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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.[S0163-182809)15747-3

I. INTRODUCTION ductor field-effect transistofMOSFET'’S, but no evidence
for a metallic state was found in these disordered
In the scaling theory of localization, the distinction be- structure$~23In this report, we describe the observation of
tween an insulator and a metal is made at the absolute zero nbvel localization, and present possible evidence for a metal-
temperature, where an insulator is a system with infinite reinsulator transition, in studies of split-gate quantum dot ar-
sistance while a metal is one with finite resistahdeterest rays. These devices are realized in the two-dimensional elec-
in the scaling theory has been revived in recent years, by thigon gas (2DEG) of a GaAs/AlGa _,As heterojunction,
observation of an unexpected metal-insulator transition in avhich reveals no evidence for the localization prior to bias-
variety of two-dimensional carrier systefis? In these ex- ing the gates. Once the array is formed, however, its resis-
periments, the transition to a metallic state is inferred as @&ance shows evidence for localization, the details of which
change in the sign of the temperature coefficient of the resisvary significantly from one device to another. In devices in-
tance, which occurs as the carrier density is varied by suiteorporating significant disorder, the localization persists over
able means. This transition cannot be accounted for withithe entire range of gate voltage for which the array is de-
the framework of the original single-parameter scalingfined. Less-disordered arrays, on the other hand, show pos-
theory, which derives from an assumption of non-interactingsible evidence for ae-entrantmetal-insulator transition. The
electrons and predicts that, in the presence of even the smatkansition is induced as the gate voltage is swept, giving rise
est amount of disorder, all states should be localized in dito reproducible oscillations in the resistance of the array. At
mensions less than or equal to twab<(2).}* While a num-  gate voltages corresponding to a local resistance maximum,
ber of experiments have suggested that that the metallic stabteehavior characteristic of an insulating system is found. At
is unique to systems in which carrier interactions play ancertain resistance minima, however, metallic behavior is seen
important role, the details of the mechanism that drives thehat is quite distinct to that exhibited by the underlying
transition remains the subject of continued deBaté’ 2DEG. Based on our observations, we speculate that a metal-
In spite of current interest in the metal-insulator transitioninsulator transition occurs as the gate voltage sweeps the
in two-dimensional systems, to the best of our knowledgedensity of states of the array past the Fermi surface. In those
little interest to date has focused on the possibility of observregions of the spectrum where the density of states is low,
ing a similar transition in systems of even lower dimension-remnant disorder in the structures is thought to induce local-
ality (d<2). Resonant tunneling and variable-range hoppingzation, while leaving states extended in more degenerate
have been studied in mesoscopic Si-metal-oxide semicorregions. In this regard, the metal-insulator transition ob-
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FIG. 1. (a) Resistance gate-voltage characteristic of arkayneasured at two different temperatures. The symbols indicate the gate
voltages at which a possible metal-insulator transition oc¢byRResistance gate-voltage characteristic of aG@agneasured at two different
temperatures.

served in the arrays appears consistent with previously ddures. If we adopt the convention common to experiment,
veloped models for localized systeRfs. that metal and insulating states are distinguished by the tem-
perature coefficient of their resistance, it is clear the two
devices exhibit very different localized behavior. In Fig.
The devices we study are split-gate quantum dot arraysl(a), localization occurs for gate voltages less thad.4 V,

formed in the 2DEG of a GaAs/gGa _,As heterojunction. but at higher gate voltages a transition to a new regime is
Here, we present results from three arrays, which were pabbserved. This is identified by the emergence of reproducible
terned on the same wafer and which we refer to as de¥ices qgcillations in the resistance, whose minima drop below the

?* andC.hAs can be seen dfrofm the micrograpr:js dhOW” ifn| Fig.high temperature curve at the indicated gate voltages. These
(a), each array consisted of series-connected dots, o engt|5]oints are suggestive of a metal-insulator transition. Similar

0.6 um and width 1um. The wafer was mounted in good oscillations have also been reported in studies of single quan-
thermal contact with the mixing chamber of a dilution refrig- P geq

erator and cooled in the dark to 4.2 K, where its carriefld™ dots and have been attributed to density-of-states fluc-
density was 3.% 10*tcm 2 and its mobility was 210,000 tuations, which arise as the gate voltage sweeps dlscret_e dot
cmP/Vs. Unless stated otherwise, all measurements presentét@tes past the Fermi surfac&’ In the sense that the oscil-
here were obtainegdrior to low-temperature illumination of lations reflect the discreteness of the array states, we take
the sample(we discuss the effects of illumination in § 3.4 their observation in Fig.(&) as an indication of the low level
below). Resistance measurements were performed usingf disorder in this particular devicéalthough not shown
low-frequency lock-in detection with small constant currentshere, similar oscillations were also found for arry. In

to avoid electron heatinghe results of current heating stud- contrast, in Fig. (b) the resistance varies purely monotoni-
ies will be discussed in a separate publicatfhTempera- cally with gate voltage, which we interpret as reflecting a
ture sweeps were performed in several different ways, inyigher degree of disorder in this device. Indeed, it is well
cluding cooling to base temperature over several days nqerstood that the introduction of disorder mixes the dis-

ensure that the sample resistance was accurately reflected By, . <iates of small dofd ultimately giving rise to a fea-
the sensing thermometer. All connections to the sample Were eless density of states '

made using coaxial cables, which were filtered at room tem- To further illustrate the role of device dependent varia-

perature using RF-feedthroughs. These lines are further fil- - .
tered at low temperatures due to dielectric loss in th ions, in Fig. 2 we show the results of magnetoresistance

II. BASIC EXPERIMENTAL TECHNIQUES

screened cables employed inside the crydétat measurement of the two arrays shown in Fig. 1. In these
' measurements, the voltage applied to the gates of the arrays
Il. EXPERIMENTAL RESULTS has been adjusted in order to obtain roughly similar resis-

tance values at zero magnetic field. Consistent with the be-

havior found above, the magneto-resistance shows large
In Fig. 1, we show the variation of resistance with gatefluctuations in Fig. 2a), which are clearly absent in Fig.

voltage, measured in arrapsandC at two distinct tempera- 2(b). Since these fluctuations may also be thought of as aris-

A. Device dependent variations in behavior
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FIG. 2. (a) Magnetoresistance of arrady measured at 0.01 K and for a gate voltage-df.0753 V.(b) Magneto-resistance of arr&y
measured at 0.01 K and for a gate voltage—@.418 V.

ing from a density of states oscillatiGhtheir absence in Fig. localized behavior. ArrayC, which is though to be more
2(b) provides further evidence for a higher degree of disordedisordered, on the other hand, shows localized behavior at all
in array C. gate voltages for which it is defined. To illustrate the local-
ization exhibited by these arrays, in Fig. 3 we show the
variation of resistance with temperature, measured in two of
As we have mentioned already, before crossing over téhe arrays at a number of gate voltages. With the gates un-
the metal-insulator regime, arrapsandB show evidence for biased, the resistance is essentially independent of tempera-

B. Localized behavior in the quantum dot arrays
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FIG. 3. (a) Variation of resistance with temperature, measured in a@raya number of different gate voltagésdicated. The applied

magnetic field is zero. The inset shows the temperature dependence of the resistance measured with all gatedlgr&imdad plot for
array B.
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FIG. 5. In this figure, the data of Fig. 4 is replotted along with

FIG. 4. Variation of resistance with temperature, measured ir}its 0 the form of Eq.(1). 0 T: Gy—2.262/h, G,~0.1%%h. G
. . . 0= &- y 1— Y. 1 2

array C at three different magnetic fieldsdicated. In these mea- 5 a = el A
surements the gate voltage-i9.4198 V. Inset: low field magneto- =0.9G"/h, Tp=0.54K, andp=2.4. 0.15 T:Go=3.0e%/h, G,

. : =0.13%h, G,=0.60’/h, To=045K, andp=2. 0.30 T: G
rfglztfgr](if measured in arrgy at 0.01 K at a gate voltage of 357, 612:0.11e2/h, GZ:0.4%2/h, T0p:0.55 K and K(J)

=2.6.

ture over the entire range studied in experim@fig. 3@),  presumed to describe the excitation of carriers across some

insef. When the gates are biased to form the array, howeveparacteristic energy gafigT,). While three parameters are
the resistancelivergeswith decreasing temperature, showing yseq (o fit this term, there is actually little flexibility in these.

no evidence for saturation at low temperatures. The implicaG2 gives the amplitude of the exponential change, whiije

tion of the curves shown in Fig. 3 is that application of the yetermines its onset temperature gndefines the steepness
gate voltage induces a transition from a metallic 2DEG to any s variation.

insulating quantum dot array. As can be seen from Fig. 4, |, Fig. 5, we replot the data of Fig. 4 along with func-

evidence for the localization persists at magnetic fields agqonal fits to the form of Eq(1). The measured conductance
high as 0.3 T, indicating it to be unrelated to a weak-yayiation is clearly well described by the fits, over the entire
localization effect. range of temperature studied and at each of the three mag-

_Motivated by studies of the metallic state in two- eic fields. Focusing on the fit parameters obtained for the
dimensional electron systersand by the special symmetry ¢ ives we note that application of the magnetic field causes

known to exist between the metallic and insulating stétes, ,; jncrease irG,, behavior that is evident as the negative
we fit the variation of dot conductance with temperat(ire magnetoresistance shown in the inset to Fig. 4. This en-

using the following form: hanced conduction is thought to reflect a magnetically in-
duced suppression of backscattering that occurs at the quan-
(1) tum point contacts of the arr&y In contrast to this behavior,
the parameters for the exponential and logarithmic terms are
only weakly influenced by the magnetic field, and are also
Since Eq.(1) contains as many as five independent fittingrelatively insensitive to changes in gate voltage. The loga-
parameters Gy, G;, G,, To, andp), it is worth taking  rithmic term is of order 0.6%/h in this array, which is com-
some time to explain how it is obtaine@, is thought to  parable to the value reported in studies of Si MOSFE¥'s.
represent the contribution of the quantum point contacts ton arraysA andB, the localization is most clearly resolved in
the overall device conductance and is not really a free pathe low gate-voltage regime, as we illustrate in Fig. 6. This
rameter at all, since its value can be inferred directly fromfigure reveals a common feature of the localization, namely
the experimental data. The logarithmic term dominates théts persistence in cases where the array is very strongly
conductance at very low temperatures and has also been obeupled to its external environment. Also note the absolute
served in studies of two-dimensional Si MOSFET&Vhile  magnitude of the conductance change with temperature, in
the origin of this term remains unclear, it is found to be onlyexcess of 8%/h, which is more than an order of magnitude
weakly affected by a magnetic field and may be associatethrger than theoretical predictions for the weak-localization
with a Coulomb interaction effeét:*2 At intermediate tem-  effect in these structure§.
peratures T=T,), the exponential term dominates and is In Table I, we summarize the details of the localization

To\P
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30
insulator transition in the arrays. To further study this possi-
bility, we have measured the temperature dependence of the
resistance at a humber of gate voltages for which the resis-
FIG. 6. Variation of resistance with temperature, measured ifance shows a local maximum or minimum. In Fig. 8, for
array A at two different gate voltages(indicated. V4= example, we show the results of such measurements for array
—-0.3782V: Go=31.8%h, G,;=0.36%h, G,=5.5%h, T, A. Atthe gate voltages corresponding to a local peak, the
=15K, and p=13. V,=-0.3992V: Go,=16.%*h, G, resistance diverges with decreasing temperature, indicative
=0.26?/h, G,=4.8%/h, Ty=1.2K, andp=1.4. of insulating behavior. Further analysis shows that the resis-
tance variation obtained at the peaks can be fitted to the form
observed in the three arrays. The values shown for arays of Eq. (1), usingG,;=0.035+0.01e’/h, To=1.5+0.3K, and
and B were obtained in the low gate-voltage regime, wherep=1.6+0.2 K. While the parameters associated with the ex-
the resistance shows purely localized behavior. At leasponential term are comparable to those listed in Tab(@,l,
within our experimental resolution, the amplitude of theis considerably smaller in this regime, suggesting that the
logarithmic term does not seem to vary significantly betweerlocalized state may somehow be less robust than that found
the different devices. The parameters for the exponentiaht lower gate voltages. Also in Fig. 8, we show the tempera-
term are seen to be device dependent, however, which f&ire dependent variation of the resistance measured at two
thought to reflect the differing levels of disorder in the ar-local minima. In these curves, the resistance tends to zero in
rays. In Fig. 7, we plot the ratiG, /G, as a function of gate the limit of zero temperature, as would be expected for a
voltage. Results for the three different arrays are shown anghetallic system. By studying the temperature dependence of
are seen to lie on the same curve, suggestive of a commdhe resistance at all minima that drop below their high tem-
origin. This figure shows that the relative magnitude of theperature(resistance-gate voltageurve, we have been able
exponential variation becomes more prominent as the arrayi® confirm the generic nature of this apparent metal-insulator
are pinched off. transition. In Fig. 9, for example, curves for arr®yare
plotted and once again show evidence for a metal-insulator
transition, with similar characteristics to that noted in Fig. 8.
An interesting feature of the curves in Figs. 8 and 9, is a
In Fig. 1(a), the resistance measured at low temperaturesignificant increase in the noise level that occurs at lower
falls below its high-temperature value at certain gate volttemperatures. Further studies of this noise have confirmed its
ages, as might be expected for a metallic state. The positiotime-dependent nature and reveal possible evidence for
and depth of these local minima is found to be well repro-switching behavior on time scales faster than the kHz range.
duced on successive gate voltage sweeps, suggesting that #hile the most likely source of this noise is charge-trapping
gate voltage may be used to induce a re-entrant metagenerated by defects in the heterostructure, it is possible that
it actually reflects the formation of novel metal and insulat-
ing states in the arrays. More detailed studies are required to
confirm this possibility.

0.1 1 10 10?
1T (K™

C. Metal-insulator transition in the quantum dot arrays

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

Array G, (e%/h) To (K) p D. Influence of illumination and thermal cycling
A 0.23+0.16 2.0-0.8 1.3-0.2 Subsequent to the measurements described above, a red
B 0.16+0.09 1.4-0.4 1.1+0.3 light-emitting diode was used to illuminate the sample at
C 0.20+0.09 0.7-0.2 23-0.3 0.01 K, increasing the carrier density of the 2DEG to 5.6

X 10" ecm™2. In spite of a small shift in threshold voltage,
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FIG. 8. Observation of a re-entrant metal-insulator transition in akds) Expanded view of Fig. ). (b), (c) Temperature dependence
of the resistance measured at different resistance maxima and nfigateavoltages are indicated and correspond to the positions marked
by the symbols shown in Fig.(8].

the general behavior exhibited by the arrays was found to be IV. DISCUSSION

unaffected by this illumination. Array& andB continued to .
2 In the above, we have presented evidence for novel local-
show localization at low gate voltages, and a re-entrant

. - . . Ization, an ible metal-insulator transition, in split-
metal-insulator transition at higher ones, while arr@y ation, and a possible metal-insulator transition, in split-gate

. L2 S guantum dot arrays. No evidence for these phenomena is
showed only evidence for localization. Similarly, thermal Y- tound prior to biasing the gates of the arrays, which, once

el‘rormed, reveal strong variations in behavior from one device

Y to another. In arrays that are thought to feature considerable
disorder only localized behavior is seen as the gate voltage is
varied, while in presumably less-disordered devices a possi-
bly re-entrant metal-insulator transition is found. The obser-
vation of such a transition, in what is presumablyd& 2
mesoscopic systef,has considerable implications for the

] single-parameter scaling theory of localization. In its original

form, this suggested that, in the presence of even the smallest

amount of disorder, all states in dimensions less than or

] equal to two should be localizé A number of experiments

have now convincingly confirmed the existence of a metal-

insulator transition in two-dimensional systef$® and this

] has led to a reformulation of the scaling theory to allow for a

density near to its original value, but did not significantl
affect the behavior exhibited by the arrays.

13

RESISTANCE (kOHMS)

‘\M_\ change in the sign of the scaling function at some critical
; VAN conductancé? To the best of our knowledge, however, the
12 ﬁ 'g‘;\; v “’*;i LN possibility of a similar transition occurring in systems of
: % g ! "'\ 1 lower dimensionality has not been considered to date.
P i 7 v, =osev Y ] For a partial understanding of the behavior observed in

experiment, we appeal to our knowledge of electron trans-
port in open quantum doté:?® The conductance of these
] devices also shows reproducible oscillations when the gate
1 voltage is varied and these have been interpreted as arising
o 001 oi . " from density of states oscillatio?$28 The suggestion is that
the conductance should be high at gate voltages for which
the density of states at the Fermi level is high, while a low
FIG. 9. Temperature dependence of the resistance measured @@nductance is expected when this density of states i$ow.
array B at a local resistance maximunV{=—0.57 V) and mini-  In dots which incorporate moderate disorder, the first states
mum (Vg=—0.56V). to localize should be those for which the density of states is

TEMPERATURE (KELVIN)
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metallic regime is similar to that expected for two-
dimensional metallic systems, in which Coulomb interac-
tions have been predicted to give rise to the formation of a
novel electron state that iguite distinct from a Fermi
liquid.*® In this regard, it is tempting to suggest a connection
to the Luttinger liquid, which is another correlated electron
system that shows non-Fermi-liquid behavidbiwhile fur-

ther theoretical studies are required to clarify this connection,
we suggest that confinement of electrons in the array causes
an enhancement of their interaction, compared to the uncon-
fined two dimensional electron gas$i.e., r¢(array)
>r4(2DEG)]. According to Dobrosavljeviet al, the con-
ductance in the metallic regime is expected to vary as

CONDUCTANCE (¢*/h)

G(T)=InY«(To/T), 2

where « is a constant that parameterizes how the system
approaches the metallic limit a&—«~. The dotted lines
shown in Fig. 10 suggest that=1 for the arrays, which is
actually consistent with the experimental findings of Pudalov
et al, who studied Si MOSFET’s with highs.** Our result
0.1 1 10 10 10° is therefore suggestive of a cooperative interaction among
the electrons in the confined arrays.

A number of features revealed in experiment are worthy

FIG. 10. In this figure, the conductance measured in the metalliof further study. In the localized regime, we are able to fit the
regime is plotted as a function of temperature to reveal the logarithtemperature dependence of the resistance using the form of
mic dependencédotted lineg predicted in Eq(2) (Ref. 15. Re-  Eq. (1). In previous studies of two-dimensional systems, the
sults shown are for arraf and the gate voltages are indicated.  power law in the exponential term has been found to be close

to 0.54679 as predicted for variable-range hopping in the
presence of a Coulomb gdpThe values we find here are

low. Consequently, we might expect that a series of metalsomewhat larger than thisp&1—2), however, and at
insulator transitions should occur as we use the gate voltageresent the significance of this variation remains unclear.
to transition between successive resistance maxima anslso unclear is the origin of the energy that is implied by the
minima. As the gate voltage is progressively lowered to-parameterT,. Finally, the source of the disorder that so
wards zero, however, the coupling-induced broadening of thetrongly influences the behavior of the arrays is not under-
level spectrum should increase. Since the effect of sucltood at present. The electrical properties of mesoscopic de-
broadening should be to lower the degeneracy of the densityices are known to be critically sensitive to the presence of
of states, it does not seem unreasonable that the arraysdividualimpurities® In studies of single quantum dots, we
should then exhibit a crossover to purely localized behaviorhave reported large variations in the phase-breaking time in
Equivalently, in dots incorporating strong disorder, we canmominally identical dot$® In the GaAs/AlGa;_,As hetero-
also understand why only localized behavior should be foundtructure system, an important source of disorder is the ran-
as the gate voltage is varied; even when the couplingdom distribution of Si dopants in the &ba, _,As layer?®*!
induced broadening is reduced, disorder-induced mixing ofrhe robustness of the device-dependent variations in behav-
the level spectrum will continue to be significant. ior to thermal cycling and illumination is inconsistent, how-

In discussions of the metal-insulator transition in two di- ever, with the effects of donor-induced potential fluctuations.

mensions, the role of electron interactions has been stronglgather, a more robust form of disorder, whose origin remains
emphasized.The strength of these interactions is characterunclear at present, is presumably required.
ized by the parameter;, which is the ratio of the Coulomb

29— i 7

1UT (K™)

energy to the Fermi energy. For the heterostructure wafers V. CONCLUSIONS
we study here, the value of this parameter is of order unity, '
corresponding to the weakly interacting regin@rucially, We have presented evidence for gate voltage-induced lo-

however, we note that the metallic state observed in the arealization, and a possibly reentrant metal-insulator transition,
rays shows very different behavior to that of the undepletedh linear quantum dot arrays that are realized using the split-
2DEG. The resistance of the 2DEG is independent of temgate technique. No evidence for the localization is observed
perature, while that in the metallic regime decreaegm-  prior to biasing the gates of the array, and the details of this
rithmically below some critical temperature, which is gate-behavior are found to be strongly device dependent. While
voltage dependeriFig. 10. For the curves shown in Fig. 10 the form of the localized behavior can be understood within

this critical temperature is in excess of a degree Kelvin. Atthe framework previously developed for two-dimensional

other gate voltages, however, it may be much less than 10€arrier systems, the source of the disorder that so dramati-
mK and further studies are required to establish the significally influences the device behavior remains unclear. In

cance of this transition temperature. It is interesting to notéhose devices which appear to exhibit a re-entrant metal-
that the logarithmic temperature dependence found in th&sulator transition at higher gate voltages, we have sug-
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gested that the transition may arise as the gate voltageear to provide a unique opportunity for investigating the
sweeps the states of the array past the Fermi surface. Thoperties of correlated electron systems.

temperature dependence of the resistance observed in the

metallic regime is quite distinct to that of the underlying

2DEG, and is suggestive of the formation of a novel electron ACKNOWLEDGMENT

state. We have suggested that this many-body state may arise
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