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Single-electron effects in a coupled dot-ring system

L. Meier! A. Fuhrer! T. Ihn! K. Ensslin! W. Wegscheidet,and M. Bichle?
1Solid State Physics Laboratory, ETH Zirich, 8093 Ziirich, Switzerland
2Institut fur experimentelle und angewandte Physik, Universitat Regensburg, Germany
SWalter Schottky Institut, Technische Universitat Miinchen, Germany
(Received 13 April 2004; published 17 June 2p04

Aharonov-Bohm oscillations are studied in the magnetoconductance of a micron-sized open quantum ring
coupled capacitively to a Coulomb-blockaded quantum dot. As the plunger gate of the dot is modulated and
tuned through a conductance resonance, the amplitude of the Aharonov-Bohm oscillations in the transconduc-
tance of the ring displays a minimum. We demonstrate that the effect is due to a single-electron screening
effect, rather than to dephasing. Aharonov-Bohm oscillations in a quantum ring can thus be used for the
detection of single charges.
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Coupled mesoscopic systems are on top of the agenda ftinat our experimental observations are explained by a single-
experimentalists trying to achieve charge read-out, controlleélectron screening effect.
interference, and entanglement of electrons in magnetotrans- The coupled ring-dot structure was realized on a
port experiments. In general, there are two limiting cases oGgAlI]As heterostructure with a high-quality two-
how coupling can be achieved: it can either be realized byjimensional electron ga@DEG) 34 nm below the surface.
pure electrostatic interaction without the overlap of wavethe electron density in the 2DEG wag=5.5x 1015 m™2
functions of the systems to be coupfedor by tunnel cou- and the mobility was.=40 n?/Vs at 1.7 K. Ring and dots

pling involving strong wave function overlap and limited g,on in Fig. 1a) were defined by AFM lithography. Details
electrostatic interaction. A number of experiments employe bout the fabrication process can be found in Ref. 19. The

ahquantum poinft cpnt;elct asda ngln-invasive prgbe t% detectthg  dimensional electron gas is depleted below the oxide
charge state of single or double quantum dots by way of. , . ,
electrostatic coupling between the two mesoscopicmes' Thereby the central AB ring with a diameter ojfn

system$! Furthermore, a quantum point contact has been ) b)
used as a detector of the charge state of an arffddaw- plunger gate L Vig=136mV
ever, in mesoscopic systems where the phase coherence of 15| Viiag =10V
least one of the two electrostatically coupled partners is im-
portant, additional considerations such as dephasing due t
quantum measurement have to be taken into account. Ex
amples of such systems are tunnel coupled double’dbts
and quantum dots in the Kondo regifh¥ These experi-
ments focus on the coupling between quantum dots, or the
read-out of a(coupled quantum dot system via a nearby
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Our experiments study the coupling of a quantum dottoa 49 i Bt ~
ring, in which the occurrence of Aharonov-BohiAB) os- 48 - a 2 4B =8mT
cillations relies on the phase-coherence of the electrons ~ 47 3’ 4
Ring-like geometries allow the observation of the interfer- % 46 S 3
ence of partial waves as a function of magnetic field, i.e., theﬂg_j,é“",.5 é 2 2
AB effect!4-17 and information about electron decoherence © 44 oF (1)
can be extractetf!” A mesoscopic detector situated nearby 43 Vig=136 mV 1 Vig=136mV
is expected to reduce the phase coherent AB oscillatior -50 0 50 -50 0 50
amplitude! Such a “which path” experiment has been per- B (mT) B (mT)

formed by Buks and coworkers, who coupled a quantum dot

bedded i f AB i ; | - FIG. 1. (a) Scanning force microscope image of the quantum
embedded in one arm ofan Interferometer e ectrost‘?‘t"ring coupled to a quantum dot. The structure was written by AFM
cally to a quantum point contatt.

. lithography. (b) Coulomb-blockade oscillations in the conduction

Here we report on two electrostatically coupled quantumy,,gh the quantum dot as a function of the plunger-gate voltage.
structures, namely, an AB ring and a Coulomb-blockadedc) aharonov-Bohm oscillations in the dc conductance of the ring.
quantum dot. The goal of the experiment is to detect therhe AB period as expected from the ring area is marked by the
interaction between the two subsystems and to unravel itgorizontal arrows. The bias voltage was 40, the top-gate volt-
consequences. We show that single-electron charging in thge 136 mV.(d) Aharonov-Bohm oscillations in the transconduc-
guantum dot can be detected through a reduced AB oscillaance of the ring. The ac voltage on the plunger gate was modulated
tion amplitude in the transconductance of the ring. We findat 89 Hz with an amplitude of 1.8 mV.
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is defined, flanked by quantum dots on both sides. Only onea)z d ~
dot is used for the experiments described here. The region 10 2 %
of 2DEG adjacent to the quantum dots are split by an addi- £ (5) ™. \\/ g 0.04 5
tional oxide line leaving point-contact-like openings. Here, E 2.5 * 25003 3
one of these regions is used as the “plunger gate” indicatec %" 5 0 5 10 O ©
: ) ; = B (mT) 0.02 15
in the figure. The entire structure was covered by a top gatep) € 2 " -
giving additional tunability. Experiments were carried out in i ‘2‘ o N 20% 0.01 ”
a dilution refrigerator with a base temperature of 40 mK. gc’ 0 / ‘\ 10S o/ (9 b
The quantum dot can be tuned into the Coulomb-blockade B2l AN 0 & 36 38, 40 4
regime. We determined the electrostatic lever arm of the® ~ o . 22 e Ve (V) "
plunger gater,,=0.047 from Coulomb-blockade diamodfls ~ _ 8 \_‘A‘_Cﬁ:u;e[;l;;“dgip :f o 5
and the charging energy of the dot is of the order of § 7 S T4 P
0.5 meV. Pronounced Coulomb-blockade oscillations are ob- & 2 < o:% § 3
served in the dot conductan@S, [Fig. 1(b)]. For the mea- = = 002 . o
surements presented below, the circuit containing the dot wa: R X “%ooo i 15
lifted by 245 mV relative to the circuit of the ring. This @ 2 N [VeE P 10
keeps the ring conductance high while the dot is in the 1 "\ BoamTl © Fi ‘\_ 2
Coulomb-blockade regime. - . 0 D 30 31 32 33 34 35
We express the conductance of the ring with afeia a Vpg (mV) Vpg (mV)

magnetic fieldB as
BA FIG. 2.(a)AB oscillgéions in the transconductanGgsg*for two
— dc dcy /dc oA different gate voltage¥3-=37 and 39 mV, respectivelyndicated
B)=Go (Vg@+ G (Vgg)co<277h/e> M in (b) by the vertical Iing?; (b) AB oscillation amplitudeGy2"s (full
line) obtained from the magnetic field range shownay and dot
At a constant top-gate voltagé,=136 mV, the quantum conguctancqdashed ling as a function of plunger-gate voltage.
ring structure has a conductanGg°=4.6e?/h that is rather  The AB amplitude is reduced by about 30% when the dot shows a
insensitive to small gate-voltage changes. The conductang®nductance peakc) Dot conductance peakiashed lingand ring
exhibits pronounced AB oscillations as a function of mag-transconductancé}ﬁﬁgs(vgg,B:4 mT) (full line). The data are
netic field with a fundamental periodB,g=8 mT [Fig. taken at a fixed magnetic field of 4 mT where the effect is largest
1(c)] which corresponds to one flux quantum penetrating thgsee(a)]. The straight line represents the expected behavior if there
ring area. The relative amplitude of the dc-AB oscillationswas no conductance peak in the dot at this gate voltahente-

G{°/G¥° is independent of the dot conductance on the leveprated transconductance signal fréen (full line), and dot conduc-

Grng( Voo

of 10°°, tance(dashed ling The straight line is again the extrapolation with-
In order to increase the measurement sensitivity we meaput charging effectsGyig(Vo) is expected to exhibit a step-like
sure the AB oscillations in the transconductance behavior caused by the conductance peak in the(e)oAn accurate

dc measuremer(precidsion 10 reveals the step i (Vo). The
. c . X
grrans— iing _ 9 Gring, pias_ strans | strans, s(ZwB—A) . global evolution _ofGring differs from the estimated value i(d)
fing = ydc T 5yyde Tring™ =0 1 he J because of a major charge rearrangement between the two measure-
P9 P9 ments. Measurements were performed B4 mT on an AB
which is the derivative of the ring current relative to the extremum.
voltage applied to the plunger gate. This quantity is mea-

; ; : - : ts in the magnetic field range shown in Kaj. 2
sured with lock-in techniques by applying a dc bias Voltagemeasuremen ;
bias_ : : and plotted versus plunger-gate voltage together with the
Ving=40 uV' between source and drain of the ring and corresponding quantum dot conductance in Fi@h).2The

H H ac —
modulating the plunger gate with,;=300uV at a fre- AB amplitude G through the ring shows a dip exactly at

quency of 89 Hz. The transconductance, i.e., the modulatiof,e gate yoltage where the dc conductance through the quan-

of the currentlj;, through the ring, is then detected at the ¢, dot Gy displays a conductance maximum.

same frequency. _AII ring conductance data_presentgd_ln this This dip is found for a series of Coulomb peaks and we

paper are taken in the linear response regime. A similar aierified that each dip shifts in plunger-gate voltage together

rangement to measure a transconductance was used in Rgfith the corresponding conductance pealGi, if the latter

18. Figure 1d) shows the resulting AB oscillations in the is moved by a remote gate electrode. This proves the inti-

same magnetic field range as the dc-AB effect in Fi@).1 mate relation between the two effects. The absolute magni-

The fundamental period/e as well as higher harmonics are tude of the dip in the transconductance depends on how large

visible. the transconductance is. For regions where the AB amplitude
In contrast to the dc-AB amplitudes®, the amplitude of ~ G""Sis close to zero, i.e., where the dc signal of the 1G{f

the AB oscillations in the transconductanG§®™ depends shows a weak dependence on the gate voh@@@close toa

strongly on the dc dot conductan@,; measured simulta- maximum or a minimur) we cannot detect a dip. For nega-

neously. Figure @) shows the results for two settings of the tive values ofG{" the dip effectively becomes a peak as

plunger-gate voltage/dgl [indicated by the bold and dashed expectednot shown.

vertical lines in Fig. ZB)], leading to different amplitudes in An equivalent result to Fig.(®) is presented in Fig.(2)

G[2" The amplitudeG[?"*is obtained from a series of such for Gﬁg‘gs(B) measured at fixed magnetic fieB=4 mT,

gl1de  yGc

241302-2



RAPID COMMUNICATIONS

SINGLE-ELECTRON EFFECTS IN A COUPLED DOT- PHYSICAL REVIEW B 69, 241302R) (2004

the ring isAUjhg* AQying and a step iM\U,;y will lead to a
step in all the conductances® as a function 01\/39 Since
the transconductance measures the derivative ofg the ring cur-

rent for a fixed bias voltag®®2S the step-like behavior in

= rng’

3 Giing appears as a dip iG)a° at a value ofVye where a

% conductance peak occurs in the dot.

évw In order to check this electrostatic model we have inte-
%E grated the transconductanGi2°presented in Fig. (@) over

N n f
the gate voltage, i.eG',ri]r:g:f(é’ﬂ,?gslvﬁ'@d\/gg and found a
small kink as presented in Fig(d®. For a consistency check
we have measured the behavior of the dc-AB effect directly
with great accuracy, which requires measurement times of
the order of days for one trace. The regaﬂﬁg [Fig. 2e)],
which shows effects with an accuracy better than®1¢s
very similar to the integrated data. The position of the step is
slightly different between the two measurements due to a

FIG. 3. Dot current and ring transconductance for a dot bias . . .
from VE=-110 4V to VE3= +110 4V (thin lines. A higher dot charge rearrangement which required us to readjust the gates
ot ot b

bias voltage increases the current through the dot. For small bia%“gpr\]tly‘ ina the ri duct to b th functi
voltages, the dot-V characteristic is lineafon a conductance Ssuming the ring conductance 1o be a Smoo unction

peak. At higher bias voltages/22%=130,180,230,280,33gv  Of the induced chargQng, the factorC, relates to the slope
(bold and dashed linenew dot levels become available for trans- of the ring conductance as a function of gate voltage in Figs.

port. The dip in the transconductanG&e"™ measured at fixed mag- 2(d) and Ze) while vy is related to the sensitivity of the ring

ng . : .
netic field does not change, except for the highest bias voItagQn the charge state of the dot, i.e., the size of the step in the

(dashed ling where a second dip appedsee vertical arrow In-  'iNg conductance. From Figs(d) and Ze) we estimate the

set: Electrostatic model for the coupling of the dot to the ring. Thechange in gate voltagaVyc=-e| y/Cx=0.4 mV which is
notation is described in the text. necessary to compensate for the addition of one electron to
the dot.
[0 ietrans . The change in the local ring potentialU,;,, due to an
where the effect of the dip if;™is stronges{black vert additional electron on the dot can be estimated using the

cal line in Fig. 2a)]. Both, h/e- and h/2e-periodic oscilla- - . . : .
tions can be detected in the ac and the dc-AB measuremen (_aometnc ring-dot separation and taking the image charge in

The amplitude of thén/2e effect is generally much weaker e top gate into gccouﬁf.The resulting energy scale of
and sometimes vanishes in the noise. In parameter regimgs'uv IS al.so CODS!Stt?aTS with tempgra_ture-de_pendent mea-
where both effects are detectable, they behave very similarl urements: the dip ie5;""weakens with increasing tempera-
i.e., also the amplitude of the dd 2e-oscillations shows a ure and d|sapp§ars abogﬂ; 190th' he |

dip where the dot conductance displays a maximum. A ga;ﬁ‘ From measuring, on the one hand, the lever arms between

: : lunger gate and the dot, and, on the other hand, between
voltage applied on the plunger depletes slightly the top ar ep .
of the ring, therefore introducing an asymmetry in the trans—the plunger gate and a remote dot Iocateq on the other S'd.e of
he ring, we estimate the plunger-gate—ring lever arm by in-

missions along the two paths of the interferometer. This id . e
seen as a reduction of the contrast of the oscillations. terpolation to be 0.02. A modulaﬂoldpg—soo/N corre-

Our interpretation of the reduced AB amplitude is baseaSponds fo a patential modulation of about:6V in the ring.

on screening of the modulated plunger-gate voltage felt in In our model the kinks in the dc conductance are similar

the ring due to single-electron charging in the dot on a con! 219N to the effects observed in Ref. 6, where kinks are

ductance peak. The screening effect can be understood infgund in the conductance of a quantum point contact neigh-

capacitive modefinset of Fig. 3. There is a direct capacitive i)hor;ng i.qgiﬂ?umﬁdoi I-||ow_evtehr, OLr’]r resultﬁ are td|ﬁe:er}tt;]n
couplingC,4 between plunger gate and ring arm. In addition at we hind this effect also in the pnase-conerent part of the

, : . c . O
the capacitances between gate and Ggj, and dot and ring, ?hetector flgnil,thnanlely, the AB a”?p"t“f}:a’h- TAhIISS ral_s“est_
C., are connected in series, parallel ®, The induced ' (Iq_ltjeds lon it the sdrontg suppreslflon (I)d Ie o OSCI' ‘?'é)r:
charge on the arm of the ring is given by amplitude on a conductance peak could also be related to

dephasing of partial waves in the ring due to the fluctuating
charge in the dot on a conductance peak. In the experiment

0. =[(L+L>_1+C }Vd°+ CrdQ of Buks et al'® it was found that the dc AB amplitude
T \Cy Cy TR gyt showed a reduction when the current through a nearby quan-
¢ = tum point contact was increased, which in our case would

x

correspond to a reduction of the AB-effect if the dot current
where Cyq=—(Cq+Cyy) is the self-capacitance of the dot. is increased.
When the charge on the ddq.;, changes by €| on a con- Figure 3 shows the dot currehj,, together withGjjar® as
ductance peakQ,ng changes by a small amouAQ;,g. By  a function of dot bias. The position and strength of the dip in
sweepingVj over a conductance peak in the dot, the thermalG{i™sis basically bias-independent. The dc dot-conductance
smearing 0? the peak will also smear the steQ,g. We  maximum grows with increasing bias and shifts in position.

then assume that the corresponding local potential change ithis follows from an examination of the Coulomb diamonds
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which show a pronounced asymmetry for positive and negaring is considerably shorter than the dwell time of an elec-
tive biases, in particular, for excited states that become imtron in the dot. As a consequence, the ring is most of the time
portant for large biasegold lines. For the largest dot bias unobserved. For an electron passing through the ring, the
of 330 uV (indicated by a thick dashed linea weak second probability to be dephased by scattering with an electron
dip occurs in the transconductance aroMifi=62 mV (see  passing through the dot is therefore rather small. Thus we
vertical arrow in Fig. 3. For about the same gate voltage We conclude that such an interpretation is not significant for the
find a shoulder in the dot conductance and in most cases Wshserved AB amplitude reduction and the electrostatic model

could link such a behavior to the excited state spectrum. I§eems 1o be perfectly valid also for the phase-coherent signal
dephasing were the dominant mechanism, the dip depthaquantum ring detector.

should strongly increase with the current level through the \zie have demonstrated that the phase-coherent AB oscil-

dot, which is clearly not the case in our experiment. lations in a quantum ring are sensitive to single-electron
This can be understood from the fact that the currenpaging of an adjacent quantum dot. The ring can be used as

through a constrictioff can be much larger than that through 4 phase-coherent detector of the charge state of the dot.
a quantum dot which has to be kept in the Coulomb-

blockade regime. In our case the current through the ring is We are grateful to B. Altshuler for useful discussions.
of the order of nanoamperes, while the dot current is in théd=inancial support from the Swiss Science Foundation
range of picoamperes. The dwell time of an electron in theSchweizerischer Nationalfongs acknowledged.
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