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We show that in dilute metallic p-SiGe heterostructures, magnetic field can cause multiple quantum Hall-
insulator-quantum Hall transitions. The insulating states are observed between quantum Hall states with filling
factorsy=1 and 2 and, to the best of our knowledge for the first time, betwee8 and 3 and between
=4 and 6. The latter are in contradiction with the original global phase diagram for the quantum Hall effect.
We suggest that the application of(perpendicular magnetic field induces insulating behavior in metallic
p-SiGe heterostructures in the same way as in Si metal-oxide-semiconductor field-effect transistors
(MOSFETS. This insulator is then in competition with, and interrupted by, integer quantum Hall states leading
to the multiple re-entrant transitions. The phase diagram which accounts for these transitions is similar to that
previously obtained in Si MOSFETSs thus confirming its universal character.
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In many dilute two-dimensional2D) electron and hole cally in Fig. 1b), direct transitions to the insulator are
systems, re-entrant transitions between quantum (@) allowed from both “1” and “2” QH states.
and insulating states are often observed in a perpendicular Here we present data obtained in a dilute p-SiGe hetero-
magnetic field. In silicon metal-oxide-semiconductor field- structure, where not only is there an insulating phase be-
effect transistordyMOSFETSY and p-SiGe heterostructures, tween QH states at Landau filling factors=1 and 2, but
insulating states appear between neighboring integer Qldlso between=2 and 3 and between=4 and 6. Here the
states (see, e.g., Refs. 1-10while in n- and p-GaAs/ filling factor v is defined, as usual, ggh/eB, whereps is
AlGaAs heterostructures, insulating states are seen betwedne hole density an®, is the component of the magnetic
fractional QH statege.g., Refs. 11 and 12The origin of  field perpendicular to the 2D plane. The spin degeneracy is
these re-entrant transitions is not well understood. In som&vo and there is no valley degeneracy so insulating phases
publications, they have been attributed to field-inducec@Ppearing withv>2 represent a clear violation of the genu-
formation/melting of a Wigner crystd*! otheré have tried  ine global phase diagrarhin this 2D system. A modified
to explain them on a basis of the global phase diagram foPhase diagram, which would incorporate these “forbidden”
the quantum Hall effect suggested by Kivelson, Lee, ar]d‘|eld—|nduced_tran'sn.lons, is shown schematlcallym Fl@i).tl.
Zhang® The latter, however, allows for direct transitions to Its topology is similar to ”}i‘? of the diagrams determined
the insulator only from the integer QH state with the Hall experlment_ally by '__"l.kGEt 6."' |n_p-(_3e/S|Ge quantum wells
conductivity oy, = 1e?/h [thereafter referred to as the QH Wd nijsmenc'eil_ly W'th";'a tlght-bltrr:dmg mo?.ell by ST_en_? ar}d
state “1"; see Fig. 1a)] or from fractional QH states with eng, " see Fig. 1c). However, the essential peculiarity o
Hall conductivities oy, =1/3, 1/5, 1/28%/h ..., while ex-

our phase diagram is the nonmonotofiioumpy”) QH in-

: . " . : sulator phase boundary, with maxima at integer filling factors
perimentally, direct transitions to the insulator from h'%herand minima at semi-integer onésimilar to those in Ref. 5
integer QH states were observed in some 2D_Sy3% for Si MOSFETS. This shape of the phase diagram allows
as well as “forbidden” transitions between insulator and oy the multiple field-induced QH to insulator transitions ob-
fractional QH states “2/5,” “2/7,” and “2/9.”*? In Ref. 5, & served in our experiment.
phase diagram for integer QH effect was constructed based | p-SiGe the holes reside in a 40 nm 13%G8) quan-
on experimental data in St MOSFETSs, and it was shown thatum well, strained because it is lattice matched to Si. Strain
being generalized to the case of fhactional QH effect, this  removes the heavy hole/light hole degeneracy so the holes
diagram is consistent with the above-mentioned “forbidden”experience a strong spin-orbit coupling and have almost pure
transitions between insulator and fractional QH states. |IM;|=32 symmetry. Although the spin degree of freedom is

In p-SiGe heterostructures an insulating phase frequentlguenched the splitting of th#;=+3 levels can be well
appears between the QH states “1” and “27®°The scal- described by a Zeeman splitting that is large and
ing behavior at the transition between this insulating statenisotropic® To a first approximation it depends, like the
and neighboring QH state “1” matches that for the transitionorbital cyclotron energy, only on the perpendicular compo-
between the “last” @, = 1e?/h) QH state and the high field nent of the magnetic field.

“ ovy=0" Hall insulating staté>'®so one possibility is that ~ The results presented were obtained from one sample but
this is a premature transition into the Hall insulating stateother samples taken from the same w&féand measured in
and, as such, does not violate the global phase diagram. Fua- different experimental set-umave essentially identical
thermore, when the global phase diagram is modified to acdata. The hole density of approximately ¥.10'* ¢cm™2 can
commodate the spin degree of freeddims shown schemati- be compared with the critical densities for tBe=0 metal-
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FIG. 1. Schematic phase diagrams for the integer quantum Hall effect. Shaded regions are quantum Hall states with zero longitudinal
conductivity, o, and nonzero Hall conductivityr,,, values of which(in units of e?/h) are indicated by numbers. White regions are
insulating states witlor,, = ,=0. Lines separating quantum Hall and insulating regions are extended states with nepzand oy, . (a)

Global phase diagram for spinless electrons suggested in Reéh)Ihase diagram modified for electrons with sgihé) Numerical phase

diagram for electrons with spit€.The upper extended states merge with the lowest one allowing for direct transitions between upper QH
states(“6” and “4” in this figure ) and insulator(d) Schematic phase diagram, similar to that obtained in Si MOSFETSs in Ref. 5, consistent

with our experimental results. We do not show the low-magnetic-field part of the diagram since the behavior of the extended states at low
fields is beyond the scope of this paper. Dashed and dotted lines show field-induced transitions between QH and insulating states corre-
sponding to thep,,(B) dependences of Figs.(@ and 2Zb) (“6"-insulator-“4"-“3"-insulator-“2"-insulator-“1"-insulator and “3"-
insulator-“2”-insulator-“1"-insulator), respectively.

insulator transition, observed in very similar sampfébe-  sulating” temperature  dependence. For  ordinary
tween 0.8 and 1.010'* cm 2. The ratior,=1/(wps)*%ag ~ Shubnikov-de Haas oscillations, the temperature dependence
is about 5(hereag is the effective Bohr radius in the semi- of the oscillation amplitude is determined by the thermal
conductoy so Coulomb interaction effects should be large. damping factorX+/sinh(X;), whereX;=2mw?kgT/A w.. The

Measurements were made in a rotator-equipped dilutiomhermal damping factor is approximately 0.92 at 200 mK,
refrigerator with temperatures down to approximately 30close to the saturation value of one. As the temperature is
mK. The Hall bar sample had a width of 200m and the further decreased, however, it is found experimentally that
AC measuring currents were kept smidiss than 100 pAat the height of this peak and the depth of the adjacent QH
the lowest temperaturpto avoid heating. In the case of very minimum at 1.19 tesla both continue to change substantially
high resistances, we switched to a DC technique slowlysee in the inset to Fig.)4The peak in particular increases
sweeping current], between—15 pA and +15 pA and by a factor of about five. This is characteristic of insulating
measuring the voltagey, for every value of the magnetic behavior and we therefore consider thg(B) dependence
field. The resistance was then determined as the derivativéhown in Fig. 4 as indicative of another re-entrant transition
dv/dl at1=0. between an insulator and a QH state, this time-=at.

Figure 2a) shows the longitudinal resistivity,, as a The p,(B) dependence is also shown in Figbpfor the
function of magnetic field at a temperature of 35 ntke  same sample after illumination was used to increase the hole
same dependence is shown in Fig. 3 on a logarithmic scaledensity by about 9%. The two insulating peaks at approxi-
There is a well-defined=1 quantum Hall minimum of the mately 2 and 3.5 tesla have decreased in amplitude and the
resistance at 4.7 tesla, corresponding to a density of 1.1third peak at about 1 tesla now displays a more “usual”
x 10" cm™2, which agrees well with the periodicity of the (noninsulatingbehavior. A small increase in the hole density
low-field Shubnikov-de Haas oscillations. therefore both reduces the number of insulating peaks ob-

The two large peaks in the resistivity, at magnetic fields ofserved and weakens the insulating character of the remaining
about 2 and 3.2 teslave3 and 2, respectively both show  peaks.
an exponentially strong increase of resistance as the tempera- In other p-SiGe samples wherevas 3 insulating phases
ture decreaseésee, e.g., the inset to Fig),3ndicative of is observed? tilting the magnetic field produces a modest
insulating behavior. In additiofsee Fig. 4 the peak around enhancement of the insulating character. A similar effect is
1 tesla, i.e., between=4 and 6, also has an abnormal “in- observed here: the amplitude of all three insulating peaks is
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at three temperatures. The inset shows temperature dependences of

2105k pxx at B=0.97 tesla(peak andB=1.19 teslalminimum).

QH states at yet higher magnetic fields leading to the mul-
tiple re-entrant QH to insulator transitions that are seen ex-
perimentally. An intriguing question remains about the nature
of a very similar re-entrant insulating state observed around
A fractional filling factors in dilute GaAs/AlGaAs hetero-
°o 1 2 3 4 5 8 structures? We note once again that the field-induced QH-
B (Tesla) insulator transitions around fractional filling factors in these

FIG. 2. Resistivity as a function of perpendicular magnetic field SyStéms are consistent with the experimental phase diagram
at T=35 mK. (@ p=114x101% cm2 (b) p.=124 for the integer QH effect, generalized to the case of the
X 10" em2. fractional QH effect.

In Si MOSFETSs the fact that the onset of insulating be-
increased by tilting the magnetic fiefdn example is shown havior depends on thetal magnetic field demonstrates very
in Fig. 5). directly that the spins play a crucial role. The absence, in

Evidence has been presented showing tiitee for the  P-SiGe, of a similar response to parallel fields confirms this
illuminated sampleseparate re-entrant transitions from QH point of view. The spin degree of freedom is already sup-

to insulating phases. These all have the same general behd¥essed by the spin-orbit coupling and cannot be further re-
ior as the =2 insulating phase seen in other p-SiGeduced. The small residual response is a second-order effect.
Samp|es_ There is, at present, no genera”y accepted exp|ari&.COU|d be associated with a minor realignment of the Lan-
tion for the origin of this effect. It can, however, be com- dau levels or alternatively changes in wave-function overlap
pared with corresponding behavior in dilute Si MOSFETS. produced by the diamagnetic energy shift associated with
For Si MOSFETs which are on the metallic side of the Pparallel fields.

=0 metal-insulator transition it is knowh that magnetic It should be noted that for all the data presented here the
fields of the order of a few tesk@ither perpendicular, paral- Landau level broadening is large. Bt=0, kel is of order

lel, or tilted) induce insulating behavior by aligning the elec- two (herekg is the Fermi wave number arids the mean-
trons’ spins and quenching the spin degree of freedom. Iffee-path and it is known that the transport and quantum
p-SiGe samples, the strong spin-orbit coupling means paralifetimes are approximately equal in this mateffaso the

lel magnetic fields have relatively little effect but it can be Landau level broadening is of order half the Fermi energy.
assumed thaperpendicularmagnetic fields will act in the For the higher order insulating phases., those observed at
same way and induce insulating behavior. This insulator i@pproximately 1 and 2 teslahe Landau level broadening is
then in competition with, and may be interrupted by, integertherefore of the order of the cyclotron spacing and the insu-

10" T 110°
—_10° 4
10° k LY §10 325Tesla ,**
Y- . ilted
. PR S 7510 [ tiited
- F R o) R
€ 10} Pl L 10 2
S .y SRR N g 510t
= 10°[ ‘ \ %
o_gé 5 V a”
107 2510° [ A
10° f
5 0 perpendicular
10 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 0 0.5 1 15 2
B (Tesla) B_L (tesla)
FIG. 3. Same as Fig.(8) with resistivity plotted on a log scale. FIG. 5. p,, vs B, for magnetic field directed perpendicular to
The inset shows resistivity of the peakBt 3.25 teslavs T 2 the 2D plane and tilted by 75°, as label§d=70 mK.
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lating phases appear not out of well-defined quantum Hall(a). This is not the case, however, for the other two insulat-
states, but rather out of states where disorder induces iag phases which appear between QH states belonging to
strong Landau level mixing. This suggests that except at thepper Landau levels and therefore contradict the genuine
highest magnetic fields, it is more appropriate to relate th@lobal phase diagram. Topologically, they are permitted by
insulating phases to thB=0 metal-insulator transitioff ~ the phase diagram of Sheng and WEénfFig. 1(c)]. The
where the disorder and Coulomb interaction terms are th&hain difference between this and the original diagram is that

largest energies involved, than to quantum Hall states wherd'€ upper extended statéines separating QH states with
the cyclotron energy dominates. different nonzero values af,,) merge with the lowest ex-

Despite the strong similarities between the magnetic field!ended statéline separating the insulating state from the QH

induced insulating phases in p-SiGe and Si MOSFETs ther&a€$, instead of nestingExperimentally, this merging was

" ; e _Observed, to the best of our knowledge, for the first time in
are probably additional faCt.OFS mvolved fof p-SiGe hgtero Si MOSFETs by Shashkiat al%) As we have already men-
structures. The Zeeman splitting in p-SiGe is lamgegB is

_ _ ; tiofield-i H to insula.
of order 3hw. and is further increased by exchangetloned’tO accommodate multipfeld-inducedQH to insula

h P B & The orderi tor transitions, the phase diagram must have the “bumpy”
ennancemert SO gerughb May Exceetiwe. 1he Ordering  npaqge houndary shown schematically in Figl) 1again as in
of the Landau levels then changes and, in particular, the se

ond and third(spin-resolvegllevels cross giving a ferromag | MOSFETs."™ Sections of this phase diagram corre-
. S ) " sponding to th B) dependences of Figs(& and 2b
netically polarized system at=2, as was experimentally P g PdB) dep gs( 2b)

d P ) are depicted by the dashed and dotted lines, respectively.
shown in Ref. 10. If the magnetic field is further increased, | sSmmaryywe have observed. to the best of%ur kno)\//vl-
the exchange enhancement of the Zeeman splitting has Saté'dge, for the first time in p-SiGe heterostructures, multiple

rated but the qy;l_otron energy continues to increase. There_’ﬁeld—induced QH to insulator transitions similar to those pre-
the.n the po§S|b|I|ty that th? Landau Ieve}s may Cross ag‘?“@iously observed in dilute Si MOSFETs. These transitions
while reverting back to their normal configuration. There IS are therefore a universal property of dilute 2D systems. Some

o . . _3 _ . .. .
some indicatioff that the insulating phase=32 only ap of them are “forbidden” by the original global phase dia-
am of Kivelson, Lee, and Zhartg They are topologically

pears if this crossing occurs. Then the appearance of re;
entrant insulating phases would depend on the magnitude %ermitted by the numerical diagram of Sheng and Wéng,

the exchange _enhancement of the Zegmgn SP”“"FQ- Thglthough their diagram also requires some modifications. As
lower the density the lower the magnetic field requ_lred O, Si MOSFETs it appears that the spin of the carriers plays
producgl a large exchange enhan_cement and the increasgd important role in the appearance of these insulating
probability that Landau level crossings occur at valuew of phases.

=2.

As noted previously, a re-entrant insulating state-at M.R.S., M.R., and S.V.K. were supported by NSF Grant
does not necessarily contradict the topology of the globaNos. DMR-9803440 and DMR-9988283 and Sloan Founda-
phase diagram of Kivelson, Lee, and Zh&hshown in Fig. tion.
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