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Reentrant Insulator-Metal-Insulator Transition at B 5 0 in a Two-Dimensional Hole Gas

A. R. Hamilton, M. Y. Simmons, M. Pepper, E. H. Linfield, P. D. Rose, and D. A. Ritchie
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, United Kingdom

(Received 29 July 1998)

We report the observation of a reentrant insulator-metal-insulator transition atB  0 in a two-
dimensional (2D) hole gas in GaAs at temperatures down to 30 mK. At the lowest carrier densities the
holes are strongly localized. As the carrier density is increased a metallic phase forms, with a clear
transition ats . 5e2yh. Further increasing the density weakens the metallic behavior and eventually
leads to the formation of a second insulating state fors * 50e2yh. In the limit of high carrier densities,
wherekFl is large andrs is small, we thus recover the results of previous work on weakly interacting
systems showing the absence of a 2D metallic state. [S0031-9007(99)08472-0]

PACS numbers: 73.40.Qv, 71.30.+h, 73.20.Fz
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Evidence has recently emerged suggesting the existe
of a metallic state in 2D systems with low disorder, i
apparent disagreement with earlier experiments [1] a
theoretical expectations [2,3]. In these earlier works
was shown that logarithmic corrections to the metall
conductivity existed at low temperatures in low mobilit
systems, and it was generally believed that these corr
tions would also be found in higher mobility samples a
lower, unobtainable, temperatures. Recent experimen
using electrons in high quality silicon inversion layers [4
and holes in both SiGe [5] and GaAs [6–8] heterostu
tures, have shown a transition from strong localizatio
at conductancess , e2yh to metallic behavior with in-
creasing carrier concentration, characterized by a sign
cant drop in resistance at low temperatures.

The metallic state has been observed only in 2D sy
tems at low carrier densities, where electron-electron
teractions are known to be strong, although it is not know
if it persists to the very lowest temperatures. If the metal
state is due to the interactions then it might be expected t
as the carrier density is increased these interactions will
longer dominate and the metallic phase will cease to ex
While the first transition from the 2D metallic phase to a
insulating state withdecreasingcarrier density has been
widely observed [4–10], there has been no equivalent o
servation of a second transition from metallic to insulatin
behavior withincreasingcarrier density, which must oc-
cur whenkFl is large andrs ! 0 [2,3]. HerekF is the
Fermi wave vector,l is the elastic mean free path, andrs

is the ratio of the average interparticle Coulomb energy
the Fermi energy.

In this Letter we present experimental evidence for bo
insulator-metal-insulator transitions as the carrier de
sity is increased in a two dimensional GaAs hole ga
The observation of a second metal-insulator transition
s * 50e2yh skFl * 50, rs & 6d bridges the gap between
current experimental data from strongly interacting sy
tems and earlier studies which showed the absence o
metallic state in weakly interacting systems [1–3]. F
nally we show that the application of a parallel magnet
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field weakens the metallic state, and we map out theps-Bk

phase space over which the 2D metal exists.
The heterostructure used in this study is similar to th

described in Ref. [8], consisting of a 200 Å GaAs qua
tum well with anin situ back gate buried 3300 Å below
Two samples, consisting of450 3 50 mm Hall bars de-
fined along thef2̄33g direction, were studied and showe
similar results. The data presented here are from o
sample, which showed identical behavior on three separ
cooldowns from room temperature to the base temperat
of the dilution fridge (30 mK). Standard four termina
low frequency (4 Hz) ac lock-in techniques were use
with excitations in the range33 50 mV and 0.05–5 nA for
voltage and current bias measurements, respectively.
hole densityps could be varied from0 2.3 3 1011 cm22

(rs . 5). The peak mobility, obtained at the highest de
sity, was1.6 3 105 cm2 V21 s21, which is 30% lower than
the mobility at the same density in Ref. [8].

Figure 1(a) shows the insulator-metal-insulator tra
sition by plotting the differential conductivity [s0sEd ~

j≠Iy≠V jE ] as a function of carrier density for different dc
electric fieldsE applied along the channel. The electri
field heats the holes above the lattice temperature, mak
it possible to distinguish between insulating and metal
states. Insulating behavior in regions I and III is cha
acterized by an increase in the conductivity (or differe
tial conductivity) with increasing temperature (or electr
field), whereas a decrease ins with E or T in region
II indicates metallic behavior. While the I! II transi-
tion at low carrier densities can be clearly seen, the s
ond II ! III transition is less visible sinces0 is large
and the change ins0 due to the electric field is small.
The transitions can be more clearly resolved by exam
ing the change in the differential conductivityDs0 due
to the electric field [Fig. 1(b)]. We can thus divide th
graph into three regimes (indicated by the dotted lin
in Fig. 1):

(I) For densities below7.3 3 1010 cm22 the sample is
in the regime of strong localization:s increases with
increasingjEj, andDs0 . 0.
© 1999 The American Physical Society
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FIG. 1. (a) Differential conductivity, s0 ~ j≠Iy≠V jE for
electric fields of 0, 1.5, 3, 4.5, 6, 7.5, and 10.5 mVycm, as a
function of carrier density (T  30 mK). (b) Change in the
differential conductivity Ds0sEd  s0sEd 2 s0sE  0d as a
function of carrier density.

(II) An electric field (i.e., hole temperature) indepen
dent point ats0 . 5e2yh (ps  7.3 3 1010 cm22, rs .
9 [11]) separates the strongly insulating regime from th
metallic regime, in whichDs0 , 0.

(III) For densities *1.5 3 1011 cm22 (rs & 6) the
sample once again becomes insulating withDs0 . 0,
although the transition between the metallic phase a
this second insulating phase ats ø 50e2yh is not as well
defined as the first transition. Closer inspection shows t
the transition moves to higher densities with increasingE,
the significance of which will be discussed later.

This reentrant insulator-metal-insulator behavior wa
also observed in theT dependence ofs, with a clear
T -independent transition ats . 5e2yh (50 mK , T ,

1 K), and a second, broader, transition ats ø 50e2yh.
We now examine the three phases in more detail a

plot the temperature dependence of the resistivity f
each regime in Fig. 2. At the lowest carrier densitie
where s , e2yh, the system is strongly insulating, and
there is a large increase in resistivity with decreasin
T [Fig. 2(a)]. In this regime, close to the transition,r

follows the form for Mott variable range hopping:rsT d 
rM expfsTyT0d21y3g. This behavior is consistent with tha
observed in previous work on a slightly higher qualit
sample, whereT21y2 behavior was observed deep in
the insulating regime [8], with a crossover toT21y3

behavior near the I! II transition [12].
Increasing the carrier density causes a transition

metallic behavior, in which the resistivity decreases
the temperature is lowered. For temperatures above 0.3
there is a weak decrease in resistivity with decreasing te
-
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FIG. 2. Temperature dependence of the resistivity in t
different regimes. (a) Strongly localized regime:r shows hop-
ping conduction. (b) Metallic regime:r decreases exponen
tially as T is reduced. The inset shows an Arrhenius plot
Dr  rsTd 2 r0. (c) Transition between regimes II and III
The metallic behavior is weaker at this higher density, with i
sulating behavior visible atT , 0.2 K. (d) Regime III: The
fractional change in resistivity is plotted for three different ca
rier densities. The inset shows the equivalent change in c
ductivity on a semilog plot.

perature. It was not possible to ascertain the function
form of rsT d in our earlier data [8], but by extending
the measurements to lowerT , as shown in Fig. 2(b), we
are able to resolve an exponential decrease of the re
tivity as T ! 0. This can be quantified by fitting the
low temperature (T , T0) resistivity data to the empiri-
cal formula [10]:rsT d  r0 1 r1 exps2T0yT d, yielding
r0  0.06hye2, r1  0.006hye2, andT0  0.4 K. The
exponential behavior can be more clearly seen in the in
to Fig. 2(b) where [rsT d 2 r0] is plotted against1yT ,
revealing a linear dependence over more than a dec
change in resistivity.

We now turn to the main result of this paper—
the observation of asecond insulating state at high
densities. As the carrier density is further increased t
metallic behavior in regime II becomes less pronounce
and a gradual transition to an insulating state occu
Figure 2(c) shows the behavior of the resistivity at th
second transition, withps  1.4 3 1011 cm22. At high
temperatures metallic behavior is observed (≠ry≠T .

0), but for T , 200 mK there is a change in sign o
≠ry≠T as a new insulating state emerges. The prese
of both metallic and insulating behaviors at the sam
1543
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carrier density in Fig. 2(c) accounts for the broadenin
of the transition between the metallic (II) and insulatin
(III) regimes in Fig. 1(b). We noted earlier that there i
also an apparent movement of the II! III transition to
higher densities asE is increased. It can now be see
that this occurs because the insulating state persists
higher temperatures as the carrier density is increas
The strengthening of the insulator with increasing dens
is shown in Fig. 2(d), where the percentage change
resistivity from theT  1 K value is plotted for three
different densities. At a density of1.9 3 1011 cm22

the insulating behavior is visible to 500 mK, and b
2.3 3 1011 cm22 it is observed up toT  1 K.

The possible origins of this insulating behavior are no
considered. Increasing the carrier density increaseskFl
and reduces the relative importance of many body inte
actions, sincers scales as

p
1yps. Hence at sufficiently

large densities the results of earlier studies of weak
interacting systems should be recovered [1–3]—the 2
system once again becomes insulating. In those ear
studies two separate mechanisms were identified as ca
ing insulating behavior: weak localization due to phas
coherent backscattering and weak electron-electron int
actions, both of which give rise to a logarithmic correctio
to the Drude conductivity. To look for such a correctio
the change in conductance,Ds  ssT d 2 ssT  1 Kd,
is plotted against the temperature on a log scale for th
different carrier densities in the inset to Fig. 2(d). Thes
data are very similar to that observed in previous stu
ies of weakly interacting electron gases in lower mobilit
silicon inversion layers [1]. At high temperatures ther
is a deviation from logsT d behavior, as phonon scatter
ing and temperature dependent screening become imp
tant. There is also an apparent saturation ofDs at low
temperatures (which is not due to unintentional heati
effects). It is therefore difficult to unambiguously iden
tify logsT d behavior as the temperature range is limite
and the change in conductance small. Nevertheless
the largest density, farthest from the II! III transition,
logsT d behavior can be observed over a limited temper
ture range (150–600 mK).

If the insulating phase in regime III were due to
weak localization, then the application of a perpendicul
magnetic fieldB'  0.1 T, which is known to suppress
the phase coherent backscattering, would destroy it. T
is not observed. Furthermore we find that the low fie
magnetoresistance is positive, in contrast to the negat
magnetoresistance that arises from weak localization.

Weak electron-electron interactions cause a logarithm
correction to the Drude conductivity which is enhance
by a magnetic field due to a lifting of the spin degenera
and becomes larger with increasing carrier density [3
This is in qualitative agreement with the data in Fig. 2(d
where the correctionDs becomes larger for higher carrie
densities. Although the insulating behavior cannot b
definitively ascribed to weak interactions, it is significan
1544
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that the range of temperatures over which logsT d behavior
is observed is largest for the highest densities (at wh
rs . 5), as we approach the limit for which the theory o
Ref. [3] is applicable (rs & 1).

The observation of insulating behavior at high den
ties has implications for the existence of a true 2D me
at T  0. The data in Fig. 2(d) demonstrate that as t
carrier density is reduced from2.3 3 1011 cm22 the onset
of insulating behavior occurs at progressively lower te
peratures. Thus it is not certain that the metallic behav
shown in Fig. 2(b) would not also become insulating
lower, possibly inaccessible, temperatures. The coroll
of this would be that there is no true metallic state in 2
only metalliclike behavior at finite temperatures. How
ever, if the insulating behavior saturates asT ! 0, then it
is possible that the metallic state is stable, with a windo
of carrier densities within which a 2D metal can exis
The data shown in Fig. 2(d) do exhibit signs of saturati
below 100 mK, although we emphasise that the functio
form of Dssps, T d is not yet established and that muc
lower measurement temperatures are needed before
ultimate nature of the 2D metal can be established.

At this point it is appropriate to discuss why the seco
transition to insulating behavior at high densities has n
been observed in other studies. The heterostructure u
in this work has a higher degree of disorder than tho
used previously to examine the 2D metallic state. T
peak mobility is 30% lower than in Ref. [8] for the sam
ps, with rs . 9 at the I! II transition compared to
values of 11, 15, and 24 obtained in Refs. [8], [4], an
[6,7], respectively [11]. The disorder has two significa
consequences: First, the metallic behavior is weaker,
indicated by the large value ofs at the I! II transition
(s . 5e2yh), the smaller drop inr as T ! 0, and the
smaller values of the ratior1yr0 and the temperatureT0
(which is about half that obtained in other hole gases
the same density [7]). Second, the conductivity at hi
densities (s ø 100e2yh) is lower than in less disordered
systems at the same density. Thus it is possible
resolve the small change in conductivity (Ds ø e2yh,
so Dsys ø 1%) that identifies the second insulatin
regime, whereas in a less disordered systemDsys will
be much smaller and might pass undetected. Howeve
the disorder is too large, then metallic behavior is nev
observed [4,9], leading to a delicate balance of hav
enough disorder to observe the insulator at high densi
without destroying the metallic state.

To gain further insight into the nature of the metall
and insulating behaviors in regimes II and III we tur
to the effects of a parallel magnetic field [13]. Th
couples only to the spin and not to the orbital motio
[8,14]. In Figs. 3(a)–3(c) the change in differential co
ductivity Ds0sEd due to an applied electric field is plot
ted as a function of carrier density, for magnetic fiel
of Bk  0, 0.1, and 0.5 T. Once again we divide th
data into three regimes, depending on the sign ofDs0,
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FIG. 3. Effect of a parallel magnetic field: [(a)–(c)] Chang
in the differential conductivity,Ds0  s0sEd 2 s0sE  0d,
with applied electric fieldE, plotted as a function of carrier
density for different magnetic fields. Solid and dashed line
show data for E  3 and 7.5 mVycm, respectively;T 
30 mK. (d) Phase diagram for the observation of the 2
metal as a function of carrier density and magnetic field. Th
transitions are identified from the carrier densities at whic
Ds  0, using E  3 and 7.5 mVycm, respectively, for the
closed and open symbols.

with the points at whichDs0  0 marking the transition
between insulating and metallic behavior. Only two va
ues of the electric field are shown, 3 and7.5 mVycm,
so that the second transition can be more clearly se
As noted previously the low density transition is in
dependent ofE, whereas the second transition move
to larger densities asE increases, consistent with the
T -dependent data shown in Fig. 2(d). It can be seen th
the magnetic field suppresses the metallic phase, red
ing both the size ofDs0 and the range of carrier densities
over which metallic behavior is observed.

We are able to construct a phase diagram for th
existence of the metal as a function ofps andBk at T .
30 mK from this data, which is plotted in Fig. 3(d). The
solid and open symbols denote the transitions identifi
using electric fields of 3 and7.5 mVycm, respectively.
Initially we consider the transitions marked by the ope
symbols: At low densities bothps and s (not shown)
at the I! II transition increase as the magnetic field i
applied. Conversely the II! III transition moves to lower
densities and conductivities with increasingBk and appears
to be more strongly affected by the magnetic field than th
I ! II transition. Thus the overall effect of the magneti
field is to “squeeze” the metal from both sides, until a
Bk * 0.7 T insulating behavior is observed for allps.
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Considering now the transitions identified from th
smaller electric field data (E  3 mVycm, closed sym-
bols) we see that the effect of reducing the hole tempe
ture is to shrink the range of densities over which th
metallic behavior is observed. The first transition is sha
down to the lowest hole temperatures, but the figure p
vides a graphic illustration of how the metallic behavior
extinguished from the high density side asE (or T ) tends
to zero, and it again raises the question as to the ultim
low temperature nature of the metallic state.

In conclusion we have observed a reentrant insulat
metal-insulator transition atB  0 in a two-dimensional
system as the carrier density is increased. The reem
gence of insulating behavior at high carrier densities th
bridges the gap between current data from strongly
teracting systems and earlier theoretical and experime
studies which showed that all states in a weakly intera
ing 2D system are localized. Although the precise natu
of the insulating state at high densities is not fully esta
lished, it is consistent with the interaction mechanism
Ref. [3] derived for weak electron-electron interaction
The evolution of this second insulating phase with carr
density does however raise the question as to whether
metallic behavior at lower densities persists toT  0.
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