 IQHE state, characterized by a wide
minima with p,,—0 as T—0, and a plateau in p,, quantized
to h/e? [cf. Fig. 2(b)]. To the best of our knowledge, the
spin-resolved v=1 IQHE state in a sample that exhibits in-
sulating behavior at B=0 has not yet been reported. This
state terminates at higher B with an additional transition to
an insulator (B, in Fig. 2), which is similar to the transitions
studied by Shahar et al.” Thus, at these Vy, values, the ob-
served reentrant transition pattern in our samples is insulator-
2-1-insulator (the numbers denote the IQHE states), rather
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FIG. 3. p,, vs B traces at various T’s for three Vi, values. T in
(a) are 36, 45, 51, 61, 74, 92, 115, 146, 182, and 228 mK, in (b) 37,
45, 52, 60, 74, 91, and 114 mK, and in (c) 35, 45, 51, 60, 74, 91,
115, 144, 181, and 227 mK.

than insulator-2-insulator reported previously.>™*

In Fig. 3 we plot similar B field traces of p,, for yet lower
Vi - Remarkably, for Vi,= —43 mV [Fig. 3(a)], the first tran-
sition to the »=2 IQHE state is no longer observed. Instead,
a new transition point [ B, in Fig. 3(a)] from the insulator to
the v=1 IQHE state emerges. Thus, for Vg,=—43 mV, the
transition pattern is insulator-1-insulator. At Vg,=—50 mV
[Fig. 3(b)] the two transitions, B, and B, , appear to have
merged into one transition point and the QHE can no longer
be resolved. At Vg,= —60 mV [Fig. 3(c)], insulating behav-
ior prevails at all B values (note the expanded ordinate),
although a broad minimum is observed at B~0.6 T for all
T’s.

The five sets of B-field traces of p,, presented in Figs. 2
and 3 reflect the evolution of our sample, as a function of
disorder, from a QHE state exhibiting the v=1 and 2 states
to an insulator at all B values. This evolution sees the
gradual destruction of the v=2 state with increasing disor-
der, followed by the destruction of the more robust v=1
state at higher disorder. The only assumption implicit in
identifying the region between B, and B, in Fig. 3(a) as
the v=1 IQHE state is that the transition from the QHE to
the insulating phase is a direct transition. We cannot rule out
the possibility of the existence of an intermediate phase be-
tween the QHE and the insulator. We note that an apparent
intermediate phase can result from the fact that our experi-
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60 . T . 0.07 source of this disagreement is still unclear, we wish to point
Insulator out several features that distinguish our samples from those
50~ n L 0.11 of Refs. 2—4 and 8. First, the Si donors that contribute the
O A = conduction electrons to the 2DES are separated by a 1000-A
e~ a0 o o A Lois = undoped spacer layer from the conducting channel, whereas
S 30k o o A < in Refs. 2—4 the donors are deliberately placed at (or close
= o o ¥ A L 0.19 g to®) the conducting channel, resulting in a potential which is
"o20f 8 v=2 % A A o highly disordered and, consequently, these systems are in the
ok Loz B=0 insulating regime at very high densities (1.4—5X 10!
(a) cm™2). The much smoother potential fluctuations in our
0 1 L 1 0.26 samples allowed us to operate at much lower #n, typically ten

0.0 0.5 1.0 L5 20 times lower than the n of the samples in Refs. 2—4.
B, (T) ‘We emphasize that, since our samples are of much lower
n than those of Refs. 2—4, the B-field range of this study is
s0 correspondingly lower and, consequently, the energy gap at
' ' ’ v=1 is expected to be smaller. However, the low n and
ok g ;';L::::l:t_ozr (b) i relatively smooth disorder potential in our samples suggest
- o that an electron-electron interaction may cause large en-
g 5L e’ hancement of the energy gap at v=1, A, thus increasing the
i 5 500 © o possibility for the observation of the v=1 state. This effect
2 o0k | is usually described by an enhanced effective g factor
& h/2e” through A= g.gupB, where up is the Bohr magneton. Our
Y s & B i largest value of g ¢, obtained from the activation behavior at
the v=1 minimum for Vig=+ 10 mV, is 4.5, which is within
0 1 1 1 the range of the values obtained in previous studies of stan-

-20 0 20 40 60 dard, “metallic”” samples.'

Vg (@V) In a recent theoretical paper, Fogler and Shklovskii® stud-

FIG. 4. (a) The phase diagram for sample C70G, in the Vg,-B,
plane. The B values for each Vg are deduced from the
T-independent transition points in Figs. 2 and 3. Symbols designate
transition from the »=1 to the insulator (A), from the insulator to
v=1 (O), from the insulator to »=2 (O), and between v=2 to
v=1 (). The density is calculated from Vi, using a capacitive
model. (b) p,, at the transition points vs — Vi, . The solid line is at
pux=h/e? and the dashed line is at p,,=h/2e?.

ment is carried out at finite T and finite sample size.

The observation of T-independent transition points that
clearly separate the QHE states and the insulator allowed us
to construct an experimentally derived phase diagram for
sample C70G. Following Ref. 8, we plot in Fig. 4(a) the B
position of the various transition points vs (—Vg,). We only
plot the high-disorder part of the diagram, for which our
sample exhibits insulating behavior at B=0. This phase dia-
gram illustrates clearly the new features of this work. First,
we note that if the v=2 IQHE state is observed for a given
Vig, it must be followed at higher B with the »=1 IQHE
state. Second, the phase diagram reflects the new transitions
pattern, from the low-B insulator to the v=1 IQHE state,
followed by an additional transition to the insulator at higher
B [cf. Fig. 3(a)]. We have not observed, for any of our
samples, the theoretically expected®'?! insulator-1-2-1-
insulator pattern of transitions.

The phase diagram deduced for our samples is qualita-
tively different from those of Refs. 2, 4, and 8. The main
difference stems from the observation of the spin-polarized
v=1 IQHE state in our samples, which is absent in previous
studies of samples that are insulating at B=0. Although the

ied the effect of the interplay between disorder and electron-
electron interactions on the spin splitting of the Landau lev-
els and constructed a phase diagram that modifies the phase
diagram proposed by KLZ to include the spin degree of free-
dom. The topology of their phase diagram does not allow the
insulator-1-insulator pattern of transition observed in our
samples. Rather, they predict that at high disorder an
insulator-2-insulator transition pattern should be observed, in
agreement with the results of Refs. 2, 4, and 8. They did
note, however, that due to complications arising from the
formation of Skyrmions at the lowest Landau level,!! the
regime of applicability of their theory does not include the
v=1 state. Our observation of the v=1 IQHE state in our
low n, insulating, samples warrants further theoretical inves-
tigations relevant to the physics of the spin splitting of the
lowest Landau level.

In a previous work,” we studied the transitions from the
v=1 IQHE (and v=1/3 fractional quantum Hall effect) to
the insulating phase in several samples, and obtained evi-
dence for the existence of a universal value of p,, at the
transition point. In this work we are able to follow p,,., the
value of p,, at the critical point, for different values of dis-
order in a single sample. As can be seen in Fig. 4(b), where
we plot p,,. vs Vi, from sample C70G, p,,. remains rela-
tively close to k/e? (solid line) through most of our Vg, Tange
and starts to deviate upwards only for the strongest bias,
where the v=1 IQHE state itself begins to weaken signifi-
cantly. We also included in Fig. 4(b) the value of p,,. at the
transition from the low-B insulator to the v=2 IQHE state.
Clearly, p,,. for this transition is different from that of the
v=1 IQHE to insulator transition and is, in fact, scattered
around 4/2e? (dashed line), the value reported in Refs. 4 and
8.
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To summarize, we observed a transition from a B=0 in-
sulating state to an IQHE phase that includes the v=2 and
the v=1 IQHE state. At higher disorder we observed an
insulator to »=1 IQHE to insulator pattern of transitions.
Based on our results, we constructed a phase diagram for our
samples that is qualitatively different from those reported
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previously. We stress that a larger number of samples of
various densities and disorder needs to be studied before a
general phase diagram for 2DES at high B can be deduced.

Discussions with J.E. Furneaux, K. Yang, R.N. Bhatt, E.
Shimshoni, S. Sondhi, and H. Manoharan are greatly appre-
ciated. This work was supported by the NSF.
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