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Resonant transmission through an open quantum dot
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We have measured the low-temperature transport properties of a quantum dot formed in a one-dimensional
channel. In zero magnetic field this device shows quantized ballistic conductance plateaus with resonant
tunneling peaks in each transition region between plateaus. Studies of this structure as a function of applied
perpendicular magnetic field and source-drain bias indicate that resonant structure deriving from tightly bound
states is split by Coulomb charging at zero magnetic fig30163-18287)06212-7

Advancing technology has made it possible to define artion channel through the split-gate structure was moved side-
tificial semiconductor microstructures that confine electronsvays by varying the voltage on gate(Ref. 17 away from
in all three spatial dimensiohs with discrete zero- Vg=-1.7 V, the sharp RT features gradually diminished
dimensional states. Such structures, often called quantuemtil at V,,=-2.6 V (trace 7 only quantized 1D ballistic
dots, provide uniquely simple systems for the study of few-conductance steps were seen. In a subsequent cooldown in a
electron physics. In particular, the Coulomb blocka@) 3He cryostat, we did not observe identical RT structure. Al-
of single electron tunneling through quantum ddtas been though the surface Schottky gate pattern was intended to
extensively investigatetl.lt has been demonstratedhat  define a quantum dot in the 2DEG electrostatically, both ob-
transport through small quantum dots is determined byservations suggest that ionized impurities in the spacer
charging effects® as well as quantum confinement layer! played an important role in determining the transport
effects’~® Quantum dots can also be formed by impuritiesproperties through the channel defined by the surface gates.
that are either directly in the electron gas, as for Si devies, Since we observe conductance pedtesonant tunneling
or are remote ionized donors in a spacer l&yas for the rather than resistance peakesonant reflectionwe believe
GaAs/Al,Ga, _,As heterojunctiort? The CB effects in such that in our system an attractive impurity potential helped
unintentionally defined quantum dots have been studiedreate a quantum dot. Previously McEuenal!® claimed
extensively'%1213 that two resonant transmission peaks they observed for

Within a noninteracting picture Tekman and Cifddiave =~ G<2e?% h in a disordered split-gate device derived from the
predicted that resonant tunnelif®@T) may occur through formation of a quantum dot by singlehydrogenic impurity.
energy states bound to an attractive impurity potential in dn this experiment only two peaks were observed because the
split-gate device even when some one-dimensioid)) electrons that filled the impurity bound states acted to screen
channels are perfectly transmitted. Therefore in addition to
1D quantized conductance stéps®replicated resonant fea-
tures between plateaus should be observed when a quantum 6
dot formed by an impurity potential is present in a split-gate
device. In this paper, we report the observation of such reso-
nant structure from a quantum dot formed by an impurity
potential in a split-gate device. We show how these RT fea-
tures develop in a perpendicular magnetic fi@ldand we
investigate the energy spacings between different resonant
states using source-drain bias measurements.

The Schottky gate pattern shown in the inset to Fig. 1 was
defined by electron beam lithography on the surface of a
GaAs/Alp [Gay ;As heterostructure, 90 nm above a two-
dimensional electron ga@DEG). The carrier concentration
of the 2DEG was 3.810'® m~2 with a mobility of 90
m?/V s. Experiments were performed in a dilution refrigera- 1
tor at 100 mK and the two-terminal differential conductance
G=dl/dV was measured using an ac excitation voltage of 1 /23 Vafs)e |7
10 pV. _ _ _ 0535 3 25 2 15

Figure 1 shows the differential f:onductance as a function Va1 (Volts)
of the voltageVy; on gate 1, for various voltagég, on gate
2. ForVg,=-1.7 V(trace 3 we observe replicated resonant  F|G. 1. G(V,,) when the conduction path is electrostatically
peaks inG(Vg;), reminiscent of those predictétl As the  shifted by applying various gate voltages to gate 2. Traces 1 to 7:
temperature was increased, these structures became broadggz -13,-15,-17,—-19,-2.1,—2.3, and—2.6 V, respec-
but were still discernible up to 650 mK. When the conduc-tively. The inset shows the Schottky gate geometry.

194

F N

w

G (in units of 2¢%/h)
[\

0163-1829/97/58.1)/67234)/$10.00 55 6723 © 1997 The American Physical Society



6724 BRIEF REPORTS 55

16

80 P
np=Om m [

HE | EEEEEER | ] PY
70 mu x

14

12
60 L4

)
AV (mV)
B
[w]
L
[ J
[ 8
o

40 vyvV>X

30 X X
n1D=3

G (in units of 2e?/h)

0 02 04 06 08 1 12 14 16 18
B (T)

FIG. 3. AV, (B) for variousn;p.

dicular magnetic field strengthens the confinement of states
in a quantum dot by localizing electron wave functions to the
sample boundari€S. This is consistent with the disappear-
-3 -25 2 -1.5 -1 ance of the tightly bound statéthey become immeasurably
Vg1 (Volts) smal) and the strengthening of the resonant structure from
the weakly bound states at high field seen experimentally —
FIG. 2. G(Vg) for Vg,=—1.7 V at various magnetic fields. Fig. 2. When the sharp RT structures for
The corresponding magnetic fields are, from bottom to top: 2.52e2/h< G < 6e?/h have disappeared, oscillations(B"(Vgl)
2.4,23,22,21,2,19, 18,17 16, 15, 14, 1.2, 1, 0.8, 0.6are still observed. Their structure is more complicated and
0.4, O_.2, _and OT. Traces_are vertically offset for clarity. Th2e SYM-possibly derives from a combination of resonant transmis-
bols |nd|ca';e the evolzutlon_ of the 2RT featurezs fG<_2e /h sion and resonant reflectidhfrom bound states.
(squarg, 2e*/h<G<4e/h (circle), 4e“/h<G<6e/h (triangle, W discuss the separation in qate volt be-
and 6%/h<G<8e?/h (cros$ as the applied magnetic field is in- € now disc . P 9 %1
creased from O T. Arrows serve as a guide to the eye indicating Lwe_en_each pair of tightly bound_ RT pe_aks at various mag'
single resonant peak splits into two forZh<G<4e?h and ngtlc flelqls(marked as square, circle, triangle, and cross in
4€’lh<G<6e%h, respectively. Fig. 2). Figure 3 show\V,(B) for RT features that occur
with different numbers of transmitted 1D channaelg,. For
it so that at higher energies only quantized conductance with1p=0, AV, shows only a weak magnetic-field dependence.
no resonant structure was seen. In our experiment we ol=ornip=1, 2, and 3AV,, shows saturation at lo® and a
serve at least fourteen resonant pe@es trace 3 in Fig.)1  linear B dependence at higB.
implying that the impurity potential does not become At B=0, AV, decreases as,p increases, as shown in
screened even after accommodating 14 electrons. We do ntte inset to Fig. 4. To obtain the energy spacihg(n,p)
believe that such a potential could be generated by a singleetween pairs of tightly bound RT peaks, we have used a
ionized impurity, only a cluster would be capable of this. standard source-drain bias techni§dé??* AE decreases
Figure 2 showsG(Vy;) for V4,=-1.7 V at differentB. dramatically fromn;p=0 to n;p=1 (see Fig. 4. Note that
For G<2e?/h, the two RT peaks have a weBkdependence we were not able to measuteE between pairs of RT peaks
and persist t=4 T. As the magnetic field is increased, the for G>8e?/h, perhaps because the application of a dc bias
conductance plateaus and the RT peak positions focaused the quantum dot to break down.
2e2/h<G<8e?h move to more positivé/y; as a result of Within the noninteracting pictuté at B=0 the energy
the formation of hybrid magnetoelectric subbafdét  states through which RT occurs are spin degeneratd@ iss
B~2 T these resonant features are no longer seen. A broddcreased, if there is no spin splitting, states with different
RT peak adjacent to the sharp RT peaks forangular momentum in the same Landau level become closer
4e?/h<G<6e?/h develops aB=0.6 T and splits into two in energy?” If the Zeeman energy is included, electrons in
at higher magnetic fields, as indicated by arrows. Similar buthe same Landau level with the same angular momentum but
less pronounced results can be also seen fodifferent spin move apart in energy causing individual reso-
2e?/h<G<4e?/h. nant transmission peaks to split into two peaks. Using the
The sharp resonances correspond to tightly bound statesinimum possible value 0.44 for the Landefactor in our
and the broad resonances to weakly bound states within theystem, we estimate the Zeeman energy te=lfiel meV at
picture of Tekman and Ciraéf. The application of a perpen- B=4 T, a factor of twelve larger than thermal smearing at
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FIG. 4. The energy spacinjE between pairs of RT peaks as a
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function of nyp deduced from the dc bias measurements. The inset B (T)

showsAVy;(Nqp).

100 mK, and equal the full width at half maximum of the  FIG. 5. The energy spacinjE between pairs of RT peaks as a
tightly bound peak closest to pinch-off, suggesting that sucliunction of B determined from data shown in Figs. 3 and 4. The
splitting would be observable in our system. However, astraight line fits are discussed in the text.

shown in Fig. 2, the individual peaks in each pair of tightly

bound RT peakslo notsplit at any magnetic field. In addi- tjon of Coulomb charging effects. Therefore when the ap-
tion pairs of peakslo notcome closer together and each pair pjieq magnetic field is increased froB=0.6 T, both the
of peaks remains in the same transition region. These factots,eman term and the Coulomb charging lift the electron spin

imply that each pair of peaks derives from the same singlegeqaneracy, causing the broad resonant tunneling peak to
particle state. They split at zero magnetic field due to theSplit into two

energy difference between single and double occupation of a The decrease oAE(n;p) asnyp is increased, aB=0,

. 3 . _. . _
single staté” However, the case of charging-induced split shown in Fig. 4, arises from two mechanisms: the Coulomb

ting in mesoscopic devices, where two adjacent single: . o
electron tunneling peaks are related to states with differenftOrce between electrons bound in the quantum dot is increas-

spin quantum numbeféjis only well understood in the Cou- ingly screened aR, is increased; and the conduction chan-
lomb blockade reginf8 for G<2e?/h. Assuming that the nel defined by the surface Schottky gates becomes wider,

relationsAE=30.1AV,, meV/V (n,;p=0), AE=14.8AV,, increasing the spatial extent of the bound state wave func-
meVV (nyp=1), AE=10.3AVy; meV/ (np=2), and 2on?é ﬁ]ncc:egigc(;je reducing the Coulomb charging energy as
AE=7.27AV,; meV/V (n;p=3) (determined from the data ''1P '

shown in Figgl4 and th(e }r?s)elv%/rgich hold atB=0 are still Although we can explain our results in terms of Coulomb
valid at high 'field AE(B) for the tightly bound peaks with charging effects qualitatively, it is important to note that as-
np=1, 2, and 3’shown in Fig. 5 also implies Charging_cribing the pairs of sharp RT features to zero-field splitting,

b ’ . 2 . -
induced splitting aB=0. If the splitting arose solely from for G>2e“/h, requires an extension of the Coulomb charg-

Zeeman splitting, then one would expeatE(B)—0 as Ing [slcture i? (tjhe mdett?llllftrheglge }Nhet:e_ stometllD cBa?neIs
B—0. InsteadA E(B) shows saturation at loB, suggesting are transmitied, and that the L.oulomb Interactions between

that the splitting at low fields is due to some effect other tharP&!rs of el'ect'rons are partially screened by these 1D chgn-
Zeeman splitting. The linear fitAE=0.6368 (solid line), nels. In principle the results we present here are able to give

AE=0.508 (dotted ling, and AE=0.4248 (dashed ling information on the ability of 1D states to screen 0D states.

shown in Fig. 5 yield Lande factors of 10.9, 8.7, and 6.9 _In.conclusmn, we have reported an observation of trans-
= . mission resonances through an open quantum dot. The mag-
forn;p=1, 2, and 3, respectively. Such largdactors have

) ) netic field dependence of pairs of tunneling peaks provides
been measured in the quantum Hall regime where exchan Sxperimental evidence for Coulomb charging effects at zero-
energy is importamt® For the casen;p=0, AE(B) has a b ging

. . field magnetic field even when some one-dimensional chan-
yveakB dependence since near pinch-off the Coulomb Charghels are perfectly transmitted through the open quantum dot.
ing effect is much stronger than the Zeeman term.
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