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Mesoscopic Fano effect in a quantum dot embedded in an Aharonov-Bohm ring
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The Fano effect, which occurs through the quantum-mechanical cooperation between resonance and inter-
ference, can be observed in electron transport through a hybrid system of a quantum dot and an Aharonov-
Bohm ring. While a clear correlation appears between the height of the Coulomb peak and the real asymmetric
parameteq for the corresponding Fano line shape, we need to introduce a conppbectescribe the variation
of the line shape by the magnetic and electrostatic fields. The present analysis demonstrates that the Fano effect
with complex asymmetric parameters provides a good probe to detect a quantum-mechanical phase of travers-
ing electrons.
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I. INTRODUCTION
H=E,|o)(e|+ > E' e ) (v
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An Aharonov-Bohm(AB) ring and a quantum ddiQD)
have been typical mesoscopic systems that continually in- +2 (VE'|¢E'><QD|+VE
voke fundamental interest in the researchers. The wave na- E/
ture of electron manifests itself in the former while the par-

ticle nature of electron features in the latter. Combination o : : ; :
these complementary systems into a hybrid one enables us%é)h?rrlee@clzne;ig:}sucrrnetsvist:';]atgnvg:g;?er% air;‘d ;ﬁhEe' Ii;;}ﬁ;[ge
explore the problem how coherent is the transport of elecgyength between the discrete state and the continuum. A sys-
trons through a QD, where many electrons _|ntera<_:t with eachym, eigenstatd’ ¢ can be expressed by a linear combination
other. In 1995, Yacobyt al:* performed a pioneering Work of ¢, and{y/} with the coefficients analytically obtained.
to tackle this issue by using such a system, namely, a Qe consider a situation that an incoming initial statater-
embedded in one arm of an AB ring. It was found that anacts with the system through a perturbatiband ends up as
electron at least partially maintains its coherence in passing linear combination of W¢!. The evolution fromi to g
the QD! As regards the phase of the AB oscillation, al- consists of two paths: one is through continuum states and
though phase lapse was found across the Coulomb peak,tie other is through a “resonant stat’, which is a modi-
was subsequently recognized to be due to the two-terminal
nature of the devicd? thus revealing that intrinsic phase
measurement is a nontrivial issue. To avoid the problem, (@) ()
four-terminal measurements were performed and it was
found that each level inside the QD acts as a Breit-Wigner-
type scatterer in that the phase of electron smoothly change
 at the resonanceAt the same time, however, it has been
found contrary to a naive expectation that the peaks in the
Coulomb oscillations are in phase with each other and ar
unexpected phase lapse occurs at the middle of the Coulom Initial State
valley. Such an interferometry has also been applied to QD’s
in the Kondo regimé&-® while the results have not con-  (P) (d)
verged, again revealing the difficufly. - c;
In the above experiments, the transport properties of a QC ~g | -~q
have been the main scope and the other arm with no QD ha * | =9
served as “reference.” However, one might ask what hap- < [ —9
pens if the coherence of the QD and the AB ring is fully 34 ALY
maintained and thus the arm as well as the QD should be & | i i, i
equally treated. In this situation, Fano effect has been ex- o F=EEasy 1
pected to occut?'® and was experimentally established in 5 0 5
our previous study’ €
Let us briefly summarize Fano thedfyConsider a sys- FIG. 1. (a) Principle of the Fano effectb) Fano's line shapes
tem with a discrete energy state embedded in the continuunfer several realj parameters(c) Schematic representation of the
which can be described by the following Hamiltonigsee  experimental setufsee text (d) Scanning electron micrograph of
Fig. @] the correspondent device.
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fication of ¢ through the interactioWg, with the continuum. phase coherencé,the Fano effect in the Kondo regimé,
The transition probability has a peculiar property around theand the detailed mechanism for the zero-bias resonance peak/

resonance energy as dip in tzr;e differential conductance through a Fano
system:”
(We|T|iY? (e+Qq)? _ E—Eg In this paper, after briefing the experimental setup in Sec.
el T =i with €= T (2 11, we extend the previous work to quantitative analysis of
E

the experiments in Sec. lll. First, we report the application of

where E, and ' are the energy position and width of the the conventional Fano formula with a regito our observa-
resonance state, respectively. The so-called “Fano’s asyntlon, and discuss the relation between the original Coulomb

metric parameter’q is defined as peakS and the Fano peakS in Sec. Il A. Then, we focus on
the magnetic and electrostatic phase controlling of the Fano
(®|T i) effect in Secs. Il B and Ill C, respectively. This subject is
=" (3)  the central part of this paper, where we show that Fano effect
TVE(Yel T1i) can be a powerful tool to investigate the electron phase varia-

which is a measure of the coupling strength between thdon in such mesoscopic transport. In Sec. Ill B, we actually

continuum state and the resonance stagenely, the strength derivg complexg as a funct_ion _of the magnetic field from the_
of the configuration interactionSeveral curves for different €XPeriment and compare it with the theory. The electrostatic
g's are plotted in Fig. (). controlling of the Fano line shape is similarly analyzed in

The Fano effect is an expansion of the Breit-Wigner-typeS€C- Il C. We also discuss the phase evolution over multiple

resonance scattering and was established in the atomic phy&Sonances and the temperature dependence of the Fano ef-

ics more than 40 years ago. Since then, reflecting the genel€Ct in Secs. 1l D and IIl E, respectively.

ality of the original model of Eq(1), the Fano effect has

been found ubiquitous in a large variety of experiments in- Il. EXPERIMENT
cluding neutron scatterint, atomic photoionizatioR’ Ra- _ . _
man scattering* and optical absorptioff As this effect is Figure Xd) shows a scanning electron micrograph of the

essentially a single-impurity problem, an observation on &levice fabricated by wet-etching a two-dimensional electron
single site would reveal this phenomenon in a more transpagas (2DEG) in an AlGaAs/GaAs heterostructur@nobility

ent way. The most sensitive probe for such single-site experi=9X10° cn?/Vs and sheet carrier density=3.8
ments is the electron transport. Compared to its long history< 10" cm™?). The length of one arm of the ring is

in the spectroscopy, however, the general importance of Fano 2 «m. Two sets of three fingers are Au/Ti metallic gates to
effect in the transport was only recently pointed out in Refs.control the local electrostatic potentials of the device. The
23 and 24, although its characteristic feature has already ajaree gates\(r, V, , andV,) at the lower arm are used for
peared in the theoretical studi®s.Experimentally, the controlling the parameters of QDwith area about 0.15
single-site Fano effect has been reported in the scanning tun< 0.15um?) and the gate at the upper arm is to apyly,
neling spectroscopy of an atom on the surf@ééand in  which determines the conductance of the upper arm. Mea-
transport through a QB>?° While the latter case is the first surements were performed in a mixing chamber of a dilution
observation of this effect in a mesoscopic system, there is neefrigerator between 30 mK and 800 mK by a standard
well-defined continuum energy state and the mechanism fdock-in technique in the two-terminal setup with an excita-
the appearance of the effect remains as an intriguing puzzléion voltage of 10uV (80 Hz, 5 fW) between the source and

As mentioned, the QD-AB-ring hybrid system with pa- the drain. Noise filters were inserted into every lead below 1
rameters appropriately tuned provides a unique Fano systek as well as at room temperature.
where the transition process shown in Figg)ls realized in As sketched in Fig. (t), this single-site Fano system is
real space as schematically sketched in Fig).JAn electron  tunable in several ways. In the addition energy spectrum, the
traverses from the source to the drain along two interferingliscrete energy levels inside the QD are separated by respec-
paths. One is through the discrete state in the QD and thive quantum confinement energy and the single-electron
other is through the arm. In the previous pdpere reported charging energyE., but we can shift the spectrum by the
the following: (i) The electronic states in the QD-AB-ring center gate voltag¥y to tune any one of them to the Fermi
system can be sufficiently coherent for the Fano effect tdevel. The coupling between the continuum and the levels in
emerge in transportii) The coherent Fano state disappearsthe QD is controlled bywg and V. V. can control the
at finite source-drain voltagéiii) The phase difference be- conductance of the interference path as well as the phase
tween the two paths can be controlled by magnetic fieldshift of the electrons traversing underneath(details are
resulting in characteristic variation in the line shape of thegiven latej. The controlling of the phase difference between
resonant peaks, which suggests the necessity to treat the ghe two paths 4 ) is also possible by the magnetic field
rameterq as a complex number. piercing the ring.

Regarding this issue, many problems are still open. For An advantage of the present sample structunap-gate-
instance, the phase controlling of the Fano effect should be/pe dot definition is clearly shown in Fig. 2. The Coulomb
clarified in terms of a compleg. In addition, we would list  oscillations through the QD with and without the conduction
the phase evolution of the electrons through a QD in thehrough the other arm show a clear one-to-one correspon-
presence of the Fano effet'the Fano effect as a probe of dence of the conductance peaks. This is due to the weakness
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the lower panel. The heights of Coulomb peaks and Fano peaks are

FIG. 2. Typical Coulomb oscillation afc=—0.11 V with the  also plotted in the upper panel. The three of them are well corre-
arm pinched off, and asymmetric Coulomb oscillation \&¢ lated.

=—0.085 V with the arm transmissible. The latter shows a clear
Fano effect. The Coulomb and Fano peaks are in good one-to-one
correspondence as they were numbered consecutively from 1 to gye original Coulomb peaks. Thi is consistent with the
Both of them were obtained &t=30 mK andB=0.91 T. width of the zero-bias peak observed in the differential con-
_ _ _ ductance at a finit&/s4.2" Figure 3 shows the fitteh| for
in the electrostatic coupling between the two sets of gatege nine peaks. The signs gfare positive for all the peaks
(Vcand{V,, Vg, Vgj), i.e., the circuit is already defined by gycent the peak 9. This corresponds to the observation that
etching and the gate ele(_:trodes can be very thin. Stillg; the Fano featureghe dips 13 and peaks 4 )-8xcept 9
though, we need a small shift by 0.0065 V between the upp&aye the asymmetric tails to the same direction. It is impor-
and lower axes in Fig. 2, due to the electrostatic couplingant that the signs of are same for many consecutive Fano
between the gates. peaks since this directly reflects that the Coulomb peaks are
in phase as introduced in Sec. I. We will discuss it in Sec.
lll. RESULTS AND DISCUSSION Il D.
In the upper panel of Fig. 3, we plot the heights of the
Coulomb peaks and the Fano peaks. The height of a Fano
In Fig. 2, the peaks were numbered consecutively from beak is defined as(1+q?) in the fitting form of Eq.(5),
to 9. The small irregularity of the peak positions reflects theyhich is the difference of the conductance maximum and
variation of single-electron energy-level spacing in the QDminimum of the Fano resonance. Not only are the heights of
and indicates that the transport is through each single levelhe coulomb and Fano peaks correlated but the obségjed
This is also consistent with the fact that the peak heights vary,jyes are also related to the peak heights in a way that a
randomly. In the upper panel, the Fano effect emerges an@rge peak tends to have a lafgg. This can be qualitatively
the line shapes of the peaks become very asymmetric andp|ained as follows. When the arm is pinched off, electrons
even change to a dip structure for the peaks 1, 2, and.3. never pass the continuum, resulting|{wg| 7 |i)|—0. This
We have found that the line shapes of the peaks in th%orresponds thq| — o in Eq. (3) and Eq.(2) asymptotically
upper curve in the conductan@,(V,) can be well fitted to  gives a Lorentzian Coulomb peak as seen in Fig).IThis
the following equation: reflects the fact that the Fano theory includes the Breit-
_ Wigner scattering problem as a special limit |af| — o,
GrotVg) =Gyt Grand Vo). ) where there is no path through the continuum, namely, there
whereGy is noninterfering contribution of the parallel arm is no configuration interaction. The height of the Coulomb
and is a smooth function &f, that can be treated as a con- peak is proportional t&(®|7 |i)|?, which corresponds to the
stant for each pealG,,, is the Fano contribution expressed coupling strength between the QD and the leads. Opening of
as the arm means tha¢y|7|i)| is increased from O to a finite
) value with|(®|7 |i)| fixed. The asymmetric parametfy,
G v =A(E+ q) ith ez a(Vyg—Vo) . therefore, is larger for a larger original peak.
Fano(Vg) A= "5~ With € iz © The above Fano effect was observedBat0.91 T. We
found the Fano effect prominent within several specific
Here, A, V,, andI” are the amplitude, the position, and the magnetic-field ranges as shown in Fig$a)44(d) besides
width of the Fano resonance, respectivelyis the propor- B~0.91 T, while it was less pronounced in other ranges.
tionality factor which relates the gate voltayg to the elec-  This implies that the coherence of the transport through the
trochemical potential of the QD. In our systemy QD strongly depends oB. A similar role ofB is reported in
~20 ueV/mV as estimated from the differential conduc- the Kondo effect in a Q¥ where the Kondo effect appeared
tance at the finite source-drain voltagés;.’ at the specific magnetic field other tharBat 0 T. The phe-
The fitted valued™ are 40—60ueV, reflecting the varia- nomena arise from the change of the electronic states caused
tion of the coupling strength between the leads and the QD ibby B in a QD. It is also possible that the magnetic field

A. Fano effect in the Coulomb oscillation
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FIG. 4. Fano's line shapes taken @ 0.28 T,(b) 1.19 T, (0) asymmetric tail changes betweBr0.9142 and 0.9160 T, and the
1.84 T, and(d) 2.65 T. They were obtained &t=30 mK. symmetric shape appears at 0.9151 T. The results of the fitting with

Fano’s line shape with real's are superposed.
affects the coherent transport in the AB ring, due to the re-
duction of boundary roughness scattering by the magnetic
field as theoretically treated in Ref. 33. An example of thetron and never changes the strength of the configuration in-
experimental indication may be seen in Ref. 34. Henceforthieraction. In the original situation of the Fano thettyhis
we will focus on the Fano effect observedBat-0.91 T. does not occur because the scattering center and the con-
tinuum are spatially overlapping. Hengean be treated as a
real number. Even in the framework of the Hamiltonian ex-
pressed in Eql), this can be performed by treating as a

One of the experimental advantages of the present systegbmplex number and by assuming that the field only modi-
over the other canonical Fano systems with microscopigies argl/g) but not|Ve|. As a consequence, the generalized
sizes lies in the spatial separation between the discrete levelino formula is proposed in the following expression as an
and the continuum, which allows us to control Fano interfer-expansion of Eq(5):
ence both magnetically and electrostatically.

The result of the magnetic controlling of the Fano effect > 2 5
was already reporte@Fig. 4 of Ref. 17; Fano’s asymmetric GrandV ’B):A|e+q| :A(E+ Req)”+ (Img) _
Coulomb oscillation appears in sweepivg at a fixed mag- ¢ e+1 e+1
netic field, while the field sweeping at a fix&q, results in
the AB oscillation. Figure 5 shows the asymmetric oscilla-Qualitatively, even when the coupling strengti is almost
tion obtained aB=0.9142, 0.9151, and 0.9160 T. Defining independent oB, the B dependence of arg] that comes
the first asA #=0, the second and the third correspond tofrom Vg in Eq. (3) yields asymmetric and symmetric line
A6==/2 and, respectively, as is calculated from the AB shapes ofG for |Req|>|Img| and |Req|<|Imq|, respec-
period~3.6 mT. The peaks & #=0 and are very asym- tively. We treatedj as real in the analysis of the peaks in Fig.
metric while those af\ §==/2 are almost symmetric. The 2, which is justified as their asymmetry is large enough.
peaks atvy=—0.058 V are fitted to Eq(4) as indicated by We note thag in Eqg. (3) is not necessarily real. Conven-
the dashed curves. The obtairgd are—2.6, —18, and 2.0 tionally g has been considered to be real, which is valid only
for A6=0, 7/2, andr, respectively. This result is sufficient when the system has the time-reversal symmekRS) and
for one to cast doubts on the applicability of E§) with a  thus the matrix elements definimgn Eg. (3) can be taken as
real g. Sinceq serves as a measure for the strength of thaeal. This is the case in many experimental situations of mi-
configuration interaction, it is unphysical that changes croscopic Fano systems as far as their ground state has TRS,
drastically and periodically by the small variation of the because it needs enormous magnetic field to add consider-
magnetic field. Treating as a real number also conflicts the able AB phase during the transition between the continuum
observation that the peaks become symmetric at specifiand the discrete states. Hence the breaking of TRS becomes
fields, because E@5) never gives a symmetric line shape for important with enlargement of systems. The claim that
a realq unless|g|—= or g=0 and the divergence dj Fano’s asymmetric parametgshould be complex was theo-
should be ruled out, which means that there is no configuraretically considered in spectroscopy>2Also in the electron
tion interaction. transport through mesoscopic systems, such generalization

To overcome these unphysical situations, we should takbas been discussed or alludéd!®323%4%rg the best of our
into account that the field only affects the phase of the elecknowledge, though, our result is the first convincing experi-

B. Magnetic-field control of the Fano interference

(6
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O Req Xsin(Ad). As defined aboveA# is the phase difference

® Imgq picked up from the magnetic field based on the measured AB
period, whileA =0 corresponds t@=0.9145 T for these
sinusoids.

The result is summarized as the plotgpin the complex
plane shown in Fig. @). The solid curve, which is elliptic
| | (almost circulay, is the result of the fitting in Fig. ®). As
Aoors 0.920 indicated by the cross, the ellipse center is slightly shifted

Magnetic Field (T) from the origing=0. The same fitting procedure for the
~ . other peaks a¥y=—0.058 V and—0.038 V in Fig. 5 yields

O g | — fitted complex g which also traces an ellipse with the center
slightly shifted from the origin.

The generalized Fano formula for the two-terminal con-
ductance of the QD-AB-ring system was theoretically pro-
posed to be the same functional form with E£6).'*°In the
09207 i formula, the effect of the magnetic field is included in the

0085 0075 4 2 0 2 4 phase factorA ¢ in the complexq that is given axy(A 6)
Gate Voltage V, (V) Reg =(q,cosAh)+ig,sin(Ah). q;, d,, andA, which are real pa-
rameters independent Bf are defined by both the tunneling

FIG. 6. (a) Conductance of the system measured at 30 mK atcoupling between the QD and its leads and the coupling
different magnetic fields that cover one AB period. The open Cirde%trength between the QD and the continuum energy state.
e_m_d the solid curves are the gxperiments and_ the results of thepe theoreticaty traces an ellipse in the complex plane being
fitting, respectively. They are incrementally shifted upwards forqqgistent with our observation, while the theoretical ellipse
Clam.y' ®) tha'r.'ed Rq and Img are plotted. The .SOl'd CUNVES A€ anter is at the origin. It is emphasized that this difference
the fitted smuso!dal curvesg) Result of(b) plotted in the cor.npllex between the experimént and the theory is not caused by our
g plane by treatind3 as an internal parameter. The cross indicates_, ~. . i ;
the ellipse center of the complex fitting procedure. As is clear_ from Fig. 5, the heights qf the

peak atVy=—0.079 V are different when the phase differ-

ence changes byr. This is also the case for th¥
mental indication thag should be a complex number, when = —0.038 V peak. These observations are never reproduced
TRS is broken under the magnetic field. by using the theoretical form af(A 6), because, for an ar-

In order to be more quantitative, we carried out numericabitrary A6, the theoretical line shape fai(A ) is a mirror
fi_tting with complexq’s to the line shape (_)f the peaks_occur— image of that forg(A #+ ) with respect tae=0. Thus, the
ring in the range8=0.91-0.93 T. The fitting function is EQ. gitference is due to the effect that is not included in the
(4) with Eq. (6) for Geane(Vg), with Reg, Ima, Vo, I', A, theoretical model. The influence of the multichannel trans-
and Gy, as free parameters. The valueswfandl’ can be o4t angjor the orbital pha&emight be a possible candidate.
determined straightforwardly. As for the other four param-Ti.4 incoherent transmission through the system may be also

eters, Rq, Imq, A and Gpg, _the_ humerical fitting alone responsible for that, becausegenerally becomes complex
does not allow unique determination of all of them, because

i . . due to the decoherence even under PR8s the present

the functional form of Eq(4) essentially contains only three oo . .

. Lo system is highly, but not perfectly, coherent, this would shift
parameters besiddg andI'. We took the following fitting . -
procedure. As has been argued in the discussion leading {Be ellipse center of the complexirom the anigin.
Eq. (6), the amplitudeA of the Fano resonance is expected to
be nearly independent d. Therefore, it is reasonable to
assume thaf takes a common value for all the curves to be
fitted. The value oA was determined from the fitting of the Next, we focus on the electrostatic control of the Fano
most asymmetric casésince g can be taken as reahs effect by the control gate voltagé.. The variation of the
0.01%%/h, and this value was used for other curves. Theelectrostatic potential energy By results in change in the
resulting fitting is reasonably good over the whole range akinetic energy of electrons, and hence their wave number
shown by solid curves covering one AB period in Figa)e ~ which traverses the region underneath the gate electrode. As
TheV, andI' are nearly independent & while theGyyis  this gives rise to the phase difference between the path
found to change slightly witlB due to the long tails of the through the QD and the one through the 4fnthe electro-
neighboring Fano peaks. static controlling of the Fano effect is expected.

In Fig. 6b), the obtained Rgand Ing are plotted against Figure {a) shows the asymmetric Coulomb oscillation at

B. Both of them well depend oB sinusoidally, where the Vc=-—0.082 V and—0.090 V. The direction of asymmetric
phase difference between the two sinusoids is very close ttil of the Fano effect is opposite between the two. The result
m/2. Indeed, the solid curves superposed on them are thef the fitting to Eq.(4) with real q for the peak atV
result of the fitting by a sinusoidal function, that is, =—0.102 V is shown by the solid curve. In Fig(bJ, the
Reg(A#)=0.4—2.6cosff) and Inm(AH)=—-0.7-2.7 realqobtained for variou¥ is plotted by the triangles. The

(@ [o experiment (b) | — fitted

-
=)

Conductance (ez/h)

C. Electrostatic control of the fano interference
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Figure 1b) shows the result of the complex for the

—_
2y
—

various V¢'s obtained by the similar fitting procedure as
£ 0.4 Ni\z‘ done in the magnetic controlling. As expected, botly Rad
% % Imq continuously change in sweeping-. Req crosses 0
% o oxperiment e with finite Img betweenV.=—-0.088 V and —0.087 V
Sosk — fitted do- *g while |Reg| takes its local maximum with lg~0 around
2 V.= -0.090 V B Vc=-0.082 V and—0.090 V, where the line shape is the
3 ¢ q=-21 8 most asymmetric. So, the electrostatic controlling of the
0.2 06 Fano effect can be characterized by the compeas we
-0.10 -0.08 have seen for the magnetic one. As we have discussed in Fig.
(b) Gate Voltage V (V) 6(c), the result is summarized in Fig(cf as the plot ofg in
the complex plane. Again, the complexencircles around
g sk the origin of the complex plane.
e “\ = A Let us estimate the order of magnitude of the phase dif-
T 0 N~ o = e =2= ference introduced by the change WE. According to a
t_‘: 5 [~ et O ot —A— Real g simple capacitance model between the gate and the
2 20: Iﬂn?g 2DEG**this effect yields the phase differendd);
1 1 1
10 -0.090 -0.085 -0.080 W v
Control Gate Voltage V (V) AB(Vo)= 277__( 1— 1- C ' @
() 5 51 T M Vdep
,’D 0.082V . .
> § mq;%/ whereW andV ., are the width of the gate and the pinch-off
EO /'\ voltage of the corresponding conduction channeD(10 V
AN /,l:FPE for the last channel in the present caseespectively.Ag
'O'Ogciv bt _DI_ 7 ~40 nm is the Fermi wavelength of the present 2DEG. Now,
> 5 0 5 if we take the effective widthW~120 nm, |[A6(V¢
Reg =—-0.082)-A0(Vc=—0.090)=0.657 for the last and

probably the most effective channel. Although this is ex-
pected to ber for the ideal case as seen from Fig@c)7 the
variation of the Fano line shape in Fig(@y is attributed as
due to such large phase difference electrostatically intro-
duced byV.

FIG. 7. (@ Coulomb oscillations atV-.=-0.082V and
—0.090 V at 30 mK an@=0.91 T. The results of the fitting to Eq.
(4) are shown in the solid lines with the obtaingaalues.(b) Real
qfor theVy=—0.102 V peak is plotted in the triangle as a function

of Vc. The sign of g changes betweelV-=-0.088 V and . .
—0.087 V as indicated by the vertical dashed line. The obtained We have seen that the electrostatic controlling of the Fano

Reg and Iy for the same peak are superposed with white andeffect is possible. It is pointed out that this type of phase

black circles, respectivelyc) Result of(b) plotted in the complex measuremenzt is very d_ifﬁCU|t in_ordinary 'oscillation. of
plane by treaingVe as an internal parameten's for Ve conductancé? A phase shift by due to potential scattering

=—0.082 V and—0.090 V are colored black. means that the Fermi energy has passed a resonant energy
level, which causes steep variation of the conductance by
order of 2%/h. Hence the oscillation due to the interference
line shape becomes symmetric with lardal at Ve js almost swamped by in the large variation of the conduc-
=—0.088 V and—0.087 V, between which the sign of tance. Indeed in the case of Fig. 7, the increase of the base-
changes. line for 7 phase shift is about 0e6/h while the Fano asym-
The above behavior is similar to the one in the magnetianetry due to the interference is only about &O2.
controlling. However, we note that there exists an essentidfurthermoreVe, in Eq. 7 is different for each conductance
difference between the magnetic controlling and the electroehannel, meaning that the phase shift caused electrostatically
static one. While in the former a complexis a natural is inevitably channel dependent. Hence the total conductance
consequence of the broken TRS, this is not the case in thier the multichannel case is a superposition of many oscilla-
latter because the electrostatic potential modulation itselfions with various phase shifts.
never breaks TRS when the magnetic flux piercing the AB The clear advantage of the present electrostatic tuning in
ring is integer times the flux quantutm/e. Nevertheless, overcoming the severe “signal-to-noise ratio” lies in the pe-
when the flux is fixed to a noninteger value of flux quanta, aculiar Fano line shape and in the insensitivity of the arm
symmetric Lorentzian line shape can appear at speéifls  conductance t& . More importantly, the QD acts as a filter
and thusq should be complex. This can be proven in a modelfor the conductance channels, which means that in the Fano
calculation by combining the Breit-Wigner formula with the effect we selectively observe the interference through the
conductance formula for the two-terminal AB rfiigas per-  single channel passing through the QD. The present result
formed in Ref. 13. Finite decoherence is also responsible foindicates that the analysis of the Fano resonance with Eq. 6
the occurrence of the symmetric line sh¥fpes already dis- provides a sensitive and noise-resistant method to detect
cussed. quantum-mechanical phase of electrons.
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D. Phase evolution over multiple resonances (a)

C)

Peak
{ Valley

Thus far we have mainly focused on the transport in the

small areas of the gate voltage around respective peaks. 0.8 50 ‘“f; 05 *
Here, we discuss the phase evolution of electrons between 75 g
neighboring peaks. In Ref. 17, it has been reported that the 100 3
phase changes by rapidly but continuously across the reso- oo E

nance and that all the adjacent Fano resonances are in phase, ¢ 250

as the phase makes another slow changerthetween the e 07 a0 04 , PmopeT
valley. In contrast to the experiment for the phase measure- 350 013 012 -0M
ment of the QD the present data not only reflect the phase o (0} GateVoltage Vs (V)

500
600

evolution of electrons through a QD, but also represent the
response to the magnetic field of the whole QD-AB-ring sys-
tem. In that case, a continuous changenbgt the resonance 700
is likely.*® What still remains surprising is the other gradual 800
phase change by at each valley® This phenomenon is in ¢
clear contrast to the reported phase lapse in the middle of the
valley? which has not been perfectly understood yet despite B_093T
extensive studie$*’'~>2Nevertheless, in most cases, the ad- ' ' 0.00
. . . . -0.10 -0.05 0 100 200 300 400
jacent Coulomb peaks are in phase. This is also consistent Gate Voltage V. (V) Temperature (mK)
with our observation that the direction of the Fano asymme- FIG. 8. (a Conduct;nce of the system measured between 50
try is usually the same in each curve as clearly seen in F|gsrﬁK and 800 MK aB=0.93 T. The data aT<700 mK are incre-
2, 4b), 5, and 7a). lly shifted d for clarity. The Fano f ked b
It should be added that in rare cases the adjacent peaks mentally shifted upward for clarity. The Fano features marked by
. . . . AR arrows at 50 mK gradually disappear as the temperature in-
in antiphase, as seen in the Fano peaks 8 and 9 in Fig. 2. Th

. ) A &?eases(b) Fano structure at 50 mK and 400 m) Temperature
is the observation that has never been known béfowhile dependence of the AB amplitude measured at the peak and the

the necessary condition for it remains to be clarified, this\,a”ey indicated in(b).
should be a new clue to the phase lapse problem.

Conductance
T T
—-——
-——
-——
-

AB Amplitude (e*/h)

—O— Peak
—o— Valley

o
o
T

ever, the observed temperature range Fig) & not wide
E. Temperature dependence of the AB effect enough to distinguish these two dependencies.

The phase coherence over the system is essential in the
controlling of the Fano interference discussed above. Figure
8(a) shows the temperature dependence of the Fano effect In summary, we have studied mesoscopic Fano effect ob-
between 50 mK and 800 mK. While clear Fano features apserved in a QD-AB-ring system, especially in terms of the
pear at 50 mK as marked by the arrows, they diminish rapmagnetic and the electrostatic tuning. In the conventional
idly as the temperature increases. Especially, the asymmetranalysis with realq, the correlation between the original
dips at 50 mK evolves into peaks &&200 mK. While the  Coulomb peak heights and)| is observed. The magnetic-
thermal broadening of the Fano line shape is not negligible dield tuning has revealed that the effect of TRS breaking can
temperatures higher thdn,?® it cannot explain such drastic be taken into account by extending the Fano paramgter
temperature dependence. The main cause for this phenormemplex number. We have shown that the experimental
enon is the decoherence induced by increasing the temperedrves can actually be fitted by adopting a comptg®
ture, resulting in the destruction of the Fano state. This isvhich shows slight systematic deviation from theoretical
confirmed by the temperature dependence of the AB effeciprediction. We have applied thus established method to the
In Fig. 8(c), we plotted the AB amplitude at 50, 100, 200, electrostatic tuning of Fano effect. This method clearly de-
300, and 400 mK for the peak and the valley indicated inscribes the electrostatic tuning of electron phase, which dem-
Fig. 8b). At 50 mK, the AB amplitude is found to be com- onstrates that the Fano effect can be a powerful tool for
parable to the net peak height, indicating that the electroniphase measurement in mesoscopic circuits. Finally, we have
states are highly coherent over the ring. A&+ 400 mK, the reported the difference in the temperature dependence of the
AB amplitude was hardly visible. This is consistent with the AB effect between the Coulomb peak and the Coulomb val-
observation in Fig. &). ley. Thus, we have clarified several aspects of the Fano effect

The AB amplitude monotonically decreases both at theobserved in transport, while some problems remain to be
peak and valley as shown in FigicB. Interestingly, it decays solved in future such as the phase evolution over the multiple
more slowly at the valley than at the peak. While the mecharesonances.
nism for such a temperature dependence is yet unclear, a It is interesting that the Fano effect first established in
logarithmic T dependence that might be reminiscent of theatomic physics is now observed in an artificial atom system.
Kondo effect was reported for the Fano effect in a singleSuch a mesoscopic analog will bring us renewed understand-
QD.2 On the other hand, the exponential-decay function ofings. For example, the complexshould also be applied to
T was reported for the quasiballistic AB rifg>>~>>How-  other experiments where TRS is broken.

IV. CONCLUSION

235304-7
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