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Coulomb-Modified Fano Resonance in a One-Lead Quantum Dot
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We investigate a tunable Fano interferometer consisting of a quantum dot coupled via tunneling to a
one-dimensional channel. In addition to Fano resonance, the channel shows strong Coulomb response to
the dot, with a single electron modulating channel conductance by factors up to 100. Where these effects
coexist, line shapes with up to four extrema are found. A model of Coulomb-modified Fano resonance is
developed and gives excellent agreement with experiment.
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The interplay between interference and interaction, in
its many forms, is the central problem in mesoscopic
physics. In bulk systems, screening reduces strong
Coulomb repulsion to a weak interaction between quasi-
particles, but in confined geometries, electron-electron
interaction can dominate transport. The Fano effect—
an interference between resonant and nonresonant pro-
cesses—was proposed in the context of atomic physics
[1]. More recently, Fano resonances have been seen in
condensed matter systems, including surface impurities
[2], quantum dots [3,4], and carbon nanotubes [5], and
have generated interest as probes of phase coherence [6,7]
and as spin filters [8]. These studies treat Fano resonance
as a pure interference effect. If the resonant channel is a
tunneling quantum dot, however, Fano resonance coexists
with interaction in the form of Coulomb blockade.
This coexistence leads to new transport regimes that
to date have not been investigated theoretically or
experimentally.

In this Letter, we present measurements of a Fano
interferometer consisting of a quantum dot coupled to a
one-dimensional channel. We independently control all
couplings defining the resonant and nonresonant pro-
cesses, allowing us to identify and investigate several
regimes. With the channel partly transmitting but no
tunneling to the dot, charge sensing is observed whereby
channel conductance responds to charge on the dot [9]. If
instead the dot-channel barrier is lowered and the chan-
nel pushed toward the dot, all transmitted electrons tra-
verse the dot, and standard Coulomb blockade is seen.
Between these lies the Coulomb-modified Fano regime,
where resonant tunneling and direct transmission coin-
cide, and Fano resonance is seen along with charge sens-
ing. We develop a model that combines these effects and
successfully describes the data. With this model, reso-
nance parameters are extracted and used to evaluate
interaction effects.

Two nominally identical devices were measured and
showed similar behavior; we present data from one. The
device (inset to Fig. 1) consists of a 0.5 um? quantum dot
and a constriction, defined by Cr-Au gates on a
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GaAs/Al;Gagy7As heterostructure grown by molecular-
beam epitaxy (MBE). The two-dimensional electron gas
is 100 nm deep, with density 2 X 10'" cm™2 and mobility
2 X 10° cm?/V's. The dot contains ~600 electrons and
has level spacing A ~ 20 ueV. The experiment was per-
formed in a dilution refrigerator with an electron tem-
perature of 50 mK, in a field of 0 to 200 mT perpendicular
to the device plane. Conductance was measured using a
lock-in amplifier with 10 'V excitation at 15.7 Hz.

Figure 1 shows conductance in the Fano regime as a
function of gate voltage V, over seven resonances. Each
resonance comprises a dip and a peak similar to Fano
resonance, but the noninteracting Fano line shape of
Eq. (1) below fits poorly. However, a model incorporating
Coulomb interaction (described below) gives quite good
fits, as seen in Fig. 1.

We first discuss qualitatively the limiting regimes, as
well as the intermediate Coulomb-modified Fano regime.
When the channel is tuned to partially transmit one
mode, but there is no conductance between channel and
dot, sawtooth patterns such as Fig. 2(a) appear. These can
be explained by considering a single effective gate, com-
bining the effects of the metal gate and the dot charge,
that smoothly (but not monotonically) modulates g, the
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FIG. 1 (color). Channel conductance data (squares) and fits
(curves) vs gate voltage V, in the Fano regime. Bars show
fitting ranges. Inset: SEM image of a similar sample, a quan-
tum dot coupled by one lead to a conducting channel.

© 2004 The American Physical Society 106803-1



VOLUME 93, NUMBER 10

PHYSICAL REVIEW

week ending

LETTERS 3 SEPTEMBER 2004

channel conductance. Each dot electron modifies the ef-
fective gate by a voltage V, which we call the sensing
voltage. When a charge is added to the dot (as V,, is made
more positive), the effective gate voltage jumps by V, and
g jumps to the value it had at a gate voltage more negative
by V. If g is a decreasing (increasing) function of V,, this
gives an upward (downward) jump. Thus, when the slope
changes sign near —1865 mV in Fig. 2(a), the jumps
change sign as well. In this device V; is typically ~80%
of the spacing between jumps, indicating that the channel
is more sensitive to excess dot charge than to the gate
directly.

The Coulomb-modified Fano regime emerges as tun-
neling is introduced between the dot and the channel.
When charge sensing is relatively weak, such as in
Fig. 1, features resembling noninteracting Fano resonance
are observed. In other cases, such as Fig. 2(b), the charge
sensing jump can be larger than the resonance peak.
Combining this jump with the dip-peak pair of Fano
resonance, one resonance can have up to four extrema.

When direct conductance is made much smaller than
conductance through the dot, the direct path no longer
interferes significantly with the resonant path. In this
limit, we cross over to the familiar Coulomb blockade
regime, yielding the simple peaks of Fig. 2(c).

Before analyzing the Fano regime in detail, we turn to
features that can appear as Fano resonance but actually
result from charge sensing alone. Figure 3 shows the
effect of quantized dot charge on a resonance in the
channel, with no tunneling between the two. Channel
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FIG. 2. Three configurations with a tunnel coupled dot.
Drawings indicate tunneling paths. (a) Pure charge sensing:
the dot couples capacitively to the channel and tunnels weakly
to a third reservoir. (b) Fano resonance with charge sensing:
tunneling between the channel and the dot interferes with
direct transmission. (c) Breit-Wigner resonances: the only
conducting path is through the dot.
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conductance was measured while tuning the tunnel rate
from the dot to a third reservoir. When this rate is low
[Fig. 3(a)], one finds smooth segments punctuated by
jumps, which we identify as single tunneling events.
The dotted curves are identical forms offset by V, =
4.0 mV, indicating how channel resonances would appear
for a dot fixed at n = N or N + 1 electrons. If this family
of curves is extended to all n, it overlays every segment of
the data, though jumps from one curve to the next are
irregularly spaced and move if the sweep is repeated,
from which we estimate a tunneling time /i/I" of order
seconds.

As tunneling to the third reservoir is increased
[Fig. 3(b)], jumps become periodic and repeatable, but
there remains a family of evenly spaced curves onto
which all of the data falls. Here the resonance is narrower,
and adding one charge to the dot shifts the channel from
on to far off resonance. This single-electron switch has an
on/off conductance ratio of 20. Traces with still narrower
resonances show ratios >100, as in other recent reports
[10]. Notice, however, the similarity of these line shapes
to Fano resonance, though this is pure charge sensing.

Still greater coupling to the third reservoir yields
lifetime-broadened jumps. This is the case in Fig. 3(c),
where the dominant feature is a single wide resonance,
modulated by weak charge quantization in the dot. This
motivates an important feature of the model, that the
Fano resonance and the charge sensing jump, as they
result from the same process, have the same width T'.
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FIG. 3. Charge sensing by a channel resonance. Drawings

indicate the tunneling rate to the extra lead. Dotted curves
show how the full resonance would look with dot charge fixed
at two consecutive values. (a) With the dot nearly isolated,
jumps between these curves are sharp, erratic, and unrepeat-
able. (b) Increase tunneling and the jumps become periodic and
repeatable. (c) With the dot nearly open, the jumps broaden
and resemble an oscillation superimposed on a single, broad
resonance.
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In the single-level transport regime, k7T <I <A,
transmission via one discrete level produces a Breit-
Wigner resonance. A transmission amplitude r = 7,/(e +
i) with dimensionless detuning & = (E-E,)/(I'/2) de-
scribes an electron of energy E, a resonance at E; with
width I', and peak transmission ¢, due to lead asymmetry.
Conductance is proportional to the transmission proba-
bility |¢|%, giving a Lorentzian line shape [11]. A contin-
uum channel can be added to the amplitude (coherently)
or probability (incoherently), giving the noninteracting
Fano line shape,

le + gl?

—_— 1
g2+ 1 M

g(E) = 8inc + 8coh
where g.,, (ginc) 1S the coherent (incoherent) contribution
to the continuum conductance. The Fano parameter ¢
selects from a symmetric peak (¢ = o) or dip (¢ = 0),
or a dip to the left (g > 0) or right (¢ <O0) of a peak. In
Fig. 1, g evolves from 2.5 to 0.6 left to right. In cases with
arbitrary phase between the resonant and nonresonant
paths, such as an Aharonov-Bohm ring, ¢ is complex,
which is equivalent to increasing g;,.. In the present con-
text, the interfering paths enclose no area, forcing a real
q. This removes ambiguity between g;,. and Im ¢, and
constrains the Fano line shape to maximum visibility [6].

The Coulomb-modified Fano effect can be modeled by
extending Eq. (1) to include nearby resonances and
charge sensing effects. We write g as a sum over initial
occupation n of the dot,

8§V = > g,(V)pa(Vy). (2)

Starting from n electrons, the only processes allowed are
the addition (n — n + 1) or removal (n — 1 — n) of one
electron. The contribution of the n-electron dot is thus

gn(vg) = ginc(vn) + gcoh(Vn)

+ Q(Vn) _.i + Q(Vn) _.i 2.
g, T €.+ T

X 11

3)

The allowed resonances have detunings ¢g,. =
(eV,Cy/Cho + E,—y+1)/(I'/2), including a contribution
from V,, with a lever arm given by the ratio of gate to
total dot capacitance. The resonances add coherently to a
direct conductance g, [12]; gi,c 1s added to account for
multiple channel modes and explicit decoherence.
Finally, each term is weighted by p,(V,)=[tan "!(g, _) —
tan~!(e,, )]/, the zero-temperature probability of occu-
pation n. This can be derived from the Friedel sum rule,
which relates changes 8(...) in transmission phase to
fractional changes in dot occupancy, &[arg(r)]=
78(<N>) mod 7, where ¢ is the Breit-Wigner transmis-
sion or reflection amplitude [13,14].

Charge sensing enters Eq. (3) via the effective gate
voltage V, = V, — nV,. We expand dependences on v,
to first order, ¢(V,,) = g + V,dgq/dV,, and similarly for

106803-3

8coh and gtol:ginc+gcoh- The slope dgtot/dvg gives the
charge-sensing sawtooth, where charges in the dot affect
the potential in the channel. Nonzero dg/dV, and
dg.,n/dV, subtly change the line shape near resonance,
and reveal how the potential seen by a charge in reso-
nance depends self-consistently on its probability to be in
the dot. As nearby resonances are generally similar in
line shape, the model assumes they obey the same linear
expressions in influencing the tails of the resonance being
fitted. This permits fitting overlapping ranges as shown in
Fig. 1 for better determination of the charge-sensing
parameters.

One limitation of this model deserves particular atten-
tion. A resonance in the channel makes conductance away
from a dot resonance nonlinear on the scale of V, while
the model assumes linearity. Thus, while the model trivi-
ally fits Fig. 2(a) with g.,,=0, it cannot account for Fig. 3
in this manner. However, the asymmetric line shapes in
Fig. 3 do give somewhat plausible fits. To unambiguously
identify a Fano resonance, it is necessary that the off-
resonant conductance varies linearly, in turn requiring
resonances to be well separated so that background be-
havior can be isolated.
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FIG. 4 (color). (a) Experimental data with 12 Fano reso-
nances. In (b) we show one resonance and its four fits. The
fits fix both (black), one (green, blue), or neither (red) of the
parameters dg/dV , and dg,,,/dV , at zero. All four are shown,
but the latter three are indistinguishable. In (c)-(e) we plot g,,;
and g.,;, I', and g from (a), using the same colors to denote
fitting method. Panel (f) shows data exhibiting reversals of ¢,
with extracted g values shown in (g).

106803-3



VOLUME 93, NUMBER 10

PHYSICAL REVIEW

week ending

LETTERS 3 SEPTEMBER 2004

Figure 4 shows fits and the information this yields.
Each resonance in Fig. 4(a) was fit four times, using
all permutations of varying or zeroing dg/dV, and
dgeon/ dV,, to investigate whether this unusual sensing
is necessary to explain the data. Results for one resonance
are shown in Fig. 4(b). The first fit holds both at zero while
dg,o./ dV,, Vg, and the five parameters of a basic Fano
resonance are varied. This reproduces all features quali-
tatively, but quantitative agreement is much poorer than
in the latter three fits, which are nearly identical and
match experiment to almost within the noise [15]. We
therefore conclude that at least one of ¢ and g, is subject
to charge sensing, implying that the potential felt by the
charge in resonance is modified by its own probability to
be in the dot.

Finally, we consider parameter correlations among
subsequent resonances. Figs. 4(c)-4(e) show g,,, and
geon» I'» and g extracted from each fit to each resonance
in Fig. 4(a). Most trends are consistent with general argu-
ments about tunneling wave functions: as g,,, increases,
indicating lower channel potential, I" increases due to a
lower tunnel barrier, and g decreases to keep peak con-
ductance, g;,.+g..n(q> + 1), relatively constant. On top
of this there appear to be fluctuations in g.,,, I', and ¢
which are expected as subsequent dot wave functions
have different amplitudes near the barrier.

Two other features stand out in the data. First, the
fractional coherence g.,,/&:¢ 1S Often roughly constant
for several peaks then jumps abruptly to a different level
for subsequent peaks, as in Fig. 4 at V,=—1700 mV,
while g,,, and other parameters evolve smoothly. Ob-
served coherence ranges from <10% to >50% [16], likely
due to multiple channel modes coupling differently to the
dot. Jumps in g,/ &:,: May reflect abrupt rearrangement
of dot wave functions, changing its coupling to each
channel mode while total coupling I' is nearly unchanged.

Second, changes to the sign of g are present but infre-
quent. An example is shown in Figs. 4(f) and 4(g), where
q flips twice. Previous observations of mesoscopic Fano
resonance in transmission [3], including a dot in an
Aharonov-Bohm ring [17], showed a constant sign of ¢,
sparking debate on why no reversals were seen when
simple theory predicts that consecutive peaks always
change sign [14,18]. In the present geometry, however,
as with recent work on Fano resonance in reflection [4],
uniform sign is expected as the resonance involves only
one lead, leaving no relative sign between two matrix
elements to reverse the phase. Why, then, are different
signs of g observed here at all? One possibility is that the
scattering phase in the channel changes by 7, as if it too
passed through a resonance [19]. This requires g to pass
smoothly through zero at a maximum g,,,, consistent
with the observation that ¢ is mostly positive in some
regions and negative in others, but this cannot explain the
flips in Fig. 4(f). A more likely explanation is that the
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source and drain leads couple to slightly different loca-
tions in the dot. With appropriate nodes in several wave
functions, the source and drain couplings have opposite
signs and g reverses for several resonances, exactly as in
Fig. 4(f). In short, both coherence jumps and Fano pa-
rameter flips can be explained by imperfect one-
dimensionality of the channel and the tunnel barrier.
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