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Fano resonances in electronic transport through a single-electron transistor
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We have observed asymmetric Fano resonances in the conductance of a single-electron transistor resulting
from interference between a resonant and a nonresonant path through the system. The resonant component
shows all the features typical of single-electron addition to the confined droplet within the transistor, but the
origin of the nonresonant path is unclear. A feature of this experimental system, compared to others that show
Fano line shapes, is that changing the voltages on various gates allows one to alter the interference between the
two paths.

[. INTRODUCTION systems described above. Therefore, one might expect to
also observe Fano resonances in the conductance of
When a droplet of electrons is confined to a small regiorﬂanos’[ructure%?.‘26 Indeed, Fano line shapes have been re-
of space and coupled only weakly to its environment, theported in a recent experiment by Madhawiral. measuring
number of electrons and their energy become quantized. THenneling from a scanning tunnel microscope tip through an
analogy between such a system and an atom has proved to @pUrity atom into a metal surfacé.However, this charac-
quite close. In particular, these artificial atoms exhibit prop-teristic featu_re of interference between resonant and nonreso-
erties typical of natural atoms, including a charging energyant scattering has not been reported for more conventional
for adding an extra electron and an excitation energy fofl@nostructures. _
promoting confined electrons to higher-lying energy N this paper we report the observation of Fano reso-
levels!2 Remarkably, the analogy goes even further and in1@nces in conductance through a SET. This system has the
cludes cases where an artificial atom interacts with its enviadvazf‘?tage over the tunneling experiment of Madhavan
ronment. A system known as a single-electron transistoft al“" and over conventional scattering experiments in that
(SET), in which an artificial atom is coupled to conducting We can tune the key parameters Qnd thus study_the |_nterfer-
leads, can be accurately described by the Anderson niodel. €nce Iea_dlng to Fano resonances in greater_detall. This paper
The same model has been used extensively to study the if§ organized as follows: In Sec. Il we d_escnbe the SET an_d
teraction of localized electrons with delocalized ones withinth® measurements we have made on it; we also summarize
a metal containing magnetic impurities. One of its subtlethe standard theory for Fano line shapes. Our results are
predictions is the Kondo effect, which involves many_bodypresent_ed in Sec. Ill. In Sec. IV we dlscus_s the results, draw
correlations between an electronic spin on an impurity atonfonclusions and point out issues that require further research.
and those in the surrounding metal. This effect has recently
been o_bserved in a SET when the artificial atc_Jm devglops @ || EXPERIMENTAL DETAILS AND THEORETICAL
net spin because of an odd electron occup&ntyIn this BACKGROUND
paper we report that by changing the parameters in a single-
electron transistor we observe another phenomenon typical A SET consists of a small droplet of electrons coupled to
of natural atoms: Fano resonances. While several aspects ofo conducting leads by tunnel barriers. Gate electrodes
the Fano resonances in our SETs are easily understood, ottshown in Fig. 1 are used to control the electrostatic poten-
ers are very surprising. tial of the droplet and, in our structures, the heights of the
Asymmetric Fano line shapes are ubiquitous in resonartunnel barriers. The SETs used in these experiments are the
scattering:!~**and are observed whenever resonant and norsame ones used for studies by Goldhaber-Goretoal. of
resonant scattering paths interfere. The more familiar symthe Kondo effecf:” The electron droplet is created in a two-
metric Breit-Wigner or Lorentzian line shajfés a limiting  dimensional electron gg@DEG) that forms at the interface
case that occurs when there is no interference, for examplef a GaAs/AlGaAs heterostructure with a mobility of
when there is no nonresonant scattering channel. Fano resb90 000 cré/Vs and a density of 8410 cm™2. Apply-
nances have been observed in a wide variety of experimenigsg a negative voltage to two pairs of split gate electrodes
including atomic photoionizatiott, electron and neutron depletes the 2DEG underneath them and forms two tunnel
scattering'®'’ Raman scatterin and photoabsorption in barriers. The barriers separate the droplet of electrons from
quantum well structure’s:?° the 2DEG regions on either side, which act as the leads. The
The widely successful application of the Landauer-heights of the two barriers can be adjusted independently by
Buttiker formalisnf*2shows that electron transport through changing the voltages on the respective constriction elec-
a mesoscopic system is closely analogous to scattering in theodes (), and the potential energy of the electrons on the
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electron droplet, for the same electrode voltages. This prob-
ably reflects the metastability, at low temperature, of elec-
trons in the donor layer within the AlGaAs. Also possibly
related to this metastability are events in which the effective
voltage of a particular electrode suddenly changes to a dif-
ferent value. We suspect that this results from charge motion
around an impurity or a defect near the artificial atom. As
much as possible, we have avoided using measurements in
which such events occur.

If the thermal energkgT is much smaller than the cou-
pling energyl’=TI"| +I'g, quantum fluctuations dominate so
that the resonances have width WhenI'<Age, the cou-
pling is weak and one observes narrow quasiperiodic peaks
[Fig. 2(c)] at accessible temperatures. When the coupling is
larger a new regime emerges, in which transport between
pairs of resonances is enhanced by the Kondo é&ffettiere
droplet can be shifted relative to the Fermi energies in théS an odd number of electrons on the droplEtg. 2(b)].
leads using an additional plunger gate electrddl Gear the ~ Surprisingly, when the coupling is still larger we observe
droplet. asymmetric Fano resonances on top of a slowly varying

Our SETs are made with a 2DEG that is closer to thePackgroundFig. 2a]. o
surface 20 nm) than in most other experiments, allowing ~ Note that the Fano regime in Fig. 2 has been obtained in
the electron droplet to be confined to smaller dimensions2 different cool down from the other two regimes, but we
This also makes the tunnel barriers more abrupt than in prdlave observed each of these three types of behavior many
vious structures. We estimate that our droplet is aboutimes for several samples. Although we cannot continuously
100 nm in diameter, smaller than the lithographic dimen-fune between the different regimes of Fig. 2, and although
sions because of depletion, and contains about 50 electron!® maximum conductance is lower in Figapthan in Fig.

For conductance measurements we apply a small alterna¢(), the much larger background conductance leads us to
ing drain-source voltagéypically 5 V) between the leads Pelieve that the tunnel couplings are increased compared to
and measure the preamplified current with a lock-in amplithe Kondo regime. Because of differences in the electro-
fier. The conductance is then recorded as a function of thehemical potential of the droplet in each cool down, the ab-
plunger gate voltag¥,. For differential conductance mea- solute values of the electrode voltages in the different re-
surements we add a finite offset drain-source voltdgeand ~ 9imMes cannot be directly compared. Nonetheless, as
measure the respongé/dV, to the small alternating drain- discussed below, we use the drain-source voltage depen-
source voltage as a function of bothy and V. dence and the temperature dependence to determine the im-

In a SET the Coulomb interaction among electrons opengortant energy scales in each regime. In particular, th'e scale
up an energy gap in the tunneling spectrum, given classi- factpr between plunger gate voltage and electrochemlcql po-
cally by €%/2C, whereC is the total capacitance between the tential of the electron droplet _doe_s not change appreciably
the droplet and its environment, primarily the nearby con-Or the three data sets shown in Fig. 2. _
ducting leads and gates. Thus, an enetys required to .Before dlscgssmg the data_ in detail, we review the ana-
overcome Coulomb repulsion and add an electron to th&/tic form predicted for Fano line shapes. ScatteriSgn(a-
droplet. This energy cost causes the number of electrons difX) theory predicts Fano line shapes as the general form for
the droplet to be quantized and electron transport through th€Sonances in transport through quasi-1D sysfemEne
droplet to be suppressed. However, lowering the electrof€sonant amphtu.de has a phase shift that varies from zero to
chemical potential of the droplet by adjusting the voltage on &S the energy is moved through the resonance from below.
the plunger gate makes it possible to add electrons one at 4'at is, the resonant contribution to the phase shiff ) is
time. At a charge degeneracy point, where the states Mith 9IVen by tande{€) = —1'/2(e—€). On the other hand, any
andN+1 electrons on the droplet have equal energy, transP@ckground or nonresonant contribution to the scattering
port of electrons from one lead through the droplet to thePhase shiftd, is slowly varying and is assumed to be inde-
other lead is allowed. This effect is known as CoulompPéndent of the energy. The total cross section is directly
blockadé® because transport is suppressed everywhere exélated to the scattering phase shifts through
cept close to the degeneracy points. Because of the small size
of the electron droplet in our SETs, the energy spacing be- o (€)*Si[ 8red €) + 55 (D)
tween the discrete levelse, that is, the energy to excite the
droplet at fixed\, is only a few times smaller than the charg- Varying the value of the background phase shift produces the
ing energyy. entire family of Fano line shapes.

Depending on the transmission of the left and right tunnel It is important to emphasize that two interfering channels
barriers, characterized by tunneling ratés/h, I'r/h, re-  are necessary for Fano resonances to arise. One is resonant,
spectively, we observe different transport regimes in ouifor which the phase changes hyin an energy intervatT’
SETs at low temperature. Each time we cool a particulaaround the resonance energy. The other is nonresonant
SET to low temperatures we find different tunneling rates ofand has a constant background phase giiftf there is no
the barriers and a different electrochemical potential of thewonresonant channel or the background phase shift between

FIG. 1. Electron micrograph of a SET showing the split gékgs
that define the tunnel barriers and the additional gate electidjle (
that adjusts the potential energy on the droplet.
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025 T T T T asymmetry parameter is related to the background phase
shift of the Smatrix treatment byg=cot &, The magnitude
020} of g is proportional to the ratio of transmission amplitudes
for the resonant and nonresonant chanhelShe limit q
= 015} —o, in which resonant transmission dominates, leads to
o symmetric Breit-Wigner resonances. In the opposite lignit
S 010} —0 nonresonant transmission dominates, resulting in sym-
metric dips.
005 | According to the Landauer-Biiker formalism, conduc-
tance through any mesoscopic system can be expressed in
terms of anSmatrix. Hence, Fano resonances should also be

observed in conductance if resonant and a nonresonant trans-
mission paths coexi$t In analogy to the scattering case Eq.
(2) the conductance is then given by

(e+0q)?
G:Ginc—’_GOT' (3)
€“+1
whereG;,. denotes an incoherent contribution to the conduc-
tance, which is often observédNote that the Breit-Wigner
limit g—« implies Go—0 leading to a finite conductance

maximum ofG;,.+ Go(1+q?) at'e=1/q.

G(e?/h)

Ill. RESULTS

As mentioned above, Fig.(@ shows three consecutive,
well-separated and relatively narrow resonances on a back-
) ground that varies smoothly in the range 0.11-0e3th.

0.015 1 The conductance does not vanish at resonance, as would oc-
cur if the destructive interference between the transmission
paths were complete, presumably because an incoherent
component is present. The resonances in the center and right
are of the Fano form Eq(3) with asymmetry parameters
given in the figure caption.

We might imagine that we could calculate the combined
transmission through the resonant and nonresonant channels
0.000 ) 60 40 20 simply by adding the complex amplitudes for transmission
(mV) through the two channels, each considered individually. In

fact, the phase difference between the two transmissions, and

FIG. 2. Comparison of conductance measurements in(@he hence the degree of asymmetry of the resonant line shape,
Fano regime(b) Kondo regime(Ref. ), and (c) weak-coupling  depends on the relative strengths of transmission through the
regime (Ref. 6. From (c) to (b) to (a) the coupling between the two channels. This means that just by changingsinength
droplet and the leads increas@ee the text Fits to the Fano for-  of resonant transmission we can change the shape of the
mula Eq.(3) are shown for the center and right resonance®@in  F5no profile in a way that would naively seem to require
The respective asymmetry parameters gre—0.03 andq=  changes imphaseof one or both transmissions. This effect
—0.99. During the sweep through the left resonance a sudden shlgan be achieved experimentally by varying the voltages on
in effective plunger gate voltage occured, presumably caused b¥ur point-contact electrodes, thereby changing the strength
charge motion in the vicinity of the droplet, leading to the unusualof transmission through eacf'1 of the two channels, and gen-
shape of this resonance. . . X '

erally changing the ratio of their strengths as well.

the channels is zero, symmetric Breit-Wigner resonances a%an?eséaﬂ;a;?rgﬁoir?g}/vt?]:?jna?aleZomuaﬁg:aﬁ)érl)"lorgr:rtﬁ;nﬂu-
observed. In all other cases Fano resonances result. 9 P R

In his original work Fano treated the case of inelastic:]ilsn?easni%etsh’isagdJ?:ggiugtes fﬁr\?esrh(\)/x\(/erl]l 'S Ftlr?e I?;aﬁg ;gfrr:EIS;_
scattering in the context of autoionization and derived th 9 y y

° . . e‘[Eq. (3)]. The fitting parameters for the data in Figéa)J3and
so-called Fano formula for the scattering cross settion 3(b) are plotted in Figs. @) and 3d), respectively. Increas-

~ 2 ing I'| leads to a more symmetric line shape, while the dif-
(e+0) 2) ference between maximum and minimum conductance re-
€21’ mains approximately constant. This is reflected in a strong
_ increase of the asymmetry parametgaccompanied by a
wheree= (e— €,)/(I'/2) is the dimensionless detuning from decrease irG, leaving the producGy(1+q?) nearly un-
resonance and is called the asymmetry parameter. The changed. The decrease in magnitude of the negative voltage

/h)

-~

G(e

o(e)x
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FIG. 3. Conductance resonances as a function of the plunger gate voltage for various strengths of the tunnel @upliagd (b) I'k.
The data sets labeled 0 mV are identical for b@hand(b) and correspond to the case wher&45 mV is applied to both the left and the
right split gate electrodefabeled! in Fig. 1). The couplings are increased in the direction of the arrows by successively increasing the
voltages on the respective electrodes in 10 mV steps. All resonances are displaced horizontally to account for the capacitative shifts of the
resonance positions caused by the different applied plunger gate voltages. The resondhbgeseirdisplaced vertically for clarity in
0.1 e?/h steps. This was not necessary(a because of the substantial variation of the background. The dashed curves are obtained by
fitting the Fano formula Eq(3) to the resonances. The best-fitting parameters for the resonansaind (b) are given in(c) and (d),
respectively. The parametéris given in mV of plunger gate voltage. Multiplication lay~0.06 converts these into energy unitseV).

on the left constriction electrod¢Fig. 3(a)] also causes the tures just as for conductance peaks in the Kondo regime.
incoherent background to increase substantially. In additionThese data resemble curves obtained from a mean-field treat-
a slight decrease ifi is observed. By contrast, increasiig ~ ment of quantum interference in the Kondo regitfie.
leaves the magnitude of the incoherent transmission constant The situation becomes even more intriguing when one
and decreases the asymmetry parameter. At the same tiregamines the differential conductance as a function of both
the resonance is broadened, as reflected by an incredse in plunger gate voltage and drain-source voltage. The two reso-
To clarify the origin of the resonant and nonresonantnances in Fig. 4 are accompanied by a third n¥gr
components of the conductance we next examine the tem=—150 mV. Unfortunately, switching events have made it
perature and drain-source voltage dependencies of the Faddficult for us to study the temperature and drain-source
line shapes. In a different cooldown from those of Figs. 2voltage dependencies of all three resonances, even though
and 3 we have found consecutive Fano resonances witlve have measured both dependencies in the same cooldown.
small asymmetry parameters, resulting in nearly symmetria®Ve show the differential conductance for the two peaks near
dips; these are shown for a variety of temperatures in Fig¥y=—110 and—150 mV on a gray-scale plot in Fig. 5,
4(a). The increase in width of the resonances with increasingvhere a clear diamond-shaped structure is traced out by the
temperature is in good agreement with the lineakglbde-  resonances as one varies the two voltages. This behavior is
pendence expected from Fermi-Dirac broadeifffig. 4c)].  familiar from many experiments in the Coulomb blockade
From this we obtain the conversion facier0.059+0.006 regime® =3 Indeed, close scrutiny reveals additional dips
that relates plunger gate voltage to electrochemical potentiahoving parallel to those forming the main diamonds, analo-
by eVy=au. As mentioned above, this is in reasonablegous to subsidiary peaks seen in the Coulomb blockade re-
agreement with values found for the other regimes in Fig. 2gime, which result from excited states of the electron droplet.
In contrast to the width dependence, the temperature de- However, the results in Fig. 5 are different in important
pendence of the dip amplitude is not that expected fronways. The resonances are dips rather than peaks, and they
Fermi-Dirac broadening but rather is reminiscent of that seemppear on top of a continuous background conductance that
for peaks in the Kondo reginfelndeed, the amplitude, mea- is almost independent of the applied voltages.
sured with respect to the background, shows a logarithmic From the slopes of the diamonds’ boundaries it is possible
dependence ofm over almost an order of magnitude asto determine the parameteis= Cgye/ Cio;=0.0490.005
shown in Fig. 4b). In addition, the symmetric dip on the andg=Cc,q/Cioi=0.66>0.09. HereC, is the total capaci-
right shows a shift of the resonance energy with temperatureance coupling the electron droplet to its environment,
suggesting that the energy is renormalized at low temperawhereasC g, is the capacitance only to the plunger gate, and
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FIG. 6. Conductance as a function of plunger gate voltage for
?0'4 L o various magnetic fields applied perpendicular to the 2DEG.
& §
3 02
. N that the smaller spacing is given hy/«a and the larger by
R T o 0 % @0 B0 DX 16X (U+Ae€)/a. Using this and the width from Fig. 4, we find

T(mK) U=1.13+0.12 meV, I'=105-120 ueV, and Ae=0.66

+0.07 meV. Itis surprising that the charging energy is only
FIG. 4. (a) Temperature dependence of the conductance for two .
@ P P bout 40% smaller than Goldhaber-Gordetnal. report in

resonances. At 100 mK the asymmetry parameters for the left ang imb Rt
right resonances arg=—0.35 andq=—0.13, respectively. The the Kondo regime for the same device in a separate cool

background has been adjusted for a slight increase with temper&lOWn. One expects the Coulomb charging energy to decrease
ture, corresponding to only 0.06%h at the highest temperatures. as the tunnel barriers are lower&dt is even more surpris-
(b) Dip amplitude with respect to the background conductance as €19 thatI" has decreased by 50% compared to the Kondo
function of temperature(c) Width T', measured in mV of plunger regime/ rather than increasing as expected, even though we
gate voltage, of the right resonance as a function of temperature dve opened up the tunnel barriers resulting in a sizable non-
determined from a fit to the Fano formyHg. (3)]. The slope of the  resonant conductance and resonant dips instead of peaks.
linear fit (dashed ling at low temperatures gives a value af Reminiscent of the Kondo regime are features that remain
=0.059+0.006 relating plunger gate voltage to energy. pinned nearVys=0 as the plunger gate voltage is varied,
seen as a faint vertical stripe in the center of Fig. 5. In the
Cieaq the capacitance only to one of the leads. The value foKondo regime this results from a sharp peak in the density-
a is in good agreement with the one obtained from the temof-states at the Fermi energy caused by coupling of the lo-
perature dependence above. calized spin on the artificial atom to the spins in the metallic
The bottom resonance in Fig. 5 nedg=—115 mV is  leads. However, in Fig. 5 the features do not depend on
identical to the left one in Fig. 4 allowing us to determine thewhether an even or odd number of electrons is on the droplet
two spacings in plunger gate voltage for three successivas evinced by their spanning more than two resonances. Fur-
peaks. Based on the constant-interaction model assume thermore, the zero-bias peak in the measurements of
Goldhaber-Gordoret al.” has an amplitude that depends

-160 strongly on the separation W, from the resonance, whereas
1.4 the features in Fig. 5 are nearly independenvgf
The effect of a magnetic field perpendicular to the 2DEG
-150) 1.3 containing the electron droplet is dramati€ig. 6). This
A measurement has been made in a separate cool down. A field
K=} .
140k 12> of only 15 mT produces a clear effect on the line shape, and
% R a field of 50 mT compIeFer tran_sforms t_he left-hand reso-
;;,, 118 nance from an asymmetric one with a dip into an asymmetric
-130 T peak.
=l
120 1.0 IV. DISCUSSION
0.9 A. Nature of interfering channels
-110 The good fit of the Fano form to our measurements makes

-1.0

-0.5 0.0
Vgs(mV)

e 1o it clear that we are observing interference between resonant

and nonresonant paths through our SET. Were electrons non-
FIG. 5. Differential conductanced(/dV,) atT=100 mK asa interacting, it would not be surprising for resonant and non-
function of both the bias voltagé,s across the SET and the plunger résonant transmission to coexist. We can see this with the
gate voltage/, . Notice that the features are produced by dips in thehelp of a semiclassical noninteracting analog for the SET: a
conductance rather than peaks and that there are weak features néavity with two small openings to reservoirs on the left and
Vy=0. right sides. Electrons incident on the cavity from the left side
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at a random angle would bounce around the cavity, onldroplet the resulting background would be incoherent. For
achieving significant transmission to the right should theirinterference it is important that both paths include the two
energy match an eigenenergy of the cavity. This procespoint contacts since only they can act as coherent source and
would give resonant transmission. In contrast, electrons incidetector.
dent on the left side at exactly the correct angle could Detailed measurements of the evolution from the Kondo
traverse the cavity and leave through the righthand openinfgime to the Fano regime are underway, with the hope of
without suffering any bounces inside the cavity. This is afurther elucidating the nature of the nonresonant background
nonresonant process, independent of electron energy. conductance.
However, in our case the resonant channel shows all the
features typical of charging of artificial atoms: the near peri-
odicity in plunger gate voltage of the conductance reso-
nances and the diamond structure and additional features as- Changes in transport even at very small field scales are
sociated with excited states in the differential conductance. Inot unexpected given the droplet's geometry and the 2DEG
is surprising that we see such strong evidence for chargproperties. For our nonresonant transmission, electrons
quantization(Fig. 5 coexisting with a continuous open chan- traverse the droplet directly, so backscattered paths enclose
nel through our SET. approximately the area of the droplet. Assuming an electron
We can resolve this apparent contradiction if two pathsdroplet of 100 nm diameter, one flux quantdrg=h/e pen-
for an electron through the SET have traversal times longtrates the droplet at approximately 530 mT applied field.
and short, respectively, compared #dU. The path that Thus, at this field scale, changes in nonresonant conductance
spends a long time in the region of the electron drofgass- would result from the breakdown of coherent
ing through a well-localized statenust respect the charging backscattering’ However, the resonant path through our
energy, so it exhibits Coulomb blockade resonances in cordroplet is less strongly connected to the leads, so electrons
ductance. The other path can temporarily violate energy coriraverse the droplet by more roundabout paths, enclosing
servation, adding a charge to the electron droplet during aore net area than simply that of the droplet. This means
rapid traversal of the SEY* Based on a suggestion by that breakdown of coherent backscattering should occur at
Brouwer>® we have calculated the time required for ballistic much lower flux through the dropled} ;o= ®o/\/g(A€/T),
traversal of our electron droplet across the confined regiowhere g=G/(2e%h) is the dimensionless conductance of
and find it to be comparable t/U. the droplet itself” We saw earlier that\e/I'~5; and g
A puzzle remains: How can the resonances be quite nashould be comparable to the conductance of the 2@&6
row [Fig. 4(a)] even though the point contacts are more open~300, though somewhat suppressed because the electron
than in the Kondo regimgFig. 2(b)], as demonstrated by a density of the droplet is less than that of the 2D¥EGaking
nonresonant background conductance larger é4m? Con-  g=g,p, we arrive at 12 mT as an estimate and lower bound
ductance through a point contact in the lowest subband carfer ®,,,, consistent with our empirical observatioiis.
not exceed 8%/h, corresponding to a transmission probabil-  Empirically (Fig. 6), small magnetic fields produce dra-
ity of unity. When electrons can be transmitted across a pointnatic alterations in the resonances, while leaving the non-
contact into two distinct states, tlsemof the two transmis- resonant background essentially unchanged. The argument
sions can be no greater than unity. So a large transmissiamade above explains the changes in transport at small mag-
across the first point contact into the delocalized state thatetic fields as resulting from the breakdown of coherent
ballistically traverses the electron droplet, implies a corre-backscattering in the resonant channel, and the concomitant
spondingly reduced transmission into the localized, resonarhcrease in forward transmission through that channel. Since
state. The same analysis holds for electrons traversing th@onresonant transmission is not affected at these low fields,
second point contact to exit the droplet. The widthof a  the net result is an enhancement @f The alternative
resonant state is given by the rate of escape of electrons froexplanation—that the magnetic field destroys the interfer-
that state, which is in turn proportional to the sum of theence between nonresonant and resonant processes, trans-
transmissions across the two point contacts into or out of thabrming resonant dips into peaks—does not account for the
state. This explains how the presence of a nonresonant transxtremely low-field scale at which the change occurs, nor
mission channel can actually make the transmission resadoes it fully match the data. The breakdown of coherent
nances sharpéf. backscattering indeed is caused by the loss of the special
We have considered alternative explanations for the oriphase relation between pairstohe-reversegaths, but here
gin of the nonresonant background conductance and findie are concerned with interference between two distinct
them unlikely. A path that circumvents the electron dropletforward-scatteringpaths(resonant and nonresonanthich
might lead to a continous contribution to the conductancedo not form a time-reversed pair. In addition, interpreting the
However, a parallel conduction path in the dopant layerzero-field data as the simple interference between two paths
above the 2DEG has been ruled out by Hall andwould suggest that the resonant path has half the amplitude
Shubnikov-de Haas measurements on samples from the samkthe nonresonant path. Yet applying a field causes the reso-
wafer with large-area gate electrodes. Since we observe Famant contribution of the right-hand peak to exceed the non-
resonances in each of several devices we have studied, it alsesonant background by a factor of 3. Both these consider-
seems unlikely that the effect is a consequence of channelgions lead us to believe that changes in amplitgaied
bypassing the quantum dot in the plane of the 2DEG, causegerhaps phagdor the resonant process due to applied field
by lithographic defects or nonuniform charge distributions.are more important than destruction of coherence by that
Most importantly, should a path circumvent the electronfield.

B. Magnetic-field dependence
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