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Interaction of tunnel-coupled quantum dots in a magnetic field
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An artificial molecule formed by two tunnel-coupled quantum dots in a GaA&/#L ,As heterostructure is
studied in perpendicular magnetic fields. Coulomb blockade spectroscopy at low temperatures determines how
the binding energy of the artificial molecule evolves with magnetic field. The binding energy and the double-
dot ground-state energy exhibit mesoscopic fluctuations due to the coupling of electron wave functions on the
individual dots.

DOI: 10.1103/PhysRevB.63.045311 PACS nunider73.23.Ad

Two semiconductor quantum dots, known as artificial at-systems, but they have not been studied previously in a
oms, can be tunnel coupled together to form an artificiadouble quantum dot. The magnetic-field dependence of the
molecule. The tunnel coupling, provided by a quantum poinbinding energy is studied over the full range of interdot con-
contact, can be varied to change the strength of the molecul&uctanceG,, from G;,~0 to G;=2e?’h=Gq, the con-
bonding. Recent experiments used Coulomb blockade speguctance quantum for a spin degenerate channel.
troscopy to study the transition from weakly coupled to Figure Xa) is a scanning electron microscope photograph
strongly interacting dots in zero magnetic fieltiand in the  of the artificial molecule device, consisting of two quantum
quantum Hall regimé&® Many interesting effects have been dots in series defined in a GaAs/@a, _,As heterostructure
observed in these systefis! In zero magnetic field, the electrostatically by metal gates fabricated on the surface us-
electrons on two dots were demonstrated to be shared on ofitg €lectron-beam lithography and Cr-Au metallization. The
large dot at an interdot tunnel couplinG;,,=2e°/h, as pre- heterostructure contains a two-dimensional electron gas
dicted by theory>**In the quantum Hall regime, for which (2DEG) located 57 nm beneath the surface with mobility
transport occurs along edge states in each dot, this transition
was found to be complete &;,,=e?/h, the value at which @
the outermost spin-polarized edge states of the two dots
join.® The binding of artificial molecules has not been stud-
ied previously in the weak magnetic-field regime, the subject
of this paper.

Understanding the interaction of electron charges and
spins in tunnel-coupled quantum dots in magnetic fields is
important for fundamental physics and for proposed applica-
tions. Multiple quantum dot devices have been proposed as
the building blocks of single-electron device circlfttas
well as for the elements of quantum computérs’ One
proposal® for a quantum computer qubit is based on inter-
acting electron spins in two tunnel-coupled quantum dots; a
magnetic field is used to carry out logic operations. Because

the field of experimental quantum computing is just begin-
ning, understanding how electron charges and spins are )
shared between tunnel-coupled quantum dots in magnetic

fields could provide a basis for future quantum computer
implementations.

(=

In this paper electron states in tunnel-coupled double-dot
artificial molecules are investigated using Coulomb blockade
spectroscopy. In contrast to previous work, these experi-
ments study the coupled-dot system in relatively weak mag-
netic fields ranging fronB=0 T to B=400 mT, with filling FIG. 1. (a) Scanned electron microscope photograph énd

factorsy=31. The magnetic field in this regime causes me-schematic diagram of the artificial molecule device, consisting of

soscopic fluctuations in the wave functions and energy levelgyo quantum dots coupled by a quantum point contact. The con-
of electrons in individual dots and hence changes the grounductance of the center quantum point contact determines interdot
state energy and molecular binding energy of the artificiakoupling. Charge can be separately induced on each dot by varying
molecule. Such fluctuations are ubiquitous in mesoscopithe gate voltage¥y; andV,.
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090 o 2 of a grid of split conductance peaks, as observed in previous
. " . ' experiment$. For weak interdot coupling, peaks in the con-
2 ool @ : O ductance landscape occur where the Coulomb blockade is
< . 1 simultaneously lifted in both dots. Finite interdot tunneling
> ” . causes these peaks to split and separate into'passhown
0.92 - ‘ n in Fig. 2(a); the separation is proportional to the lowering of
. . the ground-state energy of the double dot by interdot tunnel-
090 1—= , = = ing, i.e., to the molecular binding energy. The capacitive
« oy - , R “\ contribution to the peak separation has been shown to be
= || =" Q weak relative to the contribution due to interdot tunnefing.
2 091+ @ ’ - Figures 2a) to 2(f) illustrate how a perpendicular mag-
>‘:‘n e ™ ™ netic field B introduces mesoscopic fluctuations in the bind-
e - = -y iné; energ:(y _of the_artif_ircri]al r_nolecule_ anlg theZCoqumbkbloc]l(-
BS0mT e ade peak intensity. The images in Fig. 2 were taken for
0.90 — _"‘ - increasing magnetic fieldéa) 0 mT, (b) 40 mT, (c) 80 mT,
U - O ] (d) 130 mT,(e) 170 mT, and(f) 200 mT. The interdot con-
- - . _
= @ - @ - dgctance is set &= 0.8Gq for thgse measurements. As in
2 0914 . Fig. 2(a) the x andy axes are the side gate voltagég and
& - - o g Vg, and the intensity shows the differential conductance
> 052 o : through the double dot. In each image in Fig. 2 an array of
Ry - . split conductance peaks is observed. The magnetic field
| . ] . changes both the measured peak splitting and the measured
092 091 -090 -092_ 091  -0.90 peak heights. The changes are not monotonic, but fluctuate in
Va V Va (¥ both directions as the magnetic field is increased:; this can be

seen by following a single split peak throughout the series.
FIG. 2. Coulomb blockade conductance peaks of a tnnely o1 °of the peak doublets shown fluctuate in exactly the

coupled double quantum dot for increasing perpendicular magnetigame manner, though there is some correlation in the behav-
field B. The gray scale images show differential conductance ’

through the double dot vs side gate voltagks and Vg, in per- lor OdeEIQbTborln% pﬁa:ij.iOUblets'dThese ((j:r(ljanges are exa_CtIy
pendicular magnetic fields:(a) 0 mT, (b) 40 mT, (c) 80 mT, (d) reproducibie as the fie o 1S ramped up and down. Larg_e sh|fts
130 mT,(e) 170 mT, and(f) 200 mT. Varying the magnetic field n POS'.“O” of the charging patte_rn were Caqsed by SWItChmg
causes reproducible variations in both the peak heights and the pegﬁp'_se n the sample, observed in scans at intermediate mag-
splitting. netic fields.
Changes in the double-dot Coulomb blockade peak split-

450000 criVs and sheet density 310'%cn?. Each dot ting and intensity with magnetic field are illustrated more
has lithographic size 500500 nn? and contains=270 elec-  dramatically in Fig. &). The data were taken by connecting
trons, assuming a depletion length of 100 nm from the gategjatesgl andg2 together, making a diagonal cut through the
The level spacing in each dotdss~80ueV. Figure 1b)is  two-dimensional gate voltage landscape. The dots were
a schematic diagram of the gates. Each dot has two quantutined via the side gates opposite gagdsandg2 so that
point contacts and two confining side gates; the dots sharearying the voltageVy, =V, would cut precisely through
one point contact, labeled gpcc. The point contact conducthe center of a series of conductance peak doublef3 at
tances can be individually tuned; the conductance of gpce 0. The desired path is indicated by the dashed line in Fig.
determines the interdot coupling. The conductances of th&(a), taken before this tuning. In Fig.(8 the Coulomb
outer point contacts were tuned to the weak tunneling reblockade peak splitting and intensity are plotted vs magnetic
gime. Four side gates define the sides of the quantum dotfeld B. As the magnetic field is increased aboBe=0 T,
The voltaged/y; andV,, on the side gates labelgd andg, ~ nonmonotonic changes in both peak splitting and peak inten-
are varied to induce charge on the corresponding dot. Theity are observed. The variations are almost perfectly sym-
differential conductance through the entire series double danetric aboutB=0 T; deviations from symmetry are ex-
was measured agy;,Vy,, and a magnetic field applied pected due to switching noise. Observing this symmetry
perpendicular to the plane of the sample were varied. ThaboutB=0 T provides a conformation that the fluctuations
applied drain to source voltage was LY. All measure- are primarily caused by the magnetic field. The evolution of
ments were done in a dilution refrigerator at a base temperdhree consecutive peak pairs is observed in this diagram, and
ture of 25 mK. all three evolve in a similar fashion with the magnetic field.

Figure 2a) shows a characteristic image of the Coulomb The data of Fig. @) can be explained qualitatively by
blockade for a tunnel-coupled double dot which can be usedonsidering the interplay of a number of effects the magnetic
to measure the binding energy of the artificial molecule. Figfield has on the double-dot system. First, the magnetic field
ure Aa) is an inverted gray-scale image of the differential changes classical electron trajectories within the dots as well
conductance through the series double dot as a function @fs the spatial distribution of electron wave functions. The
the voltagesVy;, andVy,. Dark regions are high conduc- Coulomb blockade peak heights depend on the degree of
tance, light regions are low conductance. The signal consis®@verlap of the electron wave functions in each dot and its
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FIG. 3. Measured fluctuations in the Coulomb blockade peak B (T)
splitting and intensity of tunnel-coupled double dot with magnetic
field: (a) Array of split peaks; dashed line indicates a diagonal cut  FIG. 4. Effect of interdot tunnel conductanGg,; on the Cou-
through the conductance peakéb) Differential conductance lomb blockade peak splitting and intensity withy;=V,, posi-
through the double dot vs magnetic fisbdland gate voltage/y, tioned to pass through the conductance pealg=ad by tuning the
=Vy,. The gate voltage path was positioned along the dashed linside gates opposite gatesl and g2 before the magnetic-field
in () atB=0 T, by tuning the side gates opposite gajésandg2 sweep, for interdot conductance valueg@f0.5Gq, (b) 0.86G,
before the magnetic-field sweep. Strong, reproducible fluctuationgc) 1.5Gq, (d) 1.98G4, and(e) 2.3Gq, with GQ:ZeZ/h. As the
in the peak splitting and in the peak height are observed with ininterdot coupling is increased, the peaks split from single peaks in
creasing magnetic field; these variations are symmetric aBout (a) to twice the number of peaks with half the spacing(d), as
=0T. predicted by theory for the case whekg,=Gg, .

lead. As the magnetic field is varied the overlaps change andouble-dot properties. These mesoscopic fluctuations were
consequently the heights of the conductance peaks changgudied theoretically assuming a spatial distribution of elec-
Second, changing the spatial distribution of electron wavdron wave functions derived from random matrix thedfty.
functions changes the overlap of wave functions on differenSuch fluctuations have been characterized in single quantum
dots and the interdot tunneling matrix elements. As a resulglots®~?*but have not been explicitly studied in double quan-
the interdot coupling, ground-state energy, and moleculatum dots due to the difficulty of obtaining statistics in
binding energy change, as seen by changes in peak splitti¢puble-dot measurement setups. Such fluctuations are clearly
in Fig. 3(b). Finally, changing the magnetic field causesseen in our magnetic-field data, although the data are not
shifts in the single-electron states in the individual dotssufficient in quantity to make quantitative comparison with
manifested as shifts in the positions of the peak doublets iithe statistical distributions predicted by theory.
the two-dimensional conductance landscape in Fig. 3he Figure 4 shows how mesoscopic fluctuations of the Cou-
resulting shifts in peak-doublet position can be sufficient tolomb blockade peak splitting and peak intensity depend on
cause the diagonal lin€,; =V, along which the measure- the interdot conductanc&;,. Figures 4a) through 4e)
ment is made to cut through the two-dimensional 2D gateshow the differential conductance through the double dot
voltage landscape off the side of the peak doublet, resultinglotted in inverse gray scale vs the magnetic figldnd the
in a decrease in the measured peak heights, as seen in F@gate voltageVy;=V,,. The dots were tuned via the side
3(b). gates opposite gategl andg2 so that varying the voltage
Mesoscopic fluctuations in artificial molecules were ad-V4;=Vy, would cut precisely through the center of a series
dressed by recent thedfypredicting fluctuations in double- of conductance peak doublets Bt=0. Each of the five
dot properties which depend on the interdot tunnel couplinggraphs was taken at a different value@f;: (a) 0.5Gq,
In previous theoretical work® the interdot tunneling matrix  (b) 0.87Gq, (¢) 1.5Gq, (d) 1.98G5, and(e) 2.3Gq . In Fig.
elements were assumed to be constant for the range of leveld$a) the interdot conductance is weak and no peak splitting is
of interest. In reality, these matrix elements have a statisticabbservable. However, the magnetic field still causes large
distribution and cause apparently random fluctuations in theariations in the peak heights, and the regions in which the
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peak heights drop dramatically extend over longer ranges dhcreased further in Fig.(é), as predicted by theory for the
B than in Fig. 3b). This is further evidence that shifts in the case ofB=0 T. This is in contrast to the quantum Hall re-
discrete energy levels cause these large fluctuations: at lowgime behaviot where the two dots join completely &,
values ofGy, the widths of the peak doublets are narrower,=e?/h, due to the removal of spin degeneracy by the large
and small shifts in their positions cause more dramatic efmagnetic field.

fects. As the interdot coupling is increased in Figh)3the

peak widths appear to broaden in the vertical direction, due

to an increase in peak splitting that is not resolvable. As the We thank C.M. Marcus and P.W. Brouwer for valuable
interdot coupling is increased in Fig(c3, the split peaks discussions. This work was supported at Harvard by ONR
become resolvable and the fluctuations in position becom&rant No. N00014-99-1-0347, ONR/AASERT Grant No.
more striking. At a value o6;=Gg, in Fig. 4(d), the period  N00014-97-1-0770, ONR Grant No. N00014-95-1-0104,
of the peaks in the vertical direction has doubled, indicatingNSF Grant No. NSF DMR-98-0-2242, and the MRSEC pro-
the two dots have merged into one large dot with twice thegram of the NSF under Grant No. DMR-98-09363, and at
area. This behavior is maintained as the interdot coupling i€JCSB by QUEST, a NSF Science and Technology Center.
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