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Measuring interactions between tunnel-coupled quantum dots
in the quantum Hall regime
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We present measurements of the relaxation of frustrated charge configurations via tunneling in a
double quantum dot in the quantum Hall regime. We studied transport through two quantum dots in
series at each of three Landau level filling factars: 2, 3, and 4. The double dot conductance was
measured as a function of the induced charge on each dot and of the interdot tunnel conductance to
demonstrate the evolution of the charging diagram with increasing interdot electron tunneling. At all
three filling factors, we find that the evolution from well separated to joined dots is complete at an
interdot tunnel conductancg;,=e?/h, in contrast with the zero magnetic field case. We also
observe that the residual interaction energy relative to the charging energy increases above the zero
field value. © 1999 American Institute of Physid$s0021-8979)04619-§

Recent experiments’ and theorie$* have examined trated double dot charge configurations is fundamentally dif-
how electron tunneling between quantum dots weakenferent from the zero magnetic field case. Interdot electron
charge quantization effects on the individual dots. Livermoretunneling occurs between the outermost Landau level edge
et al! measured zero-bias Coulomb blockade conductancstatés) of the two dots, so only one spin channel is involved
peaks in a series double quantum dot in zero magnetic fieldn interdot electron transport for9G;,<e?/h. Double dot
Those measurements mapped out the double dot chargirgharge relaxation is predicted to be completésat=e?/h
diagram to determine how interdot tunneling relaxes frusfor the case of one spin channel joining the two dots.
trated double dot charge configurations and merges the two  Figure 1a) is a scanning electron micrograph of our de-
dots into one. In zero magnetic field this transition is driveny;ice |t consists of two quantum dots defined in series by 10
by electron tunneling through two spin channels in the quanindependently adjustable Cr/Au gatéight regions on the
tum point contact that connects the two dt&:When the ¢ iface of a GaAs/AlGaAs heterostructure wafeark re-
interdot tunnel conductand®;,;=0, the two dots are well iong containing a near surfac7 nm two-dimensional
separated. The dots join into one large, composite dot lectron gas(2DEG). The 2DEG has a sheet density

~ 2
Gini=2€"/h. I _ =3.4x10"cm 2 and a mobility u=450000cr¥V s. Fig-
In this communication we report measurements of inter 1b) is a schematic diagram of the device wiring. By
actions between two tunnel-coupled quantum dots inastrongarying the side gate voltag¥o;(Vy,), we can indu'ce
perpendicular field that places the electron gas in the quan; g1\ "g2/» T
tum Hall regime. Single dots in the quantum Hall regimeCharge separately on dot (fiot 2. By varying the center

have been studied previous§r?’ McEuenet al 5 studied point contact voltage/,, we can independently adjust the

.. . interdot conductanc&;;.
ntum ition ra, an ri how the Lan int .
quantum dot addition spectra, and described how the Landa We cooled the device to base temperat(a@ mK) in a

level structure forms compressible and incompressible re-. . . ) -
P P dilution refrigerator and energized the magnet to an initial

gions in the quantum dot. Van der Vaatal?®**and Al- :
phenaaret al?>2® studied how a compressible region can field B=7 T, placing the electron gas on the quantum Hall

form an isolated island within a quantum dot and how theP!atéau to correspond to a Landau level filling facter 2.
occupation of the island affects transport through the dot as /€ @Pplied a small ac bias voltage4¥yg across the de-
whole. Such effects are discussed further in Refs. 27 and 2g/c€ and monitored sample conductance with low noise
In the experiments described here, we use Coulom#PCk-in techniques. The side gate labelad;(Vy) is
blockade transport spectroscopy to measure the double dgpuPled to dot 1(dot 2 by a capacitance€y, =45+ 4 aF
charging diagram as a function of magnetic field and thd Cg2=43*4 aF) as determined from measurements of
strength of interdot tunneling. In the quantum Hall regimeSingle dot conductance versus side gate voltage.
the electron states in the bulk are localized, so transport takes We energized all 10 surface gates such that the outer

place only through the edge stdfeand relaxation of frus- Point contacts were in the tunneling regime and the center
point contact conductance was in the range@®<e?/h.

. ) This placed the entire coupled double dot in the Coulomb
dpresent address: Microsystems Technology Laboratories, Room 39-56%, P . P
Massachusetts Institute of Technology, Cambridge, MA 02139. lockade regime. We th_en measu'red conductance throth
YElectronic mail: westervelt@deas.harvard.edu the double dot as a function of the side gate voltaggsand
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FIG. 1. (a) Scanning electron micrograph of the double quantum dot device. = 0.0 qu (|V)

Dark regions are the surface of the GaAs/AlGaAs heterostructure wafer; 0.0 0{5 1.0 1.5 2.0
light regions are the Cr/Au surface gatéb) Schematic diagram of the
device wiring indicating separate control of the quantum point contact gate
voltagesVy,, Vg,, andVys and of the side gate voltagég,, Vg, and
V3.

Interdot tunnel conductance G, (e2/h)

FIG. 3. Measured fractional peak splittifigplotted vs interdot tunnel con-
ductance G;,,, determined separately, for filling factors=2 (closed
circles, v=3 (open circley and v=4 (closed triangles The error bars
indicate both scatter and systematic errors in calibration of the center point
ng, which were varied in a raster pattern. We repeated thisontact conductance. Also plotted are calculation§ dfom the theory of

measurement for a series of interdot tunnel conductanc olden and HalperifRefs. 8—10. Matveev et al. found similar results

. . 2 . . (Refs. 11 and 1R The theory has been scaled to include a residual interac-
ranging fromGy=0 to Gj,=e“/h to determine how inter- tion energy at smalG;,=0.2e?/h. Three different scalings have been used

dot electron tunneling affects coupled dot interactions in theo provide the best match to the three different filling factors, with2 at
strong field regime. In this communication we describe sevihe top,»=3 in the middle, and/=4 at the lowest trace. Inset: Measured
eral such measurements, at filling facters 2, 3, and 4. fractional peak splittingm (circles and interdot tunnel conductanc®,,
Figures 2a)—2(d) summarize the results of this rnealSl‘”,e_(line) plotted vs center point contact gate voltagg for »=2. F saturates
. . strongly at a finite value as interdot conducta®;g goes to zero.
ment atv=2 (B=7 T). Each panel is an inverted grayscale
image of the logarithm of the measured double dot conduc-

tance versu¥g; on the horizontal axis andy, on the ver-  points of conductance in th¥,, direction increases, and
tical axis; dark spots indicate high conductance, and brighfines of conductance grow out from these points along the
areas indicate low conductance. The panels are arranged #yrves that separate charge configurations with different val-
order of increasing interdot tunnel conductar@g,, mea- yes of the total number of electrom,=N;+N,. By Fig.
sured separatefy. In Fig. 2a) (G;=0.0%’/h), current  2(d) (G,,=0.96?/h), current flows along an array of essen-
flows at an array of points; the points are split in pairs alongijally straight lines separating regions with different lowest
the diagonaN,,= (Vg1 +Vg2)/2 direction, corresponding to  energy values oN,,. This evolution is qualitatively similar
adding charge to both dots. The array of points of currento that observed in previous experiments in zero magnetic
flow is the signature of small interdot tunnel conductancefield.! As in the zero field case, the topological change from
because the numbers of electrdisandN, on the two dots  an array of points to an array of lines indicates that the tran-
are quantized, current only flows at the points where theition from completely separate dots to completely joined
Coulomb blockade is lifted simultaneously for both dots. Asdots is complete.

Gint is increased in subsequent panels, the splitting between  One pronounced difference between the strong field case
described here and the zero field caisethat the transition
from well separated to completely joined dots is complete

0661 @¢  , . I—(bQ: * VY when there is one quanture?/h) of interdot tunnel conduc-
8 = ; Vp; tance, in contrast to two quantadZh) for the zero field
o] A i o V“ case. This indicates that frustrated charge configurations of
> = A > the double dot are relaxed when just the outer edge states in
-0.67- = :

the two dots have merged. A second important difference is

o
@ that in a strong magnetic field, we observe a larger finite
peak splitting for small interdot conductancé;{;<e?®/h).
This splitting indicates a large residual interaction energy
N relative to the charging energy that is not due to interdot

tunneling interactions. This residual splitting is discussed be-
-0.56 -0.55
Vgl W) low.

We quantify the transition from separate to joined dots
by measuring the fractional peak splittifg which is pro-
log(doﬁlgl'g dot C('nslé)uctanc'g '((2:2/11)) portional to the amount by which intgrdot interactio_n; onver
the energy of the system. The fractional peak splitting is
FIG. 2. Inverted grayscale images of the logarithm of the measured double= 2AVS/AVP, twice the ratio of the peak separatidiV, in
dot conductance at=2 plotted vs side gate voltag®g, on the horizontal  the diagonalV,, direction of the charging diagram to the

axis andV, on the vertical axis. Dark spots indicate high conductance, andg)"e L . -
bright areas indicate low conductance. The panels are arranged in order riodicity of the arrayAVp' Figure 3 is a plot of the the

increasing interdot conductan@e, , with G,,= (a) 0.01,(b) 0.21,(c) 0.68,  Tractional splittingF versus the interdot tunnel conductance
and(d) 0.962%/h. Gint, measured separately, for three different filling factors:
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