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Magnetic-field-induced delocalization in center-doped GaAs/AlGa; _,As multiple quantum wells
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We report magnetotransport measurements and scaling analysis on a series of center-doped GaAs quantum
wells. Sharp phase transitions were observed in the magnetic field sweep and it was found that, depending on
the doping concentration in the quantum wells, the insulating phase can make transitions to quantum Hall
phase with Landau-level filling factol®) of 2, 6, and 8. The critical exponents vary from sample to sample
and are mobility dependent. The longitudinal resistivities of these samples at the phase transition points
decrease with increasing, and for a sample with higher mobility, its value is close hdve?.
[S0163-18298)01839-9

The fate of extended states in a two-dimensional electromecent experiment$* do not seem to support the selection
system(2DES has attracted much attention recently. Ac- rule suggested by GPD, which implicitly assumes that at low
cording to the scaling theory of localizatibrat zero mag- magnetic field the extended states float up in energy but do
netic field all states are localized. On the other hand, th&ot merge together. According to GPD, phase transition can
theoretical understanding of the quantum Hall effee-  occur only between insulting phase and tBg=1 (or
quires the presence of the extended states at the centers&sfuivalently S,,=2 for spin degenerateinteger quantum
the broadened Landau levéld_'s) at a finite magnetic field. Hall (QH) phase, whers&, is the number of extended levels
To explain the evolution from finite extended states at finitebelow the Fermi energy. However, these experiments found
magnetic fields to zero extended state at zero magnetic fieléhat phase transition could occur at higiggy."** Therefore
Khmel'nitzkii® and Laughliff (KL) showed that as the mag- the assumption of GPD and KL is still a subject of debate.
netic field decreases, the energy of the extended states willo address these problems, we have carried out experiments
float up and exit through the Fermi level of the 2DES. And,to study magnetic-field-induced phase transitions on three
as all the states below the Fermi level become localized s&€enter-doped GaAs multiple quantum welldMQW's)
zero magnetic field, a 2DES is in the insulating phase at zersamples. Sharp phase transitions were observed for all three
magnetic field. These authors also demonstrated that durirg@mples. It is found that the value of the Landau-level filling
floating up the extended states do not merge together; tHactor (v) where the insulating state makes a transition tote
extended states of lower LL's will float up faster than the QH state is doping dependent, and can happen at filling fac-
extended states of the higher LL’s. Based on KL's assumptors as large ag=8.
tion and other considerations, Kivelson, Lee and ZRamg- The samples used in this study are GaAghSla As
posed a global phase diagratGPD) in the disorder- multiple QW’s grown by molecular-beam epitaxy. Each
magnetic field plane for the 2DES. According to this phasesample contains 30 QW’s. The width of the GaAs quantum
diagram, with changing magnetic fieldr disordey, a series  Wells is 200 A and the width of the AkGa, 7As potential
of phase transitions were expected for the 2DES, and sonfearriers is 600 AN-type impurities are placed at the center
of them were verified experimentally® Therefore, the as- of each QW by the method of doping. The A} ;G&, ;As
sumption that the extended states float up but do not mergayers are undoped. Intended doping concentrations per
together seems to be true. quantum well are 10" cm™2, 6x10'" cm? and 9

However, this assumption was challenged by Shashkinx 10~ cm™2 for samples M832, M833, and M834, respec-
Kravchenko, and Dolgopld¥% and by Kravchenkeet all*  tively. Because the carriers and the impurities are both in the
experimentally, by Liu, Xie, and NitLXN),*? and by Sheng QW'’s for these well-doped samples, strong impurity scatter-
and Weng(SW)*® theoretically. The prior two group3'*  ing can be expected. The electron mobilities of these samples
found that extended states did float up in energy, but noare thus very low even at high electron concentration. Such
infinitely, and extended states of different Landau banddow electron mobility is difficult to achieve in modulation-
would coalesce. LXRf found that the extended states , in- doped GaAs/AJ ;Ga ;As heterostructures. The electron
stead of floating up in energy, would be destroyed by demobilities measured at=3 K are about 470, 1160, and
creasing the magnetic field or increasing disorder.'3W 1430 cn? V sec for sample M832, M833, and M834, respec-
showed that at low magnetic field the extended states mergévely, and they decrease with decreasing the temperature.
together and disappear without floating. Furthermore, som&hese samples were made into Hall bars with length-to-
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width ratio of six by standard lithography and etching pro-and the QH plateau appears. This is typical of a QH conduc-
cesses. Ohmic contacts to the samples were made by alloter. These results are quite similar to the previous experi-
ing indium into the contact regions with annealing ments on GaAs/AlGa,_,As heterostructures.® Therefore,
temperature of 420 °C for 10 min. Magnetotransport meain multi-s-doped GaAs/AlGa,_,As QW'’s, there also exist
surements were performed with a 13-T superconductingransitions of insulator—QH y=2)—insulator (6-2—0),
magnet in conjunction with a top-loading Heeliox system.  which is consistent with a GPD for a spin-degenerate 2DES.
The samples were studied in the temperature range betwe@etailed analysis on this sample was published elsewfere.
0.3 K and 3.2 K and a RuQsensor was mounted near the  Considering the fact that the system has 25 active well-
samples to measure their temperatures. The measuring cioped QW's, it is unusual that the phenomenon of sharp
rent was carefully chosen to avoid self-heating of thephase transition can be observed in such a system. As the
samples. Both dc and low-frequen@0 H2) ac lock-in tech-  broad barriers prohibit the mutual interactions between
niques were used to measure the longitudinal resistana®@W's, this system conducts effectively like 25 parallel con-
(Rx) and Hall resistanceR,,), and the results were the ducting channels, and the measured resistivities are thereby
same. the combined effect of 25 resistors in parallel. In such a case,
In order to get longitudinal resistivitiesp{,) and Hall  if any one of the layers does not have well-defined phase
resistivity (o.,) per layer, we must know the number of ac- transition, the sharp transition point of this system will be
tive layers. This can be achieved through two ways. First, ilost. Moreover, for each layer the transition point must occur
is obtained by taking the ratio between low-field Hall mea-at the same magnetic field, otherwise, the critical magnetic
surementwhich measures total electron concentration in thefield will not be well defined. In other words, despite the fact
samplé and the Shubnikov—de Ha$$dH measurement that the impurity configuration in the QW’s may vary from
(which measures carrier concentration per lay&econd, layer to layer, the overall behavior of each QW in the mag-
due to the appearance of the platealRig at the Landau netic field must be nearly identical.
filling factor v=n, we can compare the resistance of the Magnetic-field-dependemn,, taken betweem=0.3 and
plateau withe?/nh Q. The number of contacted layers ob- 3.2 K, andp,, taken at 0.3 K for M833 and M834 are shown
tained for M832, M833, and M834 by the first method werein Figs. 1b) and Xc). Similar to what was observed for
22, 23, and 26 layers, and by the second method were 25, 28832, the samples exhibit large negative magneticoresis-
and 27 layers, respectively. The numbers obtained frontance at low magnetic field. As the magnetic field increases,
these two methods differ only by roughly 8% and is probablySdH oscillations can be clearly observed. From these oscil-
due to the inaccuracy in determining the low-field carrierlations, Landau-level filling factor can be determined, and
concentration in the Hall measurement. Since the value othey are marked in the figures. Quantum Hall plateaus cor-
the QH plateau is a universal constant, it is believed that theesponding ta-=4 andv=2 for M833, andv=4 for M834
values calculated from the latter meth¢25, 25, and 27 could be observed in the experimental recording ofghe
layerg are more accurate. The missing layers are possiblfor these two samples, there also exist well-defined critical
not contacted by In or were depleted due to surface effecimagnetic fields B.) where all thep,, curves merge. The
Carrier concentration per QW obtained from the SdH meacritical magnetic fields are 4.8 T for M833 and 5.2 T for
surement is approximately 3@L0M" cn?, 7.2<10' cm™2,  M834, respectively. By examining the, curves more care-
and 10.4<10"* cm 2 in each QW, for M832, M833, and fully, we find that like M832,B., separates two different
M834, respectively. These values are reasonably close to thghases by their temperature dependence. BaB., the
intended doping concentration. samples are in the insulting phase andBor B, the samples
Magnetic-field-dependeni,, per layer taken betweeh  are in the QH phase. The transition from the QH phase back
=0.3 and 3.2 K ang,, per layer taken at 0.3 K for M832 to the insulating phase is expected to occuBat13 T and
are shown in Fig. (g). By examining these curves, it could could not be observed. Despite the similarities, there are im-
be found that longitudinal resistivity,, decreases very rap- portant differences between the results obtained for these two
idly from B=0 toB=0.7 T. This giant negative magnetore- samples and that of M832. For M832, the transition follows
sistancgMR) is a general property of disordered 2DES. Forthe sequences-82—0 and is not in apparent contradiction
B=0.7 to 5 T, py decreases slowly and monotonically. In to the prediction of the GPD, here 0 indicates insulating
this range, the indication of a SdH dip fer=4 is observed state. However, we could see from these figures that the tran-
atB=4.1 T. A broad minimum irp,,, corresponding to sition between insulating and quantum Hall states occurs at
=2, could be found at arourlB=8 T. Furthermore, a well- »=6 (0—6) for sample M833 and the transition occurs at
developed QH plateau could also be observed in the experi=8 (0—8) for sample M834. Moreover, the QH plateaus
mental recording of the,, vs B curve. Therefore, it is ob- do not appear untiv=4 for these two samples. Before the
viously a QH phase. After passing through the regionvof appearance of the quantized platepy, curves are conven-
=2, pxx INCreases very quickly @ increases and is strongly tional straight lines. These two features are inconsistent with
temperature dependent. From the temperature dependenceKifs’ picture of floating up of extended states and are incon-
pxx, it can be seen that there exist two sharp phase transitiogistent with the selection rule required by GPD. On the con-
points on both sides of the resistivity minimum. At these twotrary, we found, as can be seen in Fig. 2, that.iis defined
critical fields, all thep,, curves merge together and the criti- as Landau-level filling factor where the phase transition hap-
cal points sharply separafe, curves into three regions. pens,v. varies approximately linearly with the doping con-
WhenB<B.;=5.5 T andB>B.,=9.9 T, this sample be- centration. This implies that, for the center-doped MQW
haves like an insulator in the sense thgt increases a§  structures, the phase transition can happen at even higher
decreases. FdB.;<B<B,.,, pxx decreases a¥ decreases Landau-level filling factor if the doping concentration is el-
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FIG. 1. py (left axig) andp,, (right axig per layer vs magnetic fielB for M832 (a), M833 (b), and M834(c). The temperature giy,
is 0.3 K for all samples. The temperaturespgf are 0.3, 0.5, 0.8, 1.2, 2, and 3.2 K for M832, 0.3, 0.6, 1.1, 1.6, 2.1, and 3.2 K for M833,
and 0.3, 0.5, 0.8, 1.2, 1.7, 2, and 3.2 K for M834. Insefahis the global phase diagram, which permits only the transition between
insulating and thes=1 quantum Hall state.

evated, or the phase transition will disappear if the dopingiear h/ve?.° Here, we examine whether there is such a

concentration is low enough. In other words, the phase trareritical resistivity in our sample. For M832, there

sition can happen at arbitrary Landau-level filling factor.  are two temperature-independent points for this sample and
In the previous studies, it was found by Shakamll®  their resistivities are approximately 20k(20 500Q and

that at the phase transition point, the resistivity of the sampl®., and 21 06Q) at B.,) if we take the number of the

is independent of whether the transitions are:Q or 1/3  active layers to be 25. 20(k is quite different from the

—0 and is close tch/e?. Later, the same group reported expectech/2e? (12 813Q). For M833 and M834, the resis-

that for the G- v transitions, the critical resistivity was tivities at the critical points are around 6 and 34,kespec-
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FIG. 2. The critical Landau-level filling factor vs doping con- FIG. 3. Scaling fitting of the critical exponent at the critical
centration for the three samples. The dash line is a guide to thenagnetic fields for M832K.,=9.9T), M832 B.,;=5.5T), M833,
eyes. and M834, from top to bottom, respectively. Well-defined scaling

behavior was observed for all three samples.

tively. Slnge fthe transitions are-06 and 0— 8 for these two In(dpy,/dB) vs In(LT). The values determined from this
samples, it is found that the two expected valueie’  method for these three samples are shown in Fig. 3. Each of
(4302 ) and h/ge* (3226 (2) are closer(comparing t0  the four lines is well defined by six or seven points, which
M832) to the experimental values, 6 and 3.@,krespec- implies that these samples have good scaling behavior. Wei
tively, but there is still significant deviation for M833. How- et al. found that the critical temperature below which scaling
ever, we could find there exists a general tendency that as thfshavior can be observed is related to the type of potential
sample mobility increases, the agreement between the ejyctuation in the sample. For samples with long-range po-
perimental results and the expected critical resistivity givenential fluctuation such as high mobility modulation-doped
by p.=h/ve® is better. The deviation from the expected Gaas/ALGa, ,As heterostructurdl,. is around 200 mK.
value,h/ve?, is 58%, 39%, and 6.6% for M832, M833, and For samples with short-range potential fluctuation such as in
M834, respectively, if the number of active Iayers are taker]nXGai,XAsllnP systemT . is around 4.2 K. But there is no
to be 25, 25, and 27, respectively. Our experimental result§ommon criterion to determin@,, for particular sample.
indicate that the resistivity will approach the universal resis-gjnce the average impurity separation in our samples are
tivity h/ve? if the mobility is good enough. If we examine petween 100 and 150 A, which is much shorter than the
the data in the experiment of Shatedral” more closely, we  typical potential fluctuation in high mobility modulation-
found that the critical resistivity at higher disordéosw mo- doped GaAs/AlGa _,As systems, but larger than the length
bility) also deviates farther from the expected value. Regcgle of alloy potential fluctuation in the J[Ba_,As/
cently, Hilke et al!” also observed a similar tendency. InP system,T. for our sample should be somewhere be-
Scaling behavior is expected for tinduced quantum yeen 200 mK and 4.2 K. Judging from the well-behaved
phase transition. Wedt al. examined the scaling behavior of scaling fitting displayed in Fig. 3, we believe that the experi-
the InGa_,As/InP (Ref. 18 and ALGa _ As/GaAs (Ref.  mental temperature<(3.2 K) is low enough and the ob-
19) heterostructures and found that when the temperaturéssrved scaling behaviors are genuine. The critical exponents
were lower than a critical temperatur&s(), the maximum  gptained for sample M832 for the two transitions are
in dpyy/dB[(dpy,/dB)™*] and the inverse of the half-width —( 35+0.01 andk,=0.36+0.01. Because;~ «, the two
in p.{ (AB) "] between two adjacent QH plateaus would ransitions, insulator to QH and QH to insulator, belong to
diverge likeT™* with x=0.42+0.04 (Refs. 18 and 10for  the same universality class. However, they do not equal to
the spin-resolved Landau level. For spin-degenerate Landage universal value 0.21 expected for spin-degenerate sys-
levels, « is around 0.21° On the contrary, Koctet al: tem. The critical exponents obtained for M833 and M834 are
found thatx increased from 0.28 to 0.81 with decreasing(.17+0.02 and 0.250.02, respectively, and are closer to the
mobility for the spin-splitting samples. It is shown that nearexpected value. Although the exponents we got from these
the transition, scaling follow$dp,,/dBlg =T~ (Ref. 7. three samples do not equal 0.21, we notice that the deviation
The critical exponenk can be obtained from the slope of is smaller for samples with higher electron mobility.
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The experimental observation that both the critical resisdepending on the doping concentration in the QW’s, the
tivity and scaling exponent depend on the sample mobilityphase transition can happen between the insulating state and
indicate the importance of Landau-level separation on thehe QH state with filling factors of=2, 6, and 8. Scaling
phase transition in a disordered 2D system. Universal scalingehavior were observed around the phase transition points,
and resistivity are usually observed only in high mobility hut the critical exponents are mobility dependent. For
samples, where the mixing between Landau levels is insigsamples with the lowest mobility, the-92 and 2—0 tran-
nificant. For samples with low mobility and at low magnetic sjtions have the same critical exponent. But the exponent is
field, Landau-level spacing is smaller than Landau-levelyite different from the value expected for a spin degenerate
broadening, and there are no well-defined LL's. In our ex-groyng-state Landau level. For samples with higher mobility,
periment the condition for the formation of well-defined poi the 06 and 08 transitions have critical exponents

LL's, w71, or alternativelyuB>1, is not satisfied at the
phase transition points. Hetg, is the cyclotron frequency;
is the scattering timey is sample mobility, angk andB are

that are closer to the expected value. It is also found that the
resistivity of the samples at the phase transition point de-
crease with increasing Landau-level filling factor. For

in MKS unit. It is thus not surprising that the theory devel- gamples with the highest mobility, the critical resistivity is
oped based on well-defined LL's is not applicable to explaincioser top, = h/ve?. Our experimental results show that the

our experimental results. More theoretical work is requiredyansition between insulating and QH phases can happen at
to understand the insulator—conductor transition in highlyjarge 4. It also shows that the critical exponents as well as

disordered 2D systems.

In summary, magnetic-field-induced phase transitions

(insulator—conductgrwere observed in three multilaye¥

the critical resistivity are mobility dependent.
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