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Localization effect in mesoscopic quantum dots and quantum-dot arrays
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We discuss the observation of an unusual type of localization in split-gate quantum dots and quantum-dot
arrays. While no evidence for its existence is found prior to biasing the gates, the localization persists to
conductance values as high as 50e2/h and is not destroyed by the application of a weak magnetic field. The
carrier density in the dots remains constant over the range of gate bias studied and these characteristics suggest
that the localization is quite distinct to that studied previously in two-dimensional semiconductors. We suggest
that a confinement-induced enhancement of the electron-electron interaction may be responsible for the local-
ization and propose a simple functional form which allows us to account for its variation as a function of either
temperature or source-drain voltage.@S0163-1829~99!52848-8#
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Recent interest in the study of localization has be
stimulated by the observation of a metal-insulator transit
in two dimensions, which may be induced as the carrier d
sity is varied using some suitable gate.1 In this paper, we
discuss the observation of an alternative type of localizat
whose characteristics are quite different from those repo
in two-dimensional systems. The localization is observed
the low temperature conductance of split-gate quantum
and quantum-dot arrays, which are mesoscopic device
which the flow of electrical current is restricted to the und
pleted region that is formedbetweentwo suitable gates
While no evidence for its existence is found prior to biasi
the gates, the localization is observed for conductance va
as high as 50e2/h and is not destroyed by the application
a weak magnetic field. The carrier density in the dots
mains constant over the range of gate bias studied and t
characteristics suggest that the localization is quite dist
from that studied previously in two-dimensional semico
ductors. Indeed, we suggest that a confinement-induced
hancement of the electron-electron interaction may be
sponsible for the behavior we observe. We also propos
simple functional form for the localization which allows u
to account for its variation as a function of either temperat
or source-drain voltage.

Electron-beam lithography and liftoff were used to d
posit split-gate quantum dots and quantum-dot arrays on
surface of GaAs/AlxGa12xAs heterojunction substrates wit
prepatterned Hall-bar geometries.2 The main results pre
sented here were obtained in studies of three different ar
@Fig. 1~b!, left inset#, whose lithographic dimensions ar
summarized in Table I. In order to allow a meaningful co
parison of their behavior, these arrays were fabricated on
PRB 600163-1829/99/60~24!/16299~4!/$15.00
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same chip, in close proximity to each other. The chip w
mounted in good thermal contact with the mixing chamber
a dilution refrigerator and cooled in the dark with the ga
grounded. Prior to the application of a gate bias, the tw
dimensional electron gas~2DEG! was found to have a carrie
density of 3.731011cm22 and a mobility of 210 000 cm2/Vs,
as determined fromin situ Shubnikov–de Haas and Ha
measurements at 4.2 K. With a voltage applied to the gate
form the arrays, similar measurements could also be use
determine the carrier density in the dots, whichwas not
found to vary over the entire range of gate voltage cons
ered here.3 The resistance of the arrays was measured i
four-probe geometry, using standard lock-in detection te
niques and constant currents of varying magnitude. With
of the gates grounded, the resistivity of the 2DEG was
proximately 80V per square and this value was found to
independent of temperature over the entire range stu
@Fig. 1~a!#. The gate voltage could be used to pinch off t
quantum point contact~QPC! leads of the component dot
completely, although this approach was not adopted h
where we chose to focus instead on the behavior exhib
by openarrays whosetotal resistance is less thanh/e2. ~In
this regime, the transport properties should not be influen
by the Coulomb blockade effect.4,5!

In Fig. 1~b!, we illustrate how the resistance of one of th
arrays varies as a function of gate voltage and measurem
temperature. The resistance increases as the gate volta
made more negative, consistent with reducing the numbe
occupied modes in the QPC leads. The resistance also
creases as the temperature is lowered and such behav
typically associated with a localization effect.1 In analogy to
the localization exhibited by two-dimensional systems,1 we
R16 299 ©1999 The American Physical Society
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find that the temperature~T! dependent variation of the di
mensionless conductance~G! may be fit as

G5G01G1 ln~T!1G2 expF2S T0

T D pG . ~1!

In experiment,G0 varies continuously with gate voltage an
is thought to represent the QPC contribution to the ove
conductance. The logarithmic term is dominant at low te
peratures and is also observed in studies of the t
dimensional metal-insulator transition in metal-oxid
semiconductor field-effect transistors~MOSFET’s!.1 The
physical origin of this term remains unclear at present,

FIG. 1. ~a! Temperature dependence of the resistance meas
with all gates of the arrays grounded.~b! Main panel: Variation of
the resistance of arrayW with temperature at a number of differen
gate voltages. Left inset: SEM micrograph illustrating the gate
ometry of the arrays. Right inset: Magnetoresistance measure
obtained for arrayW. All data plotted in~a! and ~b! were obtained
for a measurement current of 1 nA.

TABLE I. Fit parameters obtained for the three arrays stud
here.

Array
Number
of dots

Dot size
~mm!

G1

(e2/h)
G2

(e2/h)
T0

~K! p

W 4 1.030.6 0.2060.09 1.760.8 0.760.2 2.360.2
X 3 1.030.6 0.2560.30 4.361.4 1.460.4 1.160.3
Y 3 1.030.6 0.3060.05 4.760.9 1.460.2 1.360.2
ll
-
-

l-

though it may be related to an electron-electron interact
effect.6 Finally, the exponential term in Eq.~1! represents the
thermal activation of carriers across some energy
(kBT0), whose origin is also undetermined at present. Illu
trative fits to the form of Eq.~1! are shown in Fig. 2 and the
agreement with experiment is clearly good. In Table I w
summarize the fit parameters obtained for the three array
measurements performed at a number of different gate v
ages. In the lower inset of Fig. 2, the relative magnitude
the exponential term is plotted as a function of gate volta
for the three arrays. The data clearly fall on a single cu
with very little scatter, suggestive of a common origin, a
reveal that the exponential localization grows in relati
magnitude as electrons are more strongly confined in
arrays. Nonetheless, a surprising feature of the localizatio
its persistence to conductance values thatgreatly exceed
e2/h. In Fig. 1~b!, for example, an expanded plot of the da
obtained at the gate voltage of20.282 V shows clear evi-
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FIG. 2. Main panel: In this figure the variation of conductan
with inverse temperature is plotted to illustrate the fits~solid lines!
to the form of Eq.~1!. The data were obtained for arrayW at a gate
voltage of 20.42 V and a measurement current of 1 nA. Upp
inset: Measured variation of conductance with temperature in a
mm split-gate quantum dot. The data of Fig. 1 are presented a
with fits ~solid lines! to the form of Eq. ~1!. 0 T: G0

51.30 e2/h, G150.10e2/h, G252.50e2/h, T052.8 K, and p
50.65; 0.1 T:G051.63 e2/h, G150.10 e2/h, G251.85 e2/h,
T052.9 K, andp50.65; 0.3 T:G051.98e2/h, G150.10 e2/h,
G251.05 e2/h, T053.0 K, andp50.58. Lower inset: The ratio
G2 /G0 as a function of gate voltage. Results from all three arra
are plotted. ArrayW: filled circles. ArrayX: open circles. ArrayY:
crosses.
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dence for the localization, even though the conductanc
larger than 50e2/h! This characteristic seems to suggest th
the localization is associated with the confinement of el
trons in the arrays, rather than the depletion of carriers in
QPC’s, and we speculate that a geometry-induced enha
ment of the effective electron-electron interaction may
responsible.7 ~In two dimensions, for example, it is know
that Coulomb interactions should open an energy gap n
the Fermi surface.8!

In the right-hand inset of Fig. 1~b!, we show the result of
a magnetoresistance measurement of one of the arrays
evidence for a sharp resistance peak is found near zero m
netic field, suggesting that the temperature dependent v
tions we observe donot result from a weak localization
effect.9,10 This conclusion is further supported by Fig. 2,
which we plot the results of temperature dependent meas
ments of the resistance at three different values of the m
netic field. The amplitude of the total conductance variat
exceeds 1.5e2/h at zero field and is significantly larger tha
theoretical predictions for the weak-localization effect
open dots.11 ~Indeed, although not shown here, measu
ments at less-negative gate voltages reveal conduct
variations as large as 5e2/h!) As can be seen from Fig. 2
application of the magnetic field causes a general enha
ment of the conductance, which we attribute to the we
known suppression of back scattering at the QPC’s.12 Even
at 0.3 T, however, the temperature dependent variation o
conductance is still found to be well described by the form
Eq. ~1! ~with roughly the same values ofG1 , T0 , and p!.
Such robustness to the application of a magnetic field fur
suggests that the effects we observe are not related to w
localization.~For the dots we study here, it is expected tha
magnetic field of just a few mT should be sufficient to su
press the weak-localization effect.9!

Localization with similar characteristics to that describ
above is also found in studies ofsingledots. In the inset of
Fig. 2, for example, we show the results of temperature
pendent measurements of the conductance of a square q
tum dot of size 0.6mm. The magnitude of the logarithmi
term in this dot is comparable to that found earlier in t
arrays and is similarly insensitive to magnetic field~at least
up to 0.3 T, where the cyclotron orbit begins to fit inside t
dot!. The exponential fit parameters are also consistent w
the trend revealed in Table I. From studies of more than
different dots, we have found that the localization is stron
device dependent, with some devices failing to show a
evidence for its existence whatsoever. Since a detailed
cussion of the role of sample dependent variations is give
a separate publication,13 here we simply note that such se
sitivity suggests that a subtle interplay of geometry- a
disorder-dependent factors is in fact responsible for the
calization.

We have also studied the influence of the measurem
current on the localization in the arrays~Fig. 3, inset! and
find that this data may be fitted from the obvious connect
from Eq. ~1! to the form

G5G01G1 ln~V!1G2 expF2S V0

V D qG . ~2!

(V is the measurement voltage.! The general form of Eq.~2!,
with the values of the prefactors taken from the tempera
is
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dependent data@a small adjustment is made inG1 as ln(V)
obviously differs from ln(T)#, is found to fit the data quite
well, as expected. From the results plotted in Fig. 3,
obtain V050.5260.11 mV andq50.7260.11, neither of
which values seem to be correlated to the conductance v
tion. In the main panel of Fig. 3, we plot the effective tem
perature that is inferred from the resistance at a given b
voltage, using the above fitting equations. The effective te
perature is that at which the resistance of the array is
same as that obtained at the given bias voltage. This t
perature clearly shows a critical value where the heating
gins to appear. It should be noted that an equivalent plo
the effective temperature, in terms of the bias current, sh
a nearly linear behavior ofTe(I ). Once the onset bias i
passed, the temperature also rises to a linear dependen
the bias voltage. A general trend is that the heating is usu
smaller as a function of current for higher conductan
samples, but higher as a function of voltage, a result co
lated more to the conductance values than to significant v
age or current effects. We can also determine an effec
energy-relaxation time from the energy-balance equation14

evdE5
kBTe

t«
. ~3!

Of course, we measure neither the velocity nor the field,
Eq. ~3! can be related to the measured current and voltage
multiplying both sides by the total number of particles in t
device. While most of the voltage drop is in the QPC regio
the carriers equilibrate at an effective temperature within
dots and the entire structure is assumed to be described

FIG. 3. Main panel: Variation of the effective electron tempe
ture with bias voltage, measured in arrayW. Inset: Variation of the
conductance of arrayW as a function of the inverse bias, measur
at a number of different gate voltages. The symbols are experim
tal data points while the solid lines are fits to the form of Eq.~2!.
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single temperature. The energy-relaxation time determi
from Eq.~3! is plotted in Fig. 4 as a function of the effectiv
temperature. Below a critical temperature, the relaxat
time is essentially constant, and then decays with what
pears to be aTe

23/2 dependence, as shown by the line. Th
transition from a constant form to a temperature decay
been seen previously in the phase-breaking time in o
quantum dots,15–17although there is currently no good theo
of either phase breaking or energy relaxation in such st
tures. The scatter in the data of the last two figures is co

FIG. 4. Variation of the energy relaxation time deduced
array W, as a function of the effective electron temperature. T
solid line indicates aT21.5 variation.
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parable to the scatter in the values of the various param
sets obtained from the fits, both in this array and others
have been measured. However, we note that the trans
temperature in Fig. 4 is less than half the value ofT0 , so that
there does not appear to be any direct relationship betw
this transition and the latter parameter. This break is a
well above the temperature corresponding to the mean-l
separation in the dots themselves. Some care about the
ture of the decay with temperature is also in order, as
selection of the break temperature affects significantly
actual inferred power of this decay. Further study is requi
to determine if, indeed, this inferredTe

23/2 is the correct be-
havior. If, for example, the energy is dissipated by the em
sion of acoustic phonons, a stronger temperature behavi
quite possible.18

In summary, we have observed evidence for an unus
kind of localization in mesoscopic quantum dots a
quantum-dot arrays. The localization persists at conducta
values far in excess ofe2/h and is not quenched by th
application of a weak magnetic field. While the mechani
for the localization remains undetermined, we have spe
lated that a confinement-induced enhancement of
electron-electron interaction in the structures may be resp
sible. We have also studied the bias voltage-induced hea
in the arrays, which appears to be described in terms o
single effective temperature for the electron gas system.
nally, we have also estimated the energy-relaxation time
the arrays, which is found to be larger, by an order of m
nitude, than the phase-breaking times that have been m
sured in single dots.

The authors acknowledge helpful discussions w
R. Akis, A. Prinz ~Linz!, G. Bauer~Linz!, and F. Kuchar
~Leoben!. L. Shifren assisted in data processing. Our wo
was supported by the Office of Naval Research and the
tional Science Foundation cooperative science program,
by the Japanese Society for the Promotion of Science.

r
e

ett.

t,

J.
.

.

ys.

ev.
1For recent overviews of the metal-insulator transition in two
mensions, see E. Abrahams, Physica~Utrecht! 3, 69 ~1998!; V.
M. Pudalov, G. Brunthaler, A. Prinz, and G. Bauer,ibid. 3, 79
~1998!.

2J. P. Bird, R. Akis, D. K. Ferry, and M. Stopa, in Adv. Imagin
Electron Phys.107, 1 ~1991!.

3The constancy of the density is primarily checked with the pe
odicity of the Shubnikov–de Haas oscillations, but also with
zeros inrxx at higher magnetic field. The latter is a clear symb
of homogeneity in the density, and its use for monitoring dens
variation in gated samples has been discussed by J. M. Rya
F. Deutscher, and D. K. Ferry, Phys. Rev. B48, 8840~1993!.

4L. P. Kouwenhoven, C. M. Marcus, P. L. McEuen, S. Tarucha,
M. Westervelt, and N. S. Wingreen, inMesoscopic Electron
Transport, edited by L. L. Sohn, L. P. Kouwenhoven, and G
Schön, Vol. 345 of NATO ASI Series E: Applied Sciences~Klu-
wer, Dordrecht, 1997!.

5J. P. Bird, R. Akis, D. K. Ferry, D. Vasileska, J. Cooper,
Aoyagi, and T. Sugano, Phys. Rev. Lett.82, 4691~1999!.

6B. L. Altshuler, D. E. Khmelnitskii, A. L. Larkin, and P. A. Lee
Phys. Rev. Lett.44, 1288~1980!.

7A similar effect has recently been discussed by N. B. Zhiten
M. Brodsky, R. C. Ashoori, L. N. Pfeiffer, and K. W. Wes
-

-

l
y
N.

.

,

Science285, 715 ~1999!.
8A. L. Efros and B. I. Shklovskii, J. Phys. C8, L49 ~1975!.
9H. U. Baranger, R. A. Jalabert, and A. D. Stone, Phys. Rev. L

70, 3876~1993!.
10A. M. Chang, H. U. Baranger, L. N. Pfeiffer, and K. W. Wes

Phys. Rev. Lett.73, 2111~1994!.
11H. U. Baranger and P. A. Mello, Phys. Rev. Lett.73, 142~1994!.
12C. W. J. Beenakker and H. van Houten, in Solid State Phys.44, 1

~1991!.
13A. Andresen, C. Prasad, F. Ge, L.-H. Lin, N. Aoki, K. Nakao,

P. Bird, D. K. Ferry, Y. Ochiai, K. Ishibashi, Y. Aoyagi, and T
Sugano, Phys. Rev. B.60, 16 050~1999!.

14D. K. Ferry,Semiconductors~Macmillan, New York, 1991!.
15J. P. Bird, K. Ishibashi, D. K. Ferry, Y. Ochiai, Y. Aoyagi, and T

Sugano, Phys. Rev. B51, R18 037~1995!.
16R. M. Clarke, I. H. Chan, C. M. Marcus, C. I. Duruo¨z, J. S.

Harris, Jr., K. Campman, and A. C. Gossard, Phys. Rev. B52,
2656 ~1995!.

17D. P. Pivin, Jr., A. Andresen, J. P. Bird, and D. K. Ferry, Ph
Rev. Lett.82, 4687~1999!.

18E. Chow, H. P. Wei, S. M. Girvin, and M. Shayegan, Phys. R
Lett. 77, 1143~1996!.


