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Evidence for a reentrant metal-insulator transition in quantum-dot arrays
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We present evidence for gate voltage-induced localization, and a possibly re-entrant metal-insulator transi-
tion, in linear quantum dot arrays that are realized using the split-gate technique. No evidence for the local-
ization is observed prior to biasing the gates of the array, and the details of this behavior are found to be
strongly device dependent. The metal-insulator transition is thought to arise as the gate voltage sweeps the
discrete level spectrum of the array past the Fermi surface, mapping out regions of localized and extended
states. In the metallic regime, the resistance varies logarithmically with temperature, behavior which is not seen
in the underlying two-dimensional electron gas, but which is consistent with recent predictions for a correlated
electron liquid.@S0163-1829~99!15747-3#
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I. INTRODUCTION

In the scaling theory of localization, the distinction b
tween an insulator and a metal is made at the absolute ze
temperature, where an insulator is a system with infinite
sistance while a metal is one with finite resistance.1 Interest
in the scaling theory has been revived in recent years, by
observation of an unexpected metal-insulator transition i
variety of two-dimensional carrier systems.2–13 In these ex-
periments, the transition to a metallic state is inferred a
change in the sign of the temperature coefficient of the re
tance, which occurs as the carrier density is varied by s
able means. This transition cannot be accounted for wi
the framework of the original single-parameter scali
theory, which derives from an assumption of non-interact
electrons and predicts that, in the presence of even the sm
est amount of disorder, all states should be localized in
mensions less than or equal to two (d<2).14 While a num-
ber of experiments have suggested that that the metallic
is unique to systems in which carrier interactions play
important role, the details of the mechanism that drives
transition remains the subject of continued debate.15–20

In spite of current interest in the metal-insulator transiti
in two-dimensional systems, to the best of our knowled
little interest to date has focused on the possibility of obse
ing a similar transition in systems of even lower dimensio
ality (d,2). Resonant tunneling and variable-range hopp
have been studied in mesoscopic Si-metal-oxide semic
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ductor field-effect transistor~MOSFET’s!, but no evidence
for a metallic state was found in these disorder
structures.21–23 In this report, we describe the observation
novel localization, and present possible evidence for a me
insulator transition, in studies of split-gate quantum dot
rays. These devices are realized in the two-dimensional e
tron gas ~2DEG! of a GaAs/AlxGa12xAs heterojunction,
which reveals no evidence for the localization prior to bia
ing the gates. Once the array is formed, however, its re
tance shows evidence for localization, the details of wh
vary significantly from one device to another. In devices
corporating significant disorder, the localization persists o
the entire range of gate voltage for which the array is
fined. Less-disordered arrays, on the other hand, show
sible evidence for are-entrantmetal-insulator transition. The
transition is induced as the gate voltage is swept, giving
to reproducible oscillations in the resistance of the array.
gate voltages corresponding to a local resistance maxim
behavior characteristic of an insulating system is found.
certain resistance minima, however, metallic behavior is s
that is quite distinct to that exhibited by the underlyin
2DEG. Based on our observations, we speculate that a m
insulator transition occurs as the gate voltage sweeps
density of states of the array past the Fermi surface. In th
regions of the spectrum where the density of states is l
remnant disorder in the structures is thought to induce lo
ization, while leaving states extended in more degene
regions. In this regard, the metal-insulator transition o
16 050 ©1999 The American Physical Society
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FIG. 1. ~a! Resistance gate-voltage characteristic of arrayA, measured at two different temperatures. The symbols indicate the
voltages at which a possible metal-insulator transition occurs.~b! Resistance gate-voltage characteristic of arrayC, measured at two differen
temperatures.
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served in the arrays appears consistent with previously
veloped models for localized systems.24

II. BASIC EXPERIMENTAL TECHNIQUES

The devices we study are split-gate quantum dot arra
formed in the 2DEG of a GaAs/AlxGa12xAs heterojunction.
Here, we present results from three arrays, which were
terned on the same wafer and which we refer to as deviceA,
B, andC. As can be seen from the micrograph shown in F
1~a!, each array consisted of series-connected dots, of le
0.6 mm and width 1mm. The wafer was mounted in goo
thermal contact with the mixing chamber of a dilution refri
erator and cooled in the dark to 4.2 K, where its carr
density was 3.731011cm22 and its mobility was 210,000
cm2/Vs. Unless stated otherwise, all measurements prese
here were obtainedprior to low-temperature illumination o
the sample~we discuss the effects of illumination in § 3.
below!. Resistance measurements were performed u
low-frequency lock-in detection with small constant curre
to avoid electron heating~the results of current heating stud
ies will be discussed in a separate publication!.25 Tempera-
ture sweeps were performed in several different ways,
cluding cooling to base temperature over several days
ensure that the sample resistance was accurately reflecte
the sensing thermometer. All connections to the sample w
made using coaxial cables, which were filtered at room te
perature using RF-feedthroughs. These lines are further
tered at low temperatures due to dielectric loss in
screened cables employed inside the cryostat.26

III. EXPERIMENTAL RESULTS

A. Device dependent variations in behavior

In Fig. 1, we show the variation of resistance with ga
voltage, measured in arraysA andC at two distinct tempera-
e-
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tures. If we adopt the convention common to experime
that metal and insulating states are distinguished by the t
perature coefficient of their resistance, it is clear the t
devices exhibit very different localized behavior. In Fi
1~a!, localization occurs for gate voltages less than20.4 V,
but at higher gate voltages a transition to a new regime
observed. This is identified by the emergence of reproduc
oscillations in the resistance, whose minima drop below
high temperature curve at the indicated gate voltages. Th
points are suggestive of a metal-insulator transition. Sim
oscillations have also been reported in studies of single qu
tum dots and have been attributed to density-of-states fl
tuations, which arise as the gate voltage sweeps discrete
states past the Fermi surface.27,28 In the sense that the osci
lations reflect the discreteness of the array states, we
their observation in Fig. 1~a! as an indication of the low leve
of disorder in this particular device~although not shown
here, similar oscillations were also found for arrayB!. In
contrast, in Fig. 1~b! the resistance varies purely monoton
cally with gate voltage, which we interpret as reflecting
higher degree of disorder in this device. Indeed, it is w
understood that the introduction of disorder mixes the d
crete states of small dots,29 ultimately giving rise to a fea-
tureless density of states.

To further illustrate the role of device dependent var
tions, in Fig. 2 we show the results of magnetoresista
measurement of the two arrays shown in Fig. 1. In th
measurements, the voltage applied to the gates of the ar
has been adjusted in order to obtain roughly similar re
tance values at zero magnetic field. Consistent with the
havior found above, the magneto-resistance shows la
fluctuations in Fig. 2~a!, which are clearly absent in Fig
2~b!. Since these fluctuations may also be thought of as a
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FIG. 2. ~a! Magnetoresistance of arrayA measured at 0.01 K and for a gate voltage of21.0753 V.~b! Magneto-resistance of arrayC
measured at 0.01 K and for a gate voltage of20.418 V.
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ing from a density of states oscillation,27 their absence in Fig
2~b! provides further evidence for a higher degree of disor
in arrayC.

B. Localized behavior in the quantum dot arrays

As we have mentioned already, before crossing ove
the metal-insulator regime, arraysA andB show evidence for
r

to

localized behavior. ArrayC, which is though to be more
disordered, on the other hand, shows localized behavior a
gate voltages for which it is defined. To illustrate the loc
ization exhibited by these arrays, in Fig. 3 we show t
variation of resistance with temperature, measured in two
the arrays at a number of gate voltages. With the gates
biased, the resistance is essentially independent of temp
FIG. 3. ~a! Variation of resistance with temperature, measured in arrayC at a number of different gate voltages~indicated!. The applied
magnetic field is zero. The inset shows the temperature dependence of the resistance measured with all gates grounded.~b! Similar plot for
arrayB.
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ture over the entire range studied in experiment@Fig. 3~a!,
inset#. When the gates are biased to form the array, howe
the resistancedivergeswith decreasing temperature, showin
no evidence for saturation at low temperatures. The impl
tion of the curves shown in Fig. 3 is that application of t
gate voltage induces a transition from a metallic 2DEG to
insulating quantum dot array. As can be seen from Fig
evidence for the localization persists at magnetic fields
high as 0.3 T, indicating it to be unrelated to a wea
localization effect.

Motivated by studies of the metallic state in tw
dimensional electron systems,11 and by the special symmetr
known to exist between the metallic and insulating state30

we fit the variation of dot conductance with temperature~T!
using the following form:

G5G01G1 ln~T!1G2 expF2S T0

T D pG . ~1!

Since Eq.~1! contains as many as five independent fitti
parameters (G0 , G1 , G2 , T0 , and p!, it is worth taking
some time to explain how it is obtained.G0 is thought to
represent the contribution of the quantum point contacts
the overall device conductance and is not really a free
rameter at all, since its value can be inferred directly fro
the experimental data. The logarithmic term dominates
conductance at very low temperatures and has also been
served in studies of two-dimensional Si MOSFET’s.11 While
the origin of this term remains unclear, it is found to be on
weakly affected by a magnetic field and may be associa
with a Coulomb interaction effect.31,32 At intermediate tem-
peratures (T>T0), the exponential term dominates and

FIG. 4. Variation of resistance with temperature, measured
arrayC at three different magnetic fields~indicated!. In these mea-
surements the gate voltage is20.4198 V. Inset: low field magneto
resistance measured in arrayC at 0.01 K at a gate voltage o
20.418 V.
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presumed to describe the excitation of carriers across s
characteristic energy gap (kBT0). While three parameters ar
used to fit this term, there is actually little flexibility in thes
G2 gives the amplitude of the exponential change, whileT0
determines its onset temperature andp defines the steepnes
of its variation.

In Fig. 5, we replot the data of Fig. 4 along with func
tional fits to the form of Eq.~1!. The measured conductanc
variation is clearly well described by the fits, over the ent
range of temperature studied and at each of the three m
netic fields. Focusing on the fit parameters obtained for
curves, we note that application of the magnetic field cau
an increase inG0 , behavior that is evident as the negati
magnetoresistance shown in the inset to Fig. 4. This
hanced conduction is thought to reflect a magnetically
duced suppression of backscattering that occurs at the q
tum point contacts of the array.33 In contrast to this behavior
the parameters for the exponential and logarithmic terms
only weakly influenced by the magnetic field, and are a
relatively insensitive to changes in gate voltage. The lo
rithmic term is of order 0.2e2/h in this array, which is com-
parable to the value reported in studies of Si MOSFET’s11

In arraysA andB, the localization is most clearly resolved i
the low gate-voltage regime, as we illustrate in Fig. 6. T
figure reveals a common feature of the localization, nam
its persistence in cases where the array is very stron
coupled to its external environment. Also note the absol
magnitude of the conductance change with temperature
excess of 5e2/h, which is more than an order of magnitud
larger than theoretical predictions for the weak-localizat
effect in these structures.34

In Table I, we summarize the details of the localizati

n FIG. 5. In this figure, the data of Fig. 4 is replotted along w
fits to the form of Eq.~1!. 0 T: G052.2e2/h, G150.13e2/h, G2

50.90e2/h, T050.54 K, and p52.4. 0.15 T: G053.0e2/h, G1

50.13e2/h, G250.60e2/h, T050.45 K, and p52. 0.30 T: G0

53.5e2/h, G150.11e2/h, G250.45e2/h, T050.55 K, and p
52.6.
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16 054 PRB 60A. ANDRESENet al.
observed in the three arrays. The values shown for arrayA
andB were obtained in the low gate-voltage regime, whe
the resistance shows purely localized behavior. At le
within our experimental resolution, the amplitude of t
logarithmic term does not seem to vary significantly betwe
the different devices. The parameters for the exponen
term are seen to be device dependent, however, whic
thought to reflect the differing levels of disorder in the a
rays. In Fig. 7, we plot the ratioG2 /G0 as a function of gate
voltage. Results for the three different arrays are shown
are seen to lie on the same curve, suggestive of a com
origin. This figure shows that the relative magnitude of t
exponential variation becomes more prominent as the ar
are pinched off.

C. Metal-insulator transition in the quantum dot arrays

In Fig. 1~a!, the resistance measured at low temperatu
falls below its high-temperature value at certain gate v
ages, as might be expected for a metallic state. The pos
and depth of these local minima is found to be well rep
duced on successive gate voltage sweeps, suggesting th
gate voltage may be used to induce a re-entrant me

FIG. 6. Variation of resistance with temperature, measured
array A at two different gate voltages~indicated!. Vg5
20.3782 V: G0531.8e2/h, G150.36e2/h, G255.5e2/h, T0

51.5 K, and p51.3. Vg520.3992 V: G0516.7e2/h, G1

50.26e2/h, G254.8e2/h, T051.2 K, andp51.4.

TABLE I. Fit parameters obtained for arraysA, B, andC in the
localized regime.

Array G1 (e2/h) T0 (K) p

A 0.2360.16 2.060.8 1.360.2
B 0.1660.09 1.460.4 1.160.3
C 0.2060.09 0.760.2 2.360.3
e
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insulator transition in the arrays. To further study this pos
bility, we have measured the temperature dependence o
resistance at a number of gate voltages for which the re
tance shows a local maximum or minimum. In Fig. 8, f
example, we show the results of such measurements for a
A. At the gate voltages corresponding to a local peak,
resistance diverges with decreasing temperature, indica
of insulating behavior. Further analysis shows that the re
tance variation obtained at the peaks can be fitted to the f
of Eq. ~1!, usingG150.03560.01e2/h, T051.560.3 K, and
p51.660.2 K. While the parameters associated with the
ponential term are comparable to those listed in Table I,G1
is considerably smaller in this regime, suggesting that
localized state may somehow be less robust than that fo
at lower gate voltages. Also in Fig. 8, we show the tempe
ture dependent variation of the resistance measured at
local minima. In these curves, the resistance tends to zer
the limit of zero temperature, as would be expected fo
metallic system. By studying the temperature dependenc
the resistance at all minima that drop below their high te
perature~resistance-gate voltage! curve, we have been abl
to confirm the generic nature of this apparent metal-insula
transition. In Fig. 9, for example, curves for arrayB are
plotted and once again show evidence for a metal-insul
transition, with similar characteristics to that noted in Fig.

An interesting feature of the curves in Figs. 8 and 9, i
significant increase in the noise level that occurs at low
temperatures. Further studies of this noise have confirme
time-dependent nature and reveal possible evidence
switching behavior on time scales faster than the kHz ran
While the most likely source of this noise is charge-trapp
generated by defects in the heterostructure, it is possible
it actually reflects the formation of novel metal and insul
ing states in the arrays. More detailed studies are require
confirm this possibility.

D. Influence of illumination and thermal cycling

Subsequent to the measurements described above,
light-emitting diode was used to illuminate the sample
0.01 K, increasing the carrier density of the 2DEG to 5
31011cm22. In spite of a small shift in threshold voltage

n

FIG. 7. The ratioG2 /G0 as a function of gate voltage. Resul
from all three arrays are plotted here. ArrayA: crosses. ArrayB:
open circles. ArrayC: filled circles.
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FIG. 8. Observation of a re-entrant metal-insulator transition in arrayA. ~a! Expanded view of Fig. 1~a!. ~b!, ~c! Temperature dependenc
of the resistance measured at different resistance maxima and minima@gate voltages are indicated and correspond to the positions ma
by the symbols shown in Fig. 8~a!#.
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the general behavior exhibited by the arrays was found to
unaffected by this illumination. ArraysA andB continued to
show localization at low gate voltages, and a re-entr
metal-insulator transition at higher ones, while arrayC
showed only evidence for localization. Similarly, thermal c
cling of the sample to room temperature restored the ca
density near to its original value, but did not significan
affect the behavior exhibited by the arrays.

FIG. 9. Temperature dependence of the resistance measur
array B at a local resistance maximum (Vg520.57 V) and mini-
mum (Vg520.56 V).
e
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er

IV. DISCUSSION

In the above, we have presented evidence for novel lo
ization, and a possible metal-insulator transition, in split-g
quantum dot arrays. No evidence for these phenomen
found prior to biasing the gates of the arrays, which, on
formed, reveal strong variations in behavior from one dev
to another. In arrays that are thought to feature consider
disorder only localized behavior is seen as the gate voltag
varied, while in presumably less-disordered devices a po
bly re-entrant metal-insulator transition is found. The obs
vation of such a transition, in what is presumably ad,2
mesoscopic system,35 has considerable implications for th
single-parameter scaling theory of localization. In its origin
form, this suggested that, in the presence of even the sma
amount of disorder, all states in dimensions less than
equal to two should be localized.14 A number of experiments
have now convincingly confirmed the existence of a me
insulator transition in two-dimensional systems,2–13 and this
has led to a reformulation of the scaling theory to allow fo
change in the sign of the scaling function at some criti
conductance.15 To the best of our knowledge, however, th
possibility of a similar transition occurring in systems
lower dimensionality has not been considered to date.

For a partial understanding of the behavior observed
experiment, we appeal to our knowledge of electron tra
port in open quantum dots.27,28 The conductance of thes
devices also shows reproducible oscillations when the g
voltage is varied and these have been interpreted as ar
from density of states oscillations.27,28The suggestion is tha
the conductance should be high at gate voltages for wh
the density of states at the Fermi level is high, while a lo
conductance is expected when this density of states is lo27

In dots which incorporate moderate disorder, the first sta
to localize should be those for which the density of state

in
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16 056 PRB 60A. ANDRESENet al.
low. Consequently, we might expect that a series of me
insulator transitions should occur as we use the gate vol
to transition between successive resistance maxima
minima. As the gate voltage is progressively lowered
wards zero, however, the coupling-induced broadening of
level spectrum should increase. Since the effect of s
broadening should be to lower the degeneracy of the den
of states, it does not seem unreasonable that the ar
should then exhibit a crossover to purely localized behav
Equivalently, in dots incorporating strong disorder, we c
also understand why only localized behavior should be fo
as the gate voltage is varied; even when the coupli
induced broadening is reduced, disorder-induced mixing
the level spectrum will continue to be significant.

In discussions of the metal-insulator transition in two
mensions, the role of electron interactions has been stro
emphasized.1 The strength of these interactions is charact
ized by the parameterr s , which is the ratio of the Coulomb
energy to the Fermi energy. For the heterostructure wa
we study here, the value of this parameter is of order un
corresponding to the weakly interacting regime.Crucially,
however, we note that the metallic state observed in the
rays shows very different behavior to that of the undeple
2DEG. The resistance of the 2DEG is independent of te
perature, while that in the metallic regime decreasesloga-
rithmically below some critical temperature, which is gat
voltage dependent~Fig. 10!. For the curves shown in Fig. 1
this critical temperature is in excess of a degree Kelvin.
other gate voltages, however, it may be much less than
mK and further studies are required to establish the sign
cance of this transition temperature. It is interesting to n
that the logarithmic temperature dependence found in

FIG. 10. In this figure, the conductance measured in the met
regime is plotted as a function of temperature to reveal the loga
mic dependence~dotted lines! predicted in Eq.~2! ~Ref. 15!. Re-
sults shown are for arrayA and the gate voltages are indicated.
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metallic regime is similar to that expected for two
dimensional metallic systems, in which Coulomb intera
tions have been predicted to give rise to the formation o
novel electron state that isquite distinct from a Fermi
liquid.15 In this regard, it is tempting to suggest a connecti
to the Luttinger liquid, which is another correlated electr
system that shows non-Fermi-liquid behavior.36 While fur-
ther theoretical studies are required to clarify this connecti
we suggest that confinement of electrons in the array ca
an enhancement of their interaction, compared to the unc
fined two dimensional electron gas@i.e., r s(array)
.r s~2DEG!#. According to Dobrosavljevic´ et al., the con-
ductance in the metallic regime is expected to vary as15

G~T!} ln1/a~T0 /T!, ~2!

where a is a constant that parameterizes how the sys
approaches the metallic limit asG→`. The dotted lines
shown in Fig. 10 suggest thata51 for the arrays, which is
actually consistent with the experimental findings of Puda
et al., who studied Si MOSFET’s with highr s .11 Our result
is therefore suggestive of a cooperative interaction am
the electrons in the confined arrays.

A number of features revealed in experiment are wor
of further study. In the localized regime, we are able to fit t
temperature dependence of the resistance using the for
Eq. ~1!. In previous studies of two-dimensional systems,
power law in the exponential term has been found to be cl
to 0.5,4,6,7,9 as predicted for variable-range hopping in t
presence of a Coulomb gap.37 The values we find here ar
somewhat larger than this (p;122), however, and at
present the significance of this variation remains uncle
Also unclear is the origin of the energy that is implied by t
parameterT0 . Finally, the source of the disorder that s
strongly influences the behavior of the arrays is not und
stood at present. The electrical properties of mesoscopic
vices are known to be critically sensitive to the presence
individual impurities.38 In studies of single quantum dots, w
have reported large variations in the phase-breaking tim
nominally identical dots.39 In the GaAs/AlxGa12xAs hetero-
structure system, an important source of disorder is the
dom distribution of Si dopants in the AlxGa12xAs layer.40,41

The robustness of the device-dependent variations in be
ior to thermal cycling and illumination is inconsistent, how
ever, with the effects of donor-induced potential fluctuatio
Rather, a more robust form of disorder, whose origin rema
unclear at present, is presumably required.

V. CONCLUSIONS

We have presented evidence for gate voltage-induced
calization, and a possibly reentrant metal-insulator transit
in linear quantum dot arrays that are realized using the s
gate technique. No evidence for the localization is obser
prior to biasing the gates of the array, and the details of
behavior are found to be strongly device dependent. W
the form of the localized behavior can be understood wit
the framework previously developed for two-dimension
carrier systems, the source of the disorder that so dram
cally influences the device behavior remains unclear.
those devices which appear to exhibit a re-entrant me
insulator transition at higher gate voltages, we have s

ic
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gested that the transition may arise as the gate vol
sweeps the states of the array past the Fermi surface.
temperature dependence of the resistance observed in
metallic regime is quite distinct to that of the underlyin
2DEG, and is suggestive of the formation of a novel elect
state. We have suggested that this many-body state may
through an enhancement of the Coulomb interaction tha
generated when electrons are confined in the array. We h
that the studies presented here will stimulate interest in
problem of localization in mesoscopic structures, which
n
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n
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pear to provide a unique opportunity for investigating t
properties of correlated electron systems.
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15V. Dobrosavljević, E. Abrahams, E. Miranda, and S. Chakravar

Phys. Rev. Lett.79, 455 ~1997!.
16V. M. Pudalov, Pis’ma Zh. Eksp. Teor. Fiz.66, 168~1997! @JETP

Lett. 66, 175 ~1997!#.
17S. He and X. C. Xie, Phys. Rev. Lett.80, 3324~1998!.
18C. Castellani, C. Di Castro, and P. A. Lee, Phys. Rev. B57,

R9831~1998!.
19D. Belitz and T. R. Kirkpatrick, Phys. Rev. B58, 8214~1998!.
20B. L. Altshuler and D. L. Maslov, Phys. Rev. Lett.82, 145

~1999!.
21A. B. Fowler, A. Hartstein, and R. A. Webb, Phys. Rev. Lett.48,

196 ~1982!.
22R. A. Webb, A. Hartstein, J. J. Wainer, and A. B. Fowler, Ph

Rev. Lett.54, 1577~1985!.
-

.

.

,

.

23A. B. Fowler, G. L. Timp, J. J. Wainer, and R. A. Webb, Phy
Rev. Lett.57, 138 ~1986!.

24P. W. Anderson, Phys. Rev. B109, 1492~1958!.
25L.-H. Lin, N. Aoki, K. Nakao, A. Andresen, C. Prasad, F. Ge,

P. Bird, D. K. Ferry, Y. Ochiai, K. Ishibashi, Y. Aoyagi, and T
Sugano, Phys. Rev. B~to be published!.

26A. B. Zorin, Rev. Sci. Instrum.66, 4296~1995!.
27M. Persson, J. Pettersson, B. von Sydow, P. E. Lindelof, A. K

tensen, and K. F. Berggren, Phys. Rev. B52, 8921~1995!.
28J. P. Bird, R. Akis, D. K. Ferry, D. Vasileska, J. Cooper, Y

Aoyagi, and T. Sugano, Phys. Rev. Lett.82, 4691~1999!.
29A. Altland and Y. Gefen, Phys. Rev. B51, 10 671~1995!.
30D. Simonian, S. V. Kravchenko, and M. P. Sarachik, Phys. R

B 55, R12 421~1997!.
31B. L. Altshuler et al., Phys. Rev. Lett.44, 1288~1980!.
32A. Andresenet al. ~to be published!, C. Prasadet al. ~to be pub-

lished!.
33C. W. J. Beenakker and H. van Houten, Solid State Phys.44, 1

~1991!.
34H. U. Baranger and P. A. Mello, Phys. Rev. B51, 4703~1995!.
35The definition of dimensionality for the quantum dot arrays w

study is somewhat unclear. While itmight be thought that the
arrays are quasi-one-dimensional in nature, one could also arg
that the dots are zero dimensional. We simply refer to the arr
as having a dimensionalityd,2.

36J. M. Luttinger, Phys. Rev.121, 924 ~1961!.
37A. L. Efros and B. I. Shklovskii, J. Phys. C8, L49 ~1975!.
38See P. A. Lee, A. D. Stone, and H. Fukuyama, Phys. Rev. B35,

1039 ~1987!, and references therein.
39J. P. Bird, A. P. Micolich, H. Linke, D. K. Ferry, R. Akis, Y.

Ochiai, Y. Aoyagi, and T. Sugano, J. Phys.: Condens. Matter10,
L55 ~1998!.

40J. A. Nixon and J. H. Davies, Phys. Rev. B41, 7929~1990!.
41M. Stopa, Phys. Rev. B53, 9595~1996!.


