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New Universality at the Magnetic Field Driven Insulator to Integer
Quantum Hall Effect Transitions
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We present a magnetotransport study of a disordered two-dimensional hole system in a strained
Ge quantum well. As the magnetic field is increased, a clear transition from a low magnetic field
insulator to ther = 1 quantum Hall state at the lowest density range (controlled by a gate), and to
the » = 3 state at higher densities, is observed. We find that these transitions are characterized by a
new universality: At the critical point, the diagonal and Hall resistivities are equal, within experimental
uncertainty. These results are in conflict with the “floating” scenario suggested by Khmel'nitzkii [JETP
Lett. 38, 552 (1983)] and Laughlin [Phys. Rev. Lef2, 2304 (1984)]. [S0031-9007(97)02740-3]

PACS numbers: 73.40.Hm, 71.30.+h, 71.55.Jv, 73.20.Dx

Shortly following the discovery of the integer quan- The transitions to the insulating phase in this class have
tum Hall effect (IQHE), it became clear that its obser-been recently discussed in Ref. [10].
vation requires the existence of extended states below the In this paper, we center our attention on the second
Fermi energy. Since it is believed that, in the absencelass, which is that of very low mobility samples which
of magnetic field(B), all two-dimensional electron sys- exhibit insulating behavior atB = 0 and undergo a
tems (2DES'’s) are insulating [1], Khmel'nitzkii [2] and transition to the IQHE phase at high®r In such samples,
Laughlin [3] suggested that the energies of these extendedansitions between lows- insulating behavior and either
states.E,, “float” up from the center of the Landau level the v = 1 [11] or the v = 2 IQHE [12-14] states were

(LL) and follow observed. This apparent inconsistency had prompted
E,=(n+ 1/Qhodl + 1/(0.7)}, 1) 0

wherew,. = e¢B/m™ is the cyclotron frequencyg™ is the i V=250V |

effective mass, and is the classical elastic collision time. Insulating phase v=

Indeed,E, — « asB — 0, rendering all electronic states 25 | -

in 2DES localized aB = 0. This conjecture has been the
center of a recent debate [4—6].

Building on the notion of floating, and extending it to 20
the fractional quantum Hall regime by means of a bosonic
Chern-Simons mapping, Kivelson-Lee-Zhang (KLZ) [7]
proposed the existence of a global description of 2DES
at high B. This description can be summarized by a set
of correspondence rules relating the physical properties
of the system at different LL filling factorsy(s), and
a selection rule that forbids transitions to the insulating
phase from all but the principal QHE states, such as
v =1, 1/3, 1/5, etc. By successively applying these 5
rules, KLZ constructed a theoretical phase diagram for
2DES in the disordeB plane (top-left inset of Fig. 1).

While it appears that most experiments are in support of 0
the correspondence principle of KLZ, their selection rule,
which stems from the floating picture, seems to be at odds
with many recent results [8]. One can crudely categorizéIG. 1. p,, andp,, versus magnetic fieltB) for vV, = 2.5 V
the observed violations of the selection rule into twoat 7' = 40, 130, 230, and 330 mK. B. (1.56 T) denotes the
classes. The first class is that of very high mobilitycr't'cal magnetic field at which the transition from an insulator

. . . to QHE occurs. The top-left inset shows the IQHE portion of
samples, where the forbidden transitions are attributed tQ . “iheoretical phase diagram suggested by KLZ. The arrow

the formation of a Wigner solidlike order in the systemindicates a possible trajectory for a sample. The bottom-right
[9], which is not taken into account in the KLZ theory. inset shows a magnified view around the transition.
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theoretical attempts to incorporate the spin degree ofleposition (PECVD) silicon oxynitride, was used to keep
freedom in the KLZ framework [15]. It is clear that the the sample structure intact. A standard Hall bar sample
discrepancies among experiments on samples of differemtas prepared with a TAl gate and AJAu alloyed ohmic
materials and parameters necessitate further studies.  contacts. The channel & um wide and the voltage

A 2D hole system (2DHS) in a strained Ge layer, whereprobes ar@00 wm apart.
the spin splitting of the lowest LL is calculated to be about The measurements were done in a dilution refrigerator
one-third of the cyclotron gap [16], makes a natural choiceat temperatures7(s) ranging from 30 to 350 mK in
for this purpose. We performed a systematic study on thia magnetic field up to 13 T. A phase sensitive four-
system where the hole density) could be varied over a terminal ac lock-in technique was used with an excitation
wide range 0f0.7 X 10'' < p <54 x 10" cm2 by a current of 0.1 nA to minimize heating of the sample.
metallic front gate. We focus on the low density rangedc measurements were occasionally performed to check
where the system exhibits insulating behavior at IBw for consistency. From the low field Hall effect and the
followed by a transition to a QHE phase at higher  Shubnikov—de Haas (SdH) measurements, it was found
Two main findings will be discussed. The first is the that the sample had the density ©# X 10'' cm~2 and
observation of clear, well-defined, transitions from themobility of 13000 cn?/V sec at zero gate voltage. By
insulator to either thev = 1 IQHE state at the lowest changing the gate voltag®,), we could lower the density
densities or, for the first time, the = 3 IQHE state down to 0.7 X 10" cm™2, at V, = 3.1 V. The gate
at higher densities. The second finding is that, on théeakage current was negligible within the capability of
insulator to IQHE phase boundary, the transition pointsour experimental setup<10~'! A) throughout our gate
are characterized by the equality of the diagonal and HaNoltage range.

transport coefficientsp,.. = pyye, Within experimental In Fig. 1, we show the diagonah.,, and Hall, py,,
error. Both findings are in apparent conflict with the KLZ resistivities atV, = 2.50 V and T = 40, 130, 230, and
theory and the floating scenario. 330 mK. Both resistivities are measured by the sheet and

The Ge layer, which contains the 2DHS, is under aHall resistances, respectively. At high(B > 4.5 T), a
compressive strain that significantly modifies the valencdully developedr = 1 IQHE is observed, with vanishing
band structure. The strain removes the degeneracy ¢f.., and p,, quantized toi/e?. Well-developedy =
the valence band at zone center, leaving a single, doubly and » = 3 IQHE states are also present at lowgr
degenerate band as the lowest-energy state. The strawalues, characterized by strong deviations from the linear
split energy difference is estimated to bel10 meV at  dependence gé,, on B, and the accompanying minima in
zone center, using & - p Luttinger model that includes the p,, traces. AtB = 1.56 T, there is a clear transition
the strain but neglects confinement effects [17]. Themagnetic field,B., where thep,, value is temperature
effective mass of the 2DHG in the strained Ge channeindependent. FoB < B., the system behaves like an
at low magnetic field was measured to bdm, from insulator in the sense that,, increases as temperature
cyclotron resonance [18], where, is the bare electron decreases. AB = 0, the values ofp,, are 8.44, 8.28,
mass. The Fermi energy estimated from the 2D hol&.12, and8.00 K () for the T’s shown here. On the other
density using this mass value is approximately 13 meVhand, above,, p,, decreases as the temperature decreases
for the highest hole density in our study, = 5.4 X  andp,, starts developing a plateau, indicating the quantum
10" cm™2. Therefore, band nonparabolicity and valenceHall state. We thus identify th& independent poinB.
band mixing effects are not significant in this study. as the insulator to the = 3 IQHE transition point.

The sample we studied was grown by the molecular- The observation of the low insulator to they =
beam epitaxy (MBE) technique. It consists of a graded3 quantum Hall state transition is a clear violation of
buffer Sii—,Ge, layer grown on a Si substrate, followed the KLZ selection rule [8,9], which is one of the key
by a uniform buffer Sj4Ge)s layer, and a 150 A thick ingredients in constructing the global phase diagram
Ge layer sandwiched in between 86y layers, where [7]. Consider the phase diagram in the top-left inset
Boron modulation doping is placed [19]. In this struc- of Fig. 1. Since all higher IQHE states are completely
ture, the Sj4Geay¢ layers are fully relaxed, while the nested inside ther = 1 to insulator phase boundary,
Ge layer is under 1.6% compressive strain. In order tdhe allowed transitions involving the insulator can only
continuously vary the effective disorder situ, a gated take place along this phase separation line, i.e., only the
structure is fabricated to change the density that modiinsulator tor = 1 (0-1) transition is allowed. Therefore,
fies the screening of the disorder potential. A simpleany direct transition between an insulating phase and an
metal-semiconductor field-effect transistor (MESFET)IQHE state with» > 1 is a possible violation of the
structure was not successful due to the lack of a goo#LZ phase diagram, and may be regarded as inconsistent
Schottky barrier forming metal. To circumvent this with the floating picture. We wish to point out that
difficulty, a metal-oxide-semiconductor field-effect tran- while earlier observations of a direct insulator #o= 2
sistor (MOSFET) structure was made by growing an(0-2) transition, which appears to be in conflict with the
insulating layer between a metal and the cap layer. A lovtheoretical phase diagram, were reconciled by assuming
temperature insulator, plasma-enhanced chemical-vapothat the lowest LL is spin degenerate [12], the insulator
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to » = 3 transition cannot be explained using similar V, changes from 2.1 to 3.0 V, the values pf,. and
reasoning, since ther = 3 IQHE takes place at the p., monotonically increase, (faster than a power law or
second LL, separated from the first by a cyclotron (ratheen exponential form), and appear to saturate at the value
than spin) gap. It is possible that, at these IBw- of the quantum of resistancg/e>. Interestingly, for all
transitions, significant mixing of the states at differenttransitions,p.,. is very close in value tp,,.. The same
LL's takes place, and the simple floating picture shouldrelation is also apparentin previously reported experiments
be modified accordingly. on GaAs samples [11,13,14,21], even thoughythe (and

To show the evolution of the sample &s or, equiva-  p.,.) range is limited in those cases. Incidentally, we note
lently, the disorder increases, we plot in Fig. 2 the twothat this relation also holds for the= 1 to insulator transi-
sets of B field traces ofp,, taken atV, =272V  tion [22], but not for ther = 1/3 to insulator transition,
[Fig. 2(a)] and 2.85 V [Fig. 2(b)], for severdl's ranging  wherep,,. = 3 butp,.. = 1, both in units ofz/¢? [20,23].
from 30 to 350 mK. The insets show the tracespof Next, we consider the possible consequences of the
at 7 = 120 mK and the magnified views of the cross- p... = p.,. Observation. Since we are unaware of any
ing points. AtV, =272V, v =2 andv =3 IQHE realistic model pertaining to the insulator-QHE transition,
states are on the verge of disappearing, whileithe 1~ we will limit our discussion to the framework of the
IQHE state still remains strong, as is evident from theDrude model, keeping in mind that it is naa, priori,
wide minimum wherep,, is vanishingly small. A, =  applicable to either the critical point of the transition or
2.85 V, all the IQHE states have disappeared, except théhe insulating and QHE phases. In the Drude model,
v = 1 IQHE state. The lowB insulator to IQHE tran- p.,. = p.. implies thatw.7 = 1. First, we note that
sition B.’'s are1.90 T for V, = 2.72 V, and2.19 T for w.7 = 1 also implieslz/v = l.;, where application of
V, =285 V. At B = 9 T, the system undergoes anotherthe KLZ theory becomes dangerous for smedi[7]. Here
transition fromy = 1 to insulator. Shahaet al. [20] per- [z and [, are the magnetic length and the elastic mean
formed an extensive study of this transition and showedree path, respectively. While, on general grounds, one
that, at the transition pointy,, appears to be universal indeed expects a crossover from the IBwbehavior to
and close tai/e?. In our sample, the contacts deterioratethe QHE regime, wherdg ~ I.;, our observation of a
at higherB and this transition is not so well resolved. clear, well-defined, critical transition point, wheige/v =

In Fig. 3, we plot the values gf,, andp,, atthe lowB [, warrants further theoretical investigations. Second,
transition point, for all the transitions we observed. Asaccording to Eq. (1), the energy of the extended states
is at a minimum wherw.7 = 1. It is hard to see how
the transition between the insulator and the IQHE phase,

20 T T T T T T
a) Vg=2.72V, T:30~330mK which, in the floating picture, is to occur when the Fermi

energy crosses,,, would coincide with a minimum of,.
1 Finally, in Fig. 4, we construct an experimental phase
g diagram by using our values aB. together with the
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FIG. 2. p. vs B traces for twoV, values. The insets show FIG. 3. The critical resistivitiesp,,. and p,,., versus the
traces ofp,, at 120 mK and magnified views of the crossing applied gate voltage. The top axis shows the corresponding
points. (a)V, =2.72 V andT = 30, 120, 240, and320 mK. hole density. The arrow on the right axis indicates the quantum
(b) V, = 2.85 V andT = 30, 120, 250, and350 mK. of resistancef /e>.
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position of p,, peaks between the quantum Hall plateausn the disorder versus magnetic field plane. Our results
at different gate voltages. We also included the transitiorare in conflict with the floating scenario as an explanation
points fromv = 1 QHE to the highB insulator, deduced for the low-B transitions between the insulator and the
from the value ofB where p,, = h/e?, which is where IQHE phase.

the transition to insulator is expected to occur [20]. This We would like to thank Dong-Su Kim for technical
phase diagram clearly shows the transition from a lowassistance with the MOSFET devices, and Kun Yang,
B insulator to ther = 3 QHE state inV, = 2.75 V. At S. Sondhi, and S. Kivelson for useful discussions. This
V, > 2.85 V,aninsulator tor = 1 QHE transition exists. work was supported by the NSF.

Because of the finit& in our experiments, we are unable
to resolve whether, for our sample, a direct transition
to the » = 2 IQHE can occur aR.75 < V, < 2.85 V.
Notice also that the transition boundary between the Bow-
insulator and ther = 1 IQHE appears to be only weakly
dependent on magnetic field, and occurgat 2 T. On
the other hand, the boundary between the= 1 IQHE
state and the higl#- insulator follows ther = 1/2 line
deduced from the corresponding hole density.
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