
PHYSICAL REVIEW B 15 DECEMBER 1997-IVOLUME 56, NUMBER 23
Magnetic-field-induced insulator-quantum Hall conductor-insulator transitions
in doped GaAs/AlxGa12xAs quantum wells
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We present magnetotransport measurements on GaAs/AlxGa12xAs multiple quantum wells doped with
impurities at the centers of GaAs layers. Magnetic-field-induced insulator-quantum Hall conductor-insulator
transitions with a well defined scaling behavior were observed. The critical exponents as well as the resistiv-
ities at the two critical magnetic fields are close to each other. Their values are, however, different from the
values obtained from similar studies performed on modulation-doped GaAs/AlxGa12xAs heterostructures.
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Phase transitions in a three-dimensional electron sys
~3DES! and a two-dimensional electron system~2DES! have
been the subject of intensive studies for many years. I
3DES, according to the theory of Anderson localizatio1

there exists a mobility edge that separates extended s
from localized states. At zero magnetic field (B50), a
metal-insulator transition occurs when the Fermi level of
3DES passes through the mobility edge. In a 2DES, tho
metallic behavior is observed in high-mobility samples do
to very low temperature (T;20 mK) atB50, it is generally
believed to be insulating in the limit of infinite sample si
according to the scaling theory of localization.2 Therefore,
phase transition is not expected for a 2DES atB50.3 On the
other hand, the theoretical understanding of the quan
Hall effect requires the presence of extended states in
center of a broadened Landau level in the high-B limit. The
vanishing and reappearance of the extended states at d
ent magnetic fields imply that there exists a magnetic-fie
induced phase transition, and this subject has been of
siderable interest. Recently, Kivelson, Lee, and Zha4

proposed a magnetic-field-driven phase transition betw
the insulating state and the quantum Hall~QH! state in the
disorder-B parameter space. Experimentally, a sequence
transitions from an insulator atB50 to a QH conductor a
finite B, and then to an insulator again at higherB, have
been demonstrated in highly disordered 2DES’s.5–8 Most of
the samples used for these studies were modulation-do
GaAs/AlxGa12xAs heterostructures. In this paper, we rep
studies of the magnetic-field-driven phase transitions
center-doped GaAs quantum wells~QW’s!.

The sample used in this study is a GaAs/Al0.3Ga0.7As
multiple QW grown by molecular-beam epitaxy. It contai
30 QW’s. The width of the GaAs quantum wells is 200
and the width of the AlxGa12xAs potential barrier is 600 Å.
N-type impurities~Si! are placed at the center of each QW
The AlxGa12xAs layers are undoped. The intended dopi
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concentration in each QW is 331011 cm22. Because the car
riers and the impurities are both in the QW’s, strong impur
scattering can be expected, and the electron mobility of
sample is very low even at high electron concentratio
Such a low electron mobility is difficult to achieve in
modulation-doped GaAs/AlxGa12xAs heterostructure. The
electron mobility of our sample is about 500 cm2/V s at T
55 K. It decreases as the temperature is lower: atT
50.3 K, m5250 cm2/V s. This sample was made into Ha
bars with a length-to-width ratio of 6 by standard lithograp
and etching processes. Ohmic contacts were made by a
ing indium into the contact regions with an annealing te
perature of 420 °C. Magneto transport measurements w
performed with a 13-T superconducting magnet in conju
tion with a top-loading He3 system, which is capable o
reaching a base temperature of 300 mK. A RuO2 sensor was
mounted near the sample to measure its temperature.
measuring current was carefully chosen to avoid self-hea
of the sample. Both dc and low-frequency ac lock-in tec
niques were used to measure the longitudinal resista
(Rxx) and Hall resistance (Rxy), and the results were identi
cal. Although our sample is a multilayerd-doped system,
complications resulting from interlayer coupling9 are
avoided because of the presence of wide AlxGa12xAs barri-
ers. Two sharp phase transitions on both sides of the w
defined QH conducting phase, corresponding to the Land
level filling factor n52, were observed for this sample. It
found that the resistivities of the sample at the two transit
points are almost the same, but their values are far fr
h/2e2, the value reported in Refs. 7 and 8. In addition, sc
ing behavior is observed near the transition points, and
two critical exponents are identical within experimental e
ror. However, their values are different from the univers
value 0.21 for a spin-degenerate 2DES.10

In order to obtain longitudinal resistivities (rxx) and Hall
resistivity (rxy) per layer, we must know the number of a
15 238 © 1997 The American Physical Society
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ive layers. This can be achieved in two ways. First, it can
obtained by taking the ratio between the low-field Hall me
surement~which measures total electron concentration in
sample! and the Shubnikov–de Hass~SdH! measuremen
~which measures carrier concentration per layer!. Second,
from the plateau in theRxy vs B curve at Landau filling
factor n52, we can compare the resistance of the plat
with h/2e2 ~12 906V!. The number of active layers we ob
tained from these two ways were 22 and 25, respectiv
with roughly 12% error. Since the value of the QH plateau
a universal constant, it is believed that the latter one~25
layers! is more accurate. The carrier concentration per Q
obtained from the SdH measurement is approximately
31011 cm22, which is reasonably close to the intended do
ing concentration.

Magnetic-field-dependentrxx per layer taken betweenT
50.3 and 3.2 K, andrxy per layer taken at 0.3 K for the
sample, are shown in Fig. 1. FromB50 T to B50.7 T, rxx
decreases very rapidly@rxx(0 T)/rxx(0.7 T)51.7 at 0.3 K#.
This part corresponds to the giant negative magnetore
tance ~MR!. It is then followed by a slowly monotonica
decrease ofrxx from B50.7 to 5 T. The indication of a SdH
dip at n54 is observed atB54.1 T. A broad minimum in
rxx could be found at aroundB58 T, which corresponds to
n52. Around this magnetic field, a well-developed QH p
teau could also be observed in therxy vs B curve. After
passing through the region ofn52, rxx increases very
quickly as the magnetic field increases, and is strongly te
perature dependent. The most important feature in therxx vs
B curves is that there exist two phase-transition points
both sides of the minimum,n52. These two critical mag-
netic fields areBc155.5 T andBc259.9 T, and their corre-
sponding resistivities are 20 500V and 21 060V, respec-
tively. At these two critical points, all the curves ofrxx for
different temperatures merge. Considering the fact that

FIG. 1. rxx ~left axis! andrxy ~right axis! per layer vs magnetic
field B. The temperatures ofrxx are 0.3, 0.5, 0.8, 1.2, 2, and 3.2 K
the temperature ofrxy is 0.3 K.
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measured resistivities are the combined effect of 25 QW
with each QW having a different impurity configuration, it
quite surprising that the critical magnetic fields are so w
defined. Based on the temperature dependence ofrxx , the
critical points sharply separaterxx curves into three regions
At B,Bc1 , this sample behaves like an insulator in t
sense thatrxx increases asT decreases. ForBc1,B,Bc2 ,
rxx decreases asT is lower, and the QH plateau appear
That is typical of a QH conductor. ForB.Bc2 , rxx increases
as T decreases, indicating that it is in the insulating pha
again. At the two points of the phase transition, the resis
ity can remain unchanged even when the temperatur
varied by a factor of 10. These results are quite similar to
previous experiments on modulation-dop
GaAs/AlxGa12xAs heterostructures.5–8 Therefore, in
multilayer d-doped GaAs/AlxGa12xAs QW’s, there also ex-
ist insulator–QH conductor (n52) –insulator transitions,
which are consistent with global phase diagram for a sp
degenerate 2DES.

The universality of the conductivity at the phase transiti
has been suggested.11 Shahar, Tsui, and Cunningham8 found
that the resistivities at the critical point were approximate
h/e2 times a constant. This constant is equal to the value
the Landau-level filling factor, where the QH-insulator tra
sition takes place. From Fig. 1, there are two temperatu
independent points, and their resistivities are approxima
20 kV ~20 500V at Bc1 and 21 060V at Bc2! if we take the
number of the active layers to be 25. 20 kV is far from the
universal constanth/2e2 ~12 906V!, which is expected for
the transition between insulator ton52 QH state.7,8 The re-
sistivities per well would be smaller~18 040V at Bc1 and
18 530V at Bc2! if 22 is taken as the number of active layer
but these values are still much larger thanh/2e2. Our results
indicate that the value ofrxx at the phase transition may b
system dependent.

FIG. 2. Scaling fitting of lnudrxx /dBuBc
vs ln 1/T for Bc1 and

Bc2 . The slopes of the solid line are the critical exponents.
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For theB-induced quantum phase transition, scaling b
havior is expected. Weiet al. examined the scaling behavio
of the phase transition in a InxGa12xAs/InP heterostructure
They found that both the maximum indrxy /dB
@(drxy /dB)max# and the inverse of the half-width inrxx

@(DB)21# between two adjacent QH plateaus below so
critical temperature diverged likeT2k with k50.4260.04.10

For Landau levels where the spin splitting was degener
(drxy /dB)max and (DB)21 followed the power lawT2k/2.10

In experiments on an AlxGa12xAs/GaAs sample, they als
obtained the same result.12 Conversely, Kochet al. ques-
tioned the universality of the exponentk. ~k is related to the
critical exponenty of the divergent electron localizatio

FIG. 3. Magnetic-field dependences ofrxx at 0.3 K. ~a! ln rxx

}B1/2 for 0.7 T,B,3.2 T, and~b! ln rxx}B2 for B.10 T.
-

e
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length viak5p/2y, with p the temperature exponent of th
inelastic scattering length.! Instead ofk, they obtained a uni-
versal behavior ofy with a value ofy52.360.1. The value
of p was between 1.3 and 3.8. Therefore,k5p/2y was not
universal.13 Furthermore, they found thatk increased from
0.28 to 0.81 with decreasing mobility for the spin-splittin
samples. They also found that if the spin splitting was un
solved,k was notably smaller, but not by a factor of 2,14 as
Wei et al. claimed.10 It is shown that nearBc , scaling fol-
lows udrxx /dBuBc

}T2k ~Ref. 6! for data near the phase tran

FIG. 4. Temperature dependence ofrxx at various magnetic
fields. ~a! In the WL regime,rxx} ln T. ~b! As B.10 T, lnrxx

}T21/2 for hopping conduction. From top to bottom, magnetic fiel
in ~a! are 0.7, 1.5, 2.5, 3.5, 4.5, and 5.4 T, and in~b! are 10.5, 10.2,
and 10 T.
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sition. The critical exponentk can thus be obtained from th
slope of ln(drxx/dB)Bc

vs ln(1/T). The values determined

from this method are shown in Fig. 2. It is found thatk1
50.3560.02 andk250.3660.02 atBc1 and Bc2 , respec-
tively. The two lines are well defined by six points, implyin
that this sample has a good scaling behavior. Because, w
experimental error,k15k2 , the two transitions, insulator to
QH and QH to insulator, appear to belong to the same u
versality class. However,k determined from the transition
does not equal the universal value 0.21.10 Our results, like
the works by Kochet al., do not seem to support univers
scaling.

Here we want to point out that the insulating phases
the two sides of the QH conductor are in different regim
one is in the weakly localized~WL! regime and the other is
in the strongly localized~SL! regime. In the WL regime, the
B and T dependences ofrxx are lnrxx}B1/2 ~Ref. 15! and
rxx} ln T16,17 respectively. In the SL regime, theB depen-
dence follows the law of lnrxx}B2 ~Ref. 18! because of the
shrinkage of electron wave functions, and, for theT depen-
dence, hopping conduction, lnrxx}T21/2,18 is expected at
fixed B. The B dependence, lnrxx vs B1/2 and lnrxx vs B2,
were plotted in Figs. 3~a! and 3~b!. We found that the system
was in the WL regime in the rangeB50.7– 3.2 T, and was
in the SL regime forB>10 T. The deviation from theB1/2

law between 3.2 T andBc1 is due to the appearance of a Sd
dip at B54.1 T. Because the resistivity behaves well w
rxx} ln T for 0.7 T,B,5.4 T, as is shown in Fig. 4~a!, we
believe that this sample is in the WL regime for 0.7 T,B
,Bc1 . Hopping conduction is observed forB.10 T, and
the slope increases with increasingB, as is shown in Fig.
4~b!. From these results, we conclude that the origin of
two insulating phases are different.

The giant negative MR we observed in our sample
0 T,B,0.7 T is often exhibited in a disordered 2DE
There are many theoretical models on this subject, an
definite conclusion on the mechanism of the giant nega
MR is not reached yet. Maresˇ et al.9 proposed that ad-doped
V.
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2DES would change from SL to WL and to SL again asB
increases. In the SL regime,rxx is strongly temperature de
pendent, and will go to infinity asT→0. Theoretically,9 rxx
is of the order of 40 kV/h as the SL regime changes into th
WL regime. In addition, the range of the SL regime is ve
narrow at low B.9 Due to the narrowness and the stro
temperature dependence of the SL regime,rxx will drop very
rapidly from infinite to the value of 40 kV/h at low B
(SL→WL). This phenomenon is quite similar to high-B be-
havior, where WL changes into SL, andrxx thus increases
very dramatically. Therefore, a giant negative MR can
expected at lowB just as a large positive increase ofrxx can
be expected at highB. We found in our data thatrxx is
strongly temperature dependent both forB,0.7 T as well as
for B.10 T. In addition, atB50.7 T, where the giant nega
tive MR terminates,rxx is around 35 kV/h, which is close to
the theoretical value.B50.7 T is thus the boundary tha
separates the SL regime from the WL regime, which is a
consistent with our previous analysis@Fig. 3~a!#. Our results
appear to support the contention that a giant negative
occurs in the SL regime.

In summary, magnetic-field-induced phase transitio
~insulator-QH-insulator! were observed in a multilayerd-
doped GaAs/AlxGa12xAs QW sample. It is found that the
properties of the insulating phases on two sides of a
conductor are different. At the low-field side, it is in the W
regime; at the high-field side, it is in the SL regime. Desp
this difference, the transitions between insulator~WL!–QH
and QH–insulator~SL! appear to belong to the same unive
sality class because the critical exponentsk’s for both tran-
sitions are identical to each other within experimental err
It is also found that the resistivities at the two critical fiel
are almost the same. Nevertheless, their values are not c
to the previously observed values. More theoretical and
perimental investigations are required to resolve this discr
ancy.
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