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We have conducted an experimental study of the linear transport prop- 
erties of the magnetic-field induced insulating phase which terminates 
the quantum Hall (QH) series in two dimensional electron systems. We 
found that a direct and simple relation exists between measurements 
of the longitudinal resistivity, ,onX, in this insulating phase and in the 
neighboring QH phase. In addition, we find that the Hall resistivity, 
p,.+ can be quantized in the insulating phase. Our results indicate that 
a close relation exists between the conduction mechanism in the insu- 
lator and in the QH liquid. @ 1997 Elsevier Science Ltd 
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Quite generally, for two dimensional electron systems 
(2DES’s), the quantum Hall effect (QHE) terminates, 
at high enough magnetic field (B) with a transition 
to an insulating phase [l-9]. This is true for low mo- 
bility (u) samples that exhibit only the integer quan- 
tum Hall effect (IQHE), for higher mobility samples 
where the fractional quantum Hall effect (FQHE) is 
resolved and the transition to the insulator takes place 
from the v = l/3 FQHE liquid state (v is the Landau 
level filling fraction), and for ultra-high quality sam- 
ples showing a well-resolved v = l/5 FQHE state and 
the much-discussed reentrant insulating phase [4]. In 
the latter, state of the art samples, characterizing and 
understanding the properties of the insulating phase 
were at the center of an intense effort due to the pos- 
sibility that underlying this insulating phase is the elu- 
sive B-field-induced Wigner solid (WS), expected at 
low v for these nearly ideal samples. Indeed, most of 
the experimental results pertinent to this insulator are 
consistent with a WS description [lo]. 

For lower mobility samples, the transition to the in- 
sulator occurs at higher v (usually > l/4) and the for- 
mation of a WS in not expected. Instead, a novel type 
of insulator has been suggested by Kivelson, Lee and 
Zhang [ll] (KLZ). This insulator, named the “Hall” 
insulator, is argued to have a Hall resistance whose 

value is close to the classical value, pXY x B/ne, while 
its diagonal resistivity, pxx, diverges as T - 0 [12,13]. 
In contrast to the WS case, a realistic description of 
this suggested new high-B phase is not yet available. 

In this letter we present the results of an experimen- 
tal study of the B induced insulator for intermediate 
and low mobility samples. The QHE liquid to insula- 
tor transition in such samples, which are characterized 
by a single, well-defined, transition to the insulating 
phase, have been recently studied by Shahar et al [S]. 
The main purpose of this letter is to report the obser- 
vation of a new type of symmetry that relates this in- 
sulating phase to the adjacent QH liquid phase. When 
expressed in terms of pXX, this symmetry takes a par- 
ticularly simple form: 

P&V&e) = llP,(%Y) (1) 

where, as will be discussed below, Vi,, can be simply 
obtained from V& by knowing the critical filling fac- 
tor, v,. Eq. 1 holds both for transitions from the v = 1 
IQHE state and, remarkably, also for transitions from 
the v = l/3 FQHE liquid states. In both cases, the 
symmetry is observed over a rather wide range of v, 
and P&V& can be more than a 100 times smaller 
than pXX(vin,). In addition, this symmetry also holds 
throughout the T range of our study, and for the non- 
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linear current dependent regime of transport [14]. On 
a phenomenological level, this comprehensive symme- 
try indicates the existence of a direct and simple rela- 
tion between the conduction mechanism in the QHE 
liquid phases and that of the insulator. 

The results presented in this work were obtained 
from three samples that, despite being all MBE grown 
GaAs/AlGaAs heterostructures, differ greatly in their 
parameters. The first two, C70GB and MMOSIC, are 
low mobility samples (18000 and 11000 cm2Nsec re- 
spectively, at - 1K) with very different electron densi- 
ties of 0.29 and 2.27 . 10” cm-*, respectively. In both 
samples, the disorder level is so high that the FQHE 
can not be resolved, and the IQHE series terminates 
with a direct transition from the v = 1 IQHE state to 
an insulating phase [8]. Due to their large density dif- 
ference, the transitions in these samples occur at very 
different B values: B = 1.8 T for sample C70GB and 
B = 14.92 T for sample MMOSIC. The vc values are, 
however, much closer, v, = 0.64 and 0.6 1, respectively. 

The third sample, M124U2F, has a much higher ~1 
of 5. lo5 cm2Nsec at a density of 0.6-10” cmM2. Con- 
sequently, its low T transport properties are distinctly 
different from that of the other two samples, and in- 
clude a set of FQHE states such as the v = l/3, 2/5, 
2/3,4/3 etc. In this sample, the transition to the insu- 
lator occurs directly from the v = l/3 FQHE liquid 
state, at B = 8.40 T. We emphasize that the symmetry 
discussed in this letter transcends the large differences 
in the characteristics of the samples in this study. 

Our main result is presented in Fig 1, where we plot 
data obtained from sample C70GB. In Fig. la, two 
traces are plotted. The first (solid curve) is a pXX trace 
obtained at T = 48 mK, which is plotted, rather than 
versus the usual B axis, using Av = v - v, as the ab- 
scissa of the graph. The pXX trace is normalized to its 
value at v,, which for this sample is 23 kR (vc is de- 
termined by the crossing point of pXX traces taken at 
different T’s IS]). The second trace in Fig. la is a trace 
of 1 /pxx (dashed line), calculated from the normalized 
pXX trace. At the transition point, pXX = 1 /p, = 1. 
In the IQHE liquid regime, pXX tends towards zero, 
and consequently 11 pXX attains large values. In the 
insulator the opposite trend occurs, with pXX diverg- 
ing and 1 lp, - 0. Plotted in this manner, the two 
traces appear to be reflection-symmetric about the 
transition point, Av = 0. This symmetry can be even 
more clearly seen in Fig. lb, where we plot the l/p, 
trace against a reversed, (-Av), top axis. The over- 
lap between the p xx and the (reversed) 1 /p, traces is 
rather good, and extends to the maximum range of 
our data, - 16 times the transition value, or = 365 
kSZ. The extent of this symmetry is even more impres- 
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Fig. 1. (4 pxx, normalized to the value of pxx at v,, 
P - 23 kfi, and 1 ipxx, XX - calculated from the normal- 
ized pxs trace, as a function of Av = v - v,. (b) A 
replot of the data in (a), but with the 1 /p, trace plot- 
ted against the top, (-Av) axis. Also included are pXX 
and lip, traces at higher T. 

sive if we remember that we are comparing p,(Av) 
with l/p,(-Av), where p,(-Av), taken in the v = 
1 IQHE state is, e.g., 1.45 kS1 while px,(Av) in the in- 
sulating phase is 365 ka, a ratio of more than 250 in 
pxx. In Fig. lb we also include pxx and l/p, traces 
taken at T = 112 mK. Similar symmetry is observed 
for these traces as well, indicating that the symmetry 
between the QHE and the insulator is broader in scope, 
and is not limited to pxx at a given T, but also exists 
in the T dependence of px-. Due to lack of space, we 
defer a report of a more complete study of the T de- 
pendence of the symmetry to a future publication. 

The pXX - 1 / pXX symmetry, which extends over a 
surprisingly wide range of v > 0.2, has an interest- 
ing experimental consequence. Based only on a mea- 
surement of pxx in, say, the v = 1 IQHE phase it is 
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Fig. 2. B traces of pXX (dashed curves) and pXY (solid 
curves) at two temperatures. The arrow indicates the 
transition B (= 14.92 T) as determined from the cross- 
ing point of the pXX traces. 

possible to predict, to within experimental accuracy, 
the value of prX at a corresponding point in the insu- 
lating regime. The corresponding point is determined, 
for the v = 1 IQHE to insulator transition, simply by 
Av - - Av, or “particle-hole” symmetric points. 

Having shown that a relation exists between the di- 
agonal resistivity in the IQHE and the insulator, it 
is natural to ask if a similar mapping can be made 
with the off-diagonal, Hall component of the resis- 
tivity tensor, pXy_ This necessitates a careful measure- 
ment of pXv beyond the transition, into the insulating 
phase. This is a notoriously difficult measurement due 
to the mixing-in of a pXX component in the pXy signal, 
resulting from Hall contacts misalignment and from 
current path non-uniformities [l&16]. While the pXr 
component can, in principle, be removed by averaging 
over two B field orientations, in practice the capability 
to do so is usually limited, at low T, by inhomogene- 
ity of the current paths. Consequently, we could not 
obtain reliable pXu data in the insulating regime for 
any of our samples at the lower end of our T range 
(T K 100mK). At higher T, and for sample MMOSiC, 
which is of very high density and therefore tends to 
be less prone to inhomogeneities, we were able to fol- 
low the evolution of pXY into the insulating phase. In 
Fig. 2 we present B traces of pXv (solid lines) near the 
critical B, Bc = 14.92 T (arrow in Fig 2). B, is deter- 
mined by the crossing point of the pXX traces (dashed 
lines) taken at different T’s. For this sample, only mi- 
nor (< 0.5%) variations in B, exist between measure- 
ments using different contact configurations, attesting 
to an exceptionally high degree of homogeneity. The 
main observation that can be made from these pXY 
traces is that at T = 323 mK, pXv remains constant 
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Fig. 3. (a) Normalized pXX vs. Av = v - v, and 1 /pxx 
vs. -Av for the v = l/3 to insulator ,transition. For 
this sample, pXXc = 21 k0. (b) Same data as in (a), 
plotted using the filling factor of composite fermions, 
v’ (see text). Note the improved pXX = 1 /p, symme- 
try. 

and quantized, pxy = h/e2, for a finite B range into 
the insulating phase. On the other hand, at 62 mK, 
the measured pxy begins to deviate from its quantized 
value at B < B,. At present, we are unable to deter- 
mine whether this deviation arises from the intrinsic 
behavior of px,,, or from an extrinsic source, such asthe 
rapidly-increasing pxx contribution to the measured 
pxy, or a development of current non-uniformities at 
lower T. Further studies are required to establish the 
range of B and T where pxv remains quantized in the 
insulator, and to determine whether its asymptotic be- 
havior is that of a “Hall” insulator, as predicted by 
KLZ. Interestingly, a constant pxy is a consequence of 
the ‘semi-circle’ conductivity law recently suggested 
theoretically by Ruzin and his collaborators [17]. 

It is now rather well-accepted that strong similari- 
ties exist between transitions in the IQHE and FQHE 
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Fig. 4. Normalized pxx vs. Av’ and l/p, vs. -Av‘, 
as in Fig. 3b, but for two currents, at T = 24 mK. 

regimes [8,18,19]. It is therefore interesting to look for 
the symmetry near transitions from FQHE states to 
the insulator. In Fig. 3a we plot two pXX traces (solid 
curves) vs. Av, obtained near the v = 1 / 3 to insulator 
transition, at T = 24 and 99 mK. Similarly to Fig. 1, 
we also plot 1 /p,, traces (dashed curves) vs. a reversed 
Av axis. Although very close to the transition point 
we again obtain the pXX = 1 / pXX symmetry, the range 
in terms of pXr appears to be much more limited. We 
now recall that, in the KLZ description of the tran- 
sitions in the FQHE regime, the electronic system is 
mapped, using a Chern-Simons transformation, onto 
a superconductor-insulator transitions of an equiv- 
alent composite boson (CB) system [20]. A similar 
transformation was used by Jain [21] to map the v = 
l/3 FQHE state onto a v = 1 IQHE state of compos- 
ite fermions (CF’s). We will next show that, by map- 
ping our v = 1 / 3 to insulator transition onto a v = 1 
to insulator transition of CF, the pXX = l/p, sym- 
metry greatly improves, and the corresponding v’s are 
again related by particle-hole symmetry. Alternatively, 
it is possible to use the CB’s mapping, and the corre- 
sponding v’s are then related by duality-symmetry of 
the CB’s [22]. 

Using the CF mapping, we replot in Fig. 3b the 
same data as in Fig. 3a, only with the fillings of CF, 
v’ = &, as the abscissa. A much-improved symme- 
try is obtained at both T's, extending to - 6 times the 
transition value at 24 mK and N 4 times at 99 mK, 
before appreciable systematic deviations are observed. 
In view of the data in Fig. 3, it is reasonable to as- 
sume that for the v = l/3 to insulator transition, the 
symmetry is that of the underlying composite parti- 
cles, rather than that of the electrons. 

Although we can not give a definite answer to the 
question of the range of validity of the pXX - l/p, 

symmetry, an illuminating experimental point can be 
made by considering the current dependence of the 
pXu traces. In Fig. 4, we again plot pXX and l/p, 
traces, similar to those in Fig. 3, taken at T = 24 
mK, but measured at two different currents. Clearly, 
the systematic deviation of the pXX traces (solid lines) 
from the 1 /pxx traces (dashed lines) is much larger, 
and starts closer to v:,, for the 100 pA trace. On the 
other hand, the 1 /p, traces at both currents appear to 
overlap (for the l/p, > 1 range), indicating that the 
pxx in the FQHE regime is independent of current in 
the range shown. It therefore appears that by lowering 
the measuring current the range of applicability of the 
symmetry is significantly increased, even at these very 
low currents. A natural conclusion would be that the 
symmetry holds only in the strictly ohmic regime of 
transport. We wish to emphasize here, that this is not 
the case, and that the symmetry is maintained much 
beyond the ohmic regime. However, since for higher 
currents outside the ohmic regime, pxx is ill-defined, a 
generalized symmetry should be invoked. This can be 
done by considering the pxx - l/p, symmetry as a 
symmetry under the exchange of the current and volt- 
age coordinates. In a separate publication, we demon- 
strate that this generalized symmetry indeed holds for 
a broad range of currents and voltages [14]. 

From the discussion in the previous paragraph, we 
conclude that it is essential for a quantitative compari- 
son of pxx on both sides of the transition that the mea- 
surement current will be kept to a minimum to prevent 
non-ohmic effects which, for a constant-current mea- 
surement, arise predominantly in the insulator. With 
the exception of Fig. 4, we use an AC current of IO-’ ’ 
A and monitor the voltage by a lock-in phase sensi- 
tive technique. We also use very slow B sweep rates (> 
15 min/T) to maintain T stability at dilution tempera- 
tures 2 20 mK. We found that using these slow sweep 
rates, our Oxford 200 TLM refrigerator maintained T 
stability of better than 2% throughout our T range. 

The results presented in this letter pose a rather 
strict constraint on any theoretical model aiming at 
describing the QHE to insulator transitions. We wish 
to outline here some of the features required from such 
a model. First, the model has to be particle-hole sym- 
metric (Av - -Av), as is evident from the v values 
of the corresponding states in the insulator and the 
QHE states. For the v = 1 / 3 to insulator transition, 
the symmetry should be that of the composite parti- 
cles. Second, the model has to allow for the symmetry 
under pxx - 1 fpxx exchange, i.e. an exchange of the 
measured currents and voltages. This symmetry can 
be conveniently described as symmetry under duality 
transformation, and is further discussed in a separate 
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paper [23]. 
While our experiment does not directly identify the 

mechanism for ohmic transport in the Hall insulator, 
it does show that this mechanism is very closely re- 
lated to that governing the conduction process in the 
IQHE and FQHE regimes, over a surprisingly wide 
range of v. It would be interesting to look for a simi- 
lar symmetry near other transitions, such as the QHE 
plateau to plateau transitions, transitions to an insu- 
lating phase in double-layer QHE systems, and per- 
haps even the superconductor-insulator transitions in 
thin metal films and in Josephson junction arrays. 
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