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Metal-Insulator Transition in Two Dimensions
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A metal-insulator transition was recently observed in a variety of two-dimensional electron and
hole systems, contrary to the 20 year old belief that it is forbidden in two dimensions. The origin
of this transition is still unknown and is being debated. In this paper, I brie
y survey the main
experimental �ndings and suggested explanations.

Until recently, it was believed that all two-

dimensional (2D) electron or hole systems are localized

in the absence of a magnetic �eld in the limit of zero

temperature no matter how clean the 2D system is.

This conclusion was based on scaling theory for non-

interacting electrons [1] and even in the case of weakly

interacting particles [2]. The theory [1, 2] received ex-

perimental con�rmation in a number of 2D materials

(see, e.g., Ref.[3, 4]). However, measurements on very

clean 2D systems suggested that a transition from in-

sulating to conducting behavior occurs with increasing

electron (hole) density, ns, above some critical density,

nc [5-12]. It was quickly realized that this transition

occurs in the regime of high rs values where

rs �
Eee

EF
=

m�e2

4(ns�)1=2 �~2��0
(1)

is the ratio of the energy of electron-electron interac-

tions and the Fermi energy (here m� is the e�ective

mass and � is the dielectric constant). In most 2D

systems where this unexpected transition was found,

rs values were of the order of 10. Therefore, rather

than being a small perturbation, correlations provide

the main energy in the problem. Strongly interacting

2D systems are currently the focus of intense theoretical

interest [13-20].

A typical temperature dependence of the resistiv-

ity of a high-quality 2D system (silicon metal-oxide-

semiconductor �eld-e�ect transistor, \MOSFET") in a

\dilute" (high rs) regime is shown in Fig. 1 on a semi-

logarithmic scale. Di�erent curves correspond to dif-

ferent electron densities which are set by the voltage

applied between the gate and the 2D layer. The re-

sistivity increases with decreasing temperature for the

two lower electron densities indicating insulating (\nor-

mal") behavior. For the four highest ns, the resistivity

sharply decreases with decreasing temperature signal-

ing a transition from insulating to conducting behav-

ior. At a critical density nc = 9:02 � 1010cm�1 the

resistivity is practically temperature-independent. This

temperature-independent point corresponds to the crit-

ical electron density for the metal-insulator transition.

Qualitatively the same �(T ) dependencies were re-

cently obtained in other 2D systems: p-SiGe het-

erostructures [7], p-GaAs/AlGaAs heterostructures [8,

9], n-AlAs heterostructure [10], and n-GaAs/AlGaAs

heterostructure [11]. A common feature of all these 2D

systems is that the transition from insulating to appar-

ent metallic behavior is seen at relatively high values of

rs. Another common feature is that the \critical" value

of the resistivity at the transition, �c � �(nc), is of the

order of the quantum of resistivity, h=e2.

An important feature of the �(T ) dependencies

around the metal-insulator transition is the fact that

they can be \scaled" onto two distinct branches. In

other words, the family of �(ns; T ) curves can be rep-

resented as a function of �=T b where � � (ns � nc)=nc
and b is a number of the order of 1. An example of

this scaling is shown in the inset to Fig. 1. The scaling

analysis was �rst used in Ref.[5] and then successfully

attempted in other systems [6, 7, 9]. However, in the

cleanest systems, the data apparently fail to scale near

the transition [8, 12].
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Figure 1. Resistivity of Si MOSFET in zero magnetic
�eld as a function of temperature for electron densities
ns = 8.58, 8.80, 9.02, 9.33, 9.52, 9.90, and 1.10�1010 cm�2.
The critical density for the metal-insulator transition is
9:02 � 1010 cm�2. The inset demonstrates scaling of the
resistivity with temperature (after Ref. [5]).

One of the most interesting characteristics of the

anomalous conducting phase is its dramatic response

to a magnetic �eld applied parallel to the plane of the

2D system. An example of this behavior is shown in

Fig. 2. The resistivity of silicon MOSFET increases

by more than two orders of magnitude with increasing

�eld, saturating to a new value in �elds above � 2 Tesla

[21, 22]. Apparently, the magnetic �eld drives a con-

ducting system into an insulating state. However, in

contrast with the ns-driven metal-insulator transition,

there appear to be no \critical" value of magnetic �eld

below which the system remains conducting and above

which it becomes insulating. In Ref.[21], a conclusion

was made that a conducting state is suppressed by an

arbitrary weak magnetic �eld. However, more recent

measurements on a high-quality p-GaAs/AlGaAs sug-

gest that such a critical magnetic �eld does exist [23].

This is currently an open question. We note that a

parallel magnetic �eld couples only to the spins of the

electrons and not to their orbital motion. Therefore,

spins are believed to play a crucial role in the conduct-

ing phase.
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Figure 2. Resistivity of Si MOSFET as a function of par-
allel magnetic �eld on the metallic side of the transition at
T = 0:25 K. Upper curve: � � (ns � nc)=nc = 0:098; lower
curve: � = 0:341.

Very recently, an interesting similarity in �(T ) be-

tween zero magnetic �eld case and an integer quantum

Hall e�ect (QHE) state was observed in Si MOSFET

[24]. As shown in Fig. 3, at both B = 0 and at the

Landau level �lling factor � = 2, �(T ) grows as the

temperature is decreased, reaches a maximum around

TM � 1 K, and rapidly drops at lower temperatures. In

contrast, the temperature dependence is very di�erent

at intermediate values of magnetic �eld, as shown by

the dotted curve of Fig. 2 (a). In principle, the simi-

larity between �(T ) at B = 0 and � = 2 may be acci-

dental and simply due to the fact that the resistance in

both cases decreases from a \classical" value above TM
to a low-temperature \quantum" value. On the other

hand, there may be a deeper connection between the

B = 0 and QHE states. A similaritybetween the metal-

insulator transition in B = 0 and the QHE-insulator

transition was reported recently by Hanein et al.[25].

It was demonstrated that the QHE-insulator transition
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evolves smoothly and continuously to the B = 0 tran-

sition discussed above. The critical resistivity at the

QHE-insulator and B = 0 metal-insulator transition

were found to be surprisingly close to each other. These

�ndings raise the possibility that the B = 0 metal-

insulator transition and QHE-insulator transition are

physically related.

Figure 3. Temperature dependencies of the diagonal resis-
tivity of Si MOSFET at B = 0 and at Landau level �lling
factor � = 2 for ns = 0:74 � 1011 cm�2. The dotted line
shows the resistivity at B = 1:12 Tesla.

Many theoretical explanations for the unanticipated

B = 0 metal-insulator transition were suggested re-

cently [13-20]. Some of them [13, 14] are based on the

pioneering work done by Finkelshtein in the early 1980's

where a metallic state was predicted in strongly inter-

acting 2D systems. This state would be suppressed by a

magnetic �eld in agreement with the experiment. How-

ever, the mechanism suggested in Ref.[13] predicts an

onset for the metallic phase at temperatures that are

lower than those found experimentally: in most sys-

tems, the drop in resistance is already seen at tem-

peratures � 1

3
EF=kB, while in Ref. [13], the condition

T << ~=kB� << EF =kB was assumed (here EF is

the Fermi energy and � is the scattering time of the

electron). This discrepancy was addressed in Ref.[14]

where it was shown that the metal-insulator transition

should be evident at temperatures of the order of the

Fermi temperature. Other suggested models are based

on non-Fermi liquid state [16, 17]. Transition to an in-

sulating behavior at ns < nc is attributed in Ref.[17] to

a formation of a Wigner solid. This prediction recently

received a strong experimental support [12]. A possi-

bility of having a \more traditional" non-Fermi liquid

in 2D semiconductor-based systems | superconducting

state | was also considered [18]. Recent �ndings of a

critical magnetic �eld seem to support this possibility.

Other possible explanations are based on strong spin-

orbit interaction [19]. There are also a few papers [20] in

which the metal-insulator transition and other unusual

properties of dilute 2D systems were attributed to clas-

sical e�ects such as temperature-dependent screening

and charging/discharging of the ions which are known

to exist close to the interface. The fact that despite

all e�orts, there is still no consensus in the theory sug-

gests that there may be unusual new physics behind the

B = 0 metal-insulator transition in 2D.

Experimental results shown in Figures 1-3

were obtained in collaboration with D. Simonian,

M. P. Sarachik, K. Mertes, V. M. Pudalov, and

T. M. Klapwijk. This work was supported by the

National Science Foundation under Grant No. DMR-

9803440.
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