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I. THEORETICAL MODEL

The essential features of the experimental data are in good agreement with the numerical

renormalization group (NRG) calculation of a model described below.

A. Model Hamiltonian

The experimental setup can be described by theoretical model based on Hamiltonian H,
H = Hqp + Hy + Hy + Hyyn. (S1)

In the model, the quantum dot (QD) is described by an Anderson impurity, Hqp =
pR— eqpdid, + U dMTdid |, where d is the operator creating an electron with spin o
in the QD, eqp is the onsite energy of the electron, and U is the charging energy. The
QD couples with the two wires by electron tunneling. The tunneling Hamiltonian is
Hiw = D i Doty twczjlgdg + h.c., where t, is the tunneling amplitude between the
QD and the first site 7 = 1 of the wire w = 1, r, cjuja is the operator creating an electron with
spin ¢ in the site j of the wire w, and h.c. stands for hermitian conjugate. The left wire
is described by a semi-infinite tight-binding chain, H, = — ZU:T, . Zj’;l tcfjgcl(jﬂ)g 4+ h.c. t
is the electron hopping amplitude between neighboring sites of the wire. The right wire is

also described by a semi-infinite chain,
L—1 oo
H, =— Z [Z tCJrrjcrcr(j-‘rl)ff + Z fcijacr(jﬂ)a
o=t j=1 j=L+1
+ tOCILO-cr(L+1)0 + h.c.]. (S2)
In the right wire, the electron hopping amplitude to between the sites j = L and j = L + 1
is smaller than the hopping amplitude ¢ of the other part. This describes the effect of the

quantum point contact (QPC) formed by Vgpc in the right wire in the experimental setup.

As a result, the FP resonant cavity is formed between the first site j = 1 and the site j = L.

B. Fabry-Perot resonant cavity

The hybridization function I', between the right wire and the QD depends on whether

a resonant level of the FP cavity is aligned with the Fermi level [1]. When the Fermi level
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er is located at the center of the energy band (i.e., e = 0), we compute I',(F) at energy F

near the Fermi level, using the Hamiltonian in Eq. (S1),

r
I'(F) = ks . S3
(B) (1 — a)cos?(ZE + kpL) + —Lsin®(ZE + kpL) (53)

[ = £ V4t2 — E? is the hybridization function in the absence of the QPC (i.e., in the

2t2

case of ty = t), A = whop/L is the resonance level spacing of the cavity, and vg is the Fermi
velocity. a =1 — (to/t)* € [0, 1] parameterizes the energy broadening of the resonance level
by the QPC; larger broadening occurs for smaller .. kpL describes the resonance condition
at the Fermi wavevector k. In the situation of on-resonance (when the center of a resonance

2ikp L __

level is aligned with the Fermi level), e = 1. In the off-resonance case, e?*#l = —1.

On the other hand, the left wire does not have a FP cavity. The hybridization function
I’} between the left wire and the QD is found as I'|(E) = 4 \/A— ER.
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C. Parameter estimation

We estimate the parameters of the model from the experimental data. The estimation is

shown in Table S1.

parameter value

U 600 peV
€QD - 300 peV (= -U/2)

t1 150 peV

tr 547.5 peV to 600 peV (3.65t) to 4t))
t 3 meV

A 300 peV, 120 peV, 75 peV

o 0.1

to 2.85 meV

T 0.13 K to 0.5 K

TABLE S1: Parameter estimation used in the analysis.



The QD charging energy U is chosen as 600 eV, based on the observed Coulomb dia-
mond. The QD onsite energy is chosen as eqp = —U/2, since the QD is in the Kondo valley
in the experiment. The estimated values of the tunneling amplitudes ¢, and ¢, agree with
the experimental regime of ¢, < t,, and with the observed QD conductance ranging from
0.4 €*/h to 0.6 €*/h. Following the experiment, # is fixed and ¢, is tuned in the theoretical
analysis. The hopping energy ¢ of the wires is sufficiently larger than the other energy scales.
The resonance level spacing A is estimated, based on the observed resonant conductance
peaks. We obtain three different values of A, corresponding to the three cavity lengths L of
the experiment. The resonance level broadening parameter o € [0, 1] is chosen as o = 0.1
with which the experimental data are well described by the model in Eq. (S1). The small
value of @ = 0.1 agrees with the experimental situation that the QPC gate voltage is weak
(hence the resonant conductance peaks have wide width). The energy ¢y, which is the hop-
ping energy between the sites j = L and j = L 4 1 in the right wire, is determined by the
parameters ¢ and « from the relationship o = 1 — (¢y/t)?, as discussed before. Note that t,

is smaller than ¢ due to the QPC gate.

D. NRG calculation

Using the Hamiltonian in Eq. (S1) and the NRG [2, 3], we compute the conductance G
between the left and right wires of the experimental setup. In the computation, the NRG
discretization parameter is A = 2, 500 states are kept at each iteration, and z-averaging is
done for z =0,1/n,,2/n,,...,(n, —1)/n, with n, = 8.

Using the NRG result of the QD spectral function Agp,(E,T) of spin ¢ at energy E, we

compute the temperature T dependence of the conductance [4, 5],

62 8f 47TF1Fr
G(T) = E;% / dE <_8_E) m 1 A (S4)

where f is the Fermi-Dirac distribution.
To compare the experimental data with the NRG result in Fig.3 of the main text, we
apply the same method for the estimation of the Kondo temperature to the experimental

data and to the NRG result. The method is the fitting to the empirical formula [6]

T8 : 1
G(T) = Go(=5—"5 )", T = Tx——— S5
( ) O(T2+TK2) K Km ( )
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FIG. S1: a) Schematic view for scattering matrices. b-c) The oscillations of the zero-temperature
conductance G and the Kondo temperature Tk as a function of 2kp L for (b) L/{ks = 0.3231 and
(c) 1.9977. The two oscillations are out of phase by 7 in both the cases of L/{k~. Gp is obtained
by using the scattering theory in Eq. (S11) (see blue solid curves) and also by the NRG calculation
(blue circles), while Tk is obtained by applying the empirical formula to the temperature window

of [0 K, 0.5 K].

in the temperature window from 7" = 0.13 K to 0.5 K (the window available in the exper-
iment). Here Gy is the zero temperature conductance and s =~ 0.2 is a fit parameter. The
applicability of the empirical formula to our case of the QD coupled to the FP cavity is
discussed in Methods.



II. CONDUCTANCE OSCILLATION

To explain the conductance oscillation in Fig. 2 of the main text, we construct a scattering
theory based on the Fermi liquid theory. The result of the scattering theory agrees with the
experimental data and the NRG result.

A. Scattering theory

We compute the scattering matrix Sio¢ of the region combining the QD, the FP cavity,
and the QPC,

T / T
Clkor,out -9 Clko,in i T'tot ttot Cko,in g
= Stot |, = ) ; ; (S6)
Crk:a,out Crko,in Lot Ttot Crka,in

where ¢!

whoin(out) Cr€AtES an electron with momentum £ and spin ¢ incoming from the wire

w to the scattering region (outgoing from the scattering region to the wire w). See Fig. Sla.
The scattering matrix formalism is applicable to the low-temperature Fermi-liquid regimes.
At zero temperature, the electron conductance G between the left and right wires is written
as G(T = 0) = Gy = 2€*|tio1|?/h [5].

Stot 18 obtained by combining the scattering matrix Sqp of the QD, the scattering matrix
Sqpc of the QPC, and the dynamical phase gain of plane waves propagating through the FP
cavity. By using the equation of motions for Green function and the Fermi liquid theory [4, 5],

Sqp and Sgpc are obtained as

1 XL 412 (2P — 1)tyt,
Sap = 242 2i6 2 2642 ’ (87)
1 r (6 0 1)t1tr tl + et tr
1 « 211 — «
Sqpc = (S8)

2—a |9 /1T-a a

Here 0 is the scattering phase shift by the QD, and § = 7/2 at zero temperature in the

Kondo regime. Si,; can be obtained from

GikL
Moy = Mqpc .
e—sz



Here e’** is the dynamical phase gain of an electron with momentum k propagating through
the FP cavity, and the matrices M’s are the transfer matrices related with the corresponding

scattering matrix via

S11 S12 1 S12821 — S11522 S22

Sa = M, =— : (S10)

So1 S22 §22 —S11 1

for a = tot,QD,QPC. We find that the transmission amplitude ¢y, through the whole

scattering region containing the QD and the FP cavity is written as

—2iy/1 — a(e?® — 1)t ethel

tiot = , — S11
fot 2 — (1 + eZhrl)a]t? + [2 — (1 + e¥e2ikrl)t2 (S11)

for electrons at the Fermi level.

B. The Kondo regime

We apply the scattering-theory result in Eq. (S11) to the case that the QD is in the Kondo
regime. In this case, the scattering phase shift 6 = 7/2 at zero temperature, according to
the Fermi liquid theory. Using the estimated parameters in Table S1, we compute the
zero-temperature conductance Gy = 2€?|tit|?/h. As shown in Fig. S1, the conductance Gy
obtained by using the scattering theory is in good agreement with the conductance obtained
by the NRG formula in Eq. (S4). Interestingly, the conductance exhibits the maximum

2ikel — 1. and shows the minimum value at the

value at the off-resonance conditions of e
on-resonance conditions of e?*rL = 1. This results from the phase shift § = 7/2. On
the other hand, the Kondo temperature has the maximum (minimum) value at the on-
resonance (off-resonance) conditions; note that the same conclusion is obtained when the
Kondo temperature is estimated by using Tx = exp(—nU/8') and I' = I'|[(E = ep) + 1, (E =
er). Therefore, the oscillations of Gy and Tk as a function of 2kgL are out of phase by .

This out-of-phase behavior occurs in both the regimes of L/&ko > 1 and L/éko < 1, and

at low temperature T < Tk, A. This agrees with the experimental data in Fig. 2.

C. A single noninteracting level

We note that the out-of-phase behavior of the oscillations of Gy and Tk occurs also in

the case that the QD effectively has only a single noninteracting level at the Fermi level. It
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is because the QD energy level aligned with the Fermi level results in the scattering phase
shift § = /2 as in the Kondo regime. This argument is applicable to the case that the QD

shows Coulomb blockade resonance, and it agrees with our experimental data.

III. COMPATIBILITY WITH NRG CALCULATIONS
A. Estimating Tk

The estimation of the Kondo temperature Tk based on the empirical formula works well
when the hybridization functions of the reservoirs coupled to the QD are energy independent
near the Fermi level over the energy scale much larger than Kondo temperature. In our
experiment, however, the hybridization function I', of the right wire is energy dependent,
because of the resonances formed in the FP cavity. Below we show, based on the NRG
calculation, that the empirical formula is still useful for estimating Tk in our experiment
regime of L < Exkoo-

Figure S2a shows the NRG result of the temperature dependence of the conductance in a
case of L < €koo. In this case, the resonance level spacing A of the FP cavity is larger than
Kondo temperature Tk, hence, the hybridization function I', is almost energy independent
near the Fermi level (see the inset of Fig. S2a) both in the situations of on- and off-resonance;
the zero-temperature conductance at on-resonance is smaller than that at off-resonance due
to the phase shift 6 = m/2 as discussed in Sec. II B. We notice that the NRG result is well
fitted to the empirical formula in this case, although the NRG result slightly deviate from
the empirical formula around the temperature comparable to the resonance level spacing A.
When L 2 £k, the deviation could result in an error in estimating the Kondo temperature
(see, e.g., a bump in the NRG data of Fig. 3 around L = 0.6{k,). However, this error does
not exceed the experimental error of the Kondo temperature about 20%.

The deviation becomes pronounced in the opposite regime of L > k., (note that our
experiment is not in this regime). In this regime, there are many resonances within the
energy window of Tk, near the Fermi level, as shown in the inset of Fig. S2b. As a result,
the conductance has unusual temperature dependence at temperature comparable to the
resonance level spacing A, hence, the empirical formula does not well describe the temper-

ature dependence. For example, at on-resonance, the conductance is almost constant near



a =0.
1 2 LI\§\K\WIHO \2I7I1H9IH| T T T TTTTT © on-resonance (NRG)
T leoooo060000m o off-resonance (NRG)
1 on-resonance
— b (empirical formula)
T 98 12 off-resonance
S L oI S— (empirical formula)
(Do 0.6 Es— 10 | ;
O 04F M ‘ i
0.8 : ;
N T 0 |
0.2 Koo Energy  Keo ‘
0 Il L1111l Il 1 I\\IHl 1 Ll Il Il \\I\H‘ 1 I‘I INEEEN] O\O\OHH\
104 1072 10° 102
temperature (K)
b - L/EKOO=32.578
' OOOOOOOOO(l)OOOOOOO ‘ }
1+ 8 000b o n
. 00000000000000000 } o
o 08 [ 12 T | o) _
||@ 3 |
o 06 S 1 | ° -
= L:h ‘ (¢]
() 04+ 0.8 | ; O*
02 -0.2T 0 0.2TKOO } A R
Energy \
O 1 Lol 1 IIJ\IHl 1 Lol L JJ\IJHJ 1 I\IJHHI 1 I
107 1072 10° 102

temperature (K)

FIG. S2: NRG results of the conductance G as a function of temperature 7" at on-resonance (blue
circles) and off-resonance (red) in the cases of (a) L < koo and (b) L > koo In (a), the NRG
results in the temperature window of [0 K, 0.5 K] are well fitted to the empirical formula (see
solid curves). The vertical dashed lines indicate the temperature comparable to the resonance level
spacing A. Inset: The hybridization function I'; as a function of energy E at on-resonance (blue

curve) and off-resonance (red).

T = 0, increases slowly with temperature at 7' < A, and then decreases at T 2> A. This is
because the conductance is governed by a single resonance near 7' = (0, and then by multiple
resonances near 7'~ A. We note that similar but stronger deviation can occur in the regime
of a Kondo box [7-9].

We note that the energy-dependent hybridization due to the resonances can be well
described by the NRG, especially in the regime of our manuscript where a weak barrier is

applied to form the FP cavity. The NRG shows a few percent (or less) error in computing



conductance due to the discretization for the case of a constant hybridization function. We
have checked that the same order of error is found for the energy-dependent hybridization of
the regime of our manuscript. The same order of error can be understood from the fact that
a weak oscillation of the density of states of conduction electrons near the Kondo impurity
site affects the hybridization in a linear energy scale, while the discretization treats the
hybridization in a logarithmic energy scale. The NRG calculation has been applied to cases
of an energy-dependent hybridization [1, 9-11]; In Ref. [9], the NRG has been applied even

to a Kondo box where the hybridization has rather strong energy dependence.

B. Estimating Tk

In the experiment, Tk, the Kondo temperature of the case where no QPC is formed in
the right wire, cannot be directly obtained, since the QPC gate affects the right wire even
when the gate voltage Vgpc is turned off. We estimate it as Tkoo =~ \/m, the
geometric mean of Tk yax and Tk vin, Where Tk vax (Tk i) 1S the maximum (minimum)
value of Tx among those obtained with tuning 2kg L in the experiment.

In Fig. S3 we compare Tk, and \/m, which we compute by using the NRG,
the Hamiltonian in Eq. (S1) and the parameters in Table S1. This shows that the estimation

of Tk from the experimental data of |/Tk max K Mmin 1s valid.
2 | |

v/ T Max TK Min—TKoo |

TKoo
4L W
A=300peV A=120peV A=75ueV

-2 | |
0 0.5 1 1.5

L/§Koo

11— relative error:

relative error
(@]

FIG. S3: Comparison between Txko and \/Tk MaxTik Min, Which are obtained by using the NRG

method.

We expect such good agreement between Tko, and /7T« maxZk Min i Our experimental
regime of t] < t;, A 2 Tks, and small «a satisfying (1 — a)™! ~ 1+ a. In this regime,
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we find Tk max & (Tkoo)' ™ and T amin & (Tkoo)'™, by using the expression [4] of Tis ~

exp(—wgzeﬂ) at the on- and off-resonances of e**rL = 41. This provides Tkoo ~

V TK,MaxTK,Min-

IV. KONDO PEAK VERSUS BIAS

It is expected that in addition to the trend of conductance versus device temperature, the
effect of Kondo Temperature will also manifest itself in Kondo peak conductance versus bias
voltage Vsp. That is, the conductance associated with the Kondo effect will be highest at
zero bias, and decay with increased |Vsp|, with the width of this ”zero bias peak” following
Tx[12]. In Figure S4 we present measurements of conductance versus bias Vgp and QPC
voltage Vgpc. Note, that this data was collected as part of an early set of measurements
on the device, and we can not directly compare it to any dataset used for the main text.
Additionally, this zero bias peak suffers from the background current that increases with

Vsp (Figure S4c). While we extracted full width at half maximum (FHMW) by subtraction
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FIG. S4: a)Map of conductance of the Kondo valley center versus bias voltage Vsp and QPC
voltage Vopc. The data was taken in an earlier measurement which was not included in the main
text. b)The peak conductance Gpeax at Vsp = 0 (green) , and width (blue) of the Kondo peak (with
respect to Vgp) versus Vgpc. Note that the width which is expected to follow Tk is out of phase
with conductance. c¢) Line cuts from panel (a) showing conductrance G versus bias voltage Vsp.
The red curve presents conductance at QPC voltage Vopc that corresponds to the F-P oscillation
peak, while the purple curve is taken at Vgpc corresponding to the dip. Here it is clear that the

lower peak is indeed wider.
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of a constant background, this FHMW value is not directly proportional to the Kondo

temperature. Even though we are unable to quantitatively extract a Kondo temperature

from conductance vs Vsp data, qualitatively, we find that the oscillations in peak width with

respect to Vgpe are anti-phase with conductance similar to the behavior of Tk.
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