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In this Supplemental Material (SM), we first present the detailed calculation of the finite-frequency noise for
an interacting quantum dot (QD) with asymmetric couplings to the reservoirs (Section A), secondly we prove the
relation MEL(e,v) = |t; + t2 + t3]? (Section B), where the second formulation appears when we take the coherent
superposition of the processes Py, P, and P3. Thirdly, we give the relation between the various transmission amplitudes
and coeflicients in the case of a non-interacting QD, or when only elastic scattering is present, for which the optical
theorem holds, and we derive the noise matrix elements in that case (Section C). Fourthly we give the expression of
the self-consistent equations of motion used to determine numerically the retarded Green function in the case of an
interacting QD (Section D), and end up by discussing the results obtained for the differential conductance in the case
of symmetric and asymmetric couplings (Section E).

A — CALCULATION OF THE CURRENT NOISE FOR AN INTERACTING QD WITH ARBITRARY
COUPLING SYMMETRY

We start from the expression for the current noise in a QD given by Egs. (A11-A15) in Ref. 1 obtained in the flat
wideband limit (FWBL) for the conduction band. We get So5(v) = Z?Zl C((;[)g(u) with
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where Eg‘iﬁ( )= Dkea Vel Zf,( ) is the contribution to the self-energy brought by the tunneling between the «

reservoir and the QD. GZ“’<( ) and gZi%(a) are the retarded, advanced, Keldysh greater and lesser Green functions
in the QD and in the disconnected « reservoir respectively. The approximation made to get Egs. (S1-S5) amounts to
having factorized the two-particle Green functions in the QD into a product of two single-particle Green functions.
Provided that this approximation is made together with the FWBL assumption, the latter expression for the noise is
general and valid for any value of the Coulomb interactions in the QD and any symmetry of the tunneling couplings of
the dot to the two reservoirs. We remark that even if the spin index o appears in the Green function and self-energy
notations, it does not appear as an index in the noise notation since the system we consider in this Letter is spin

unpolarized. When the system is in a steady state, G2 () is simply given by [2, 3]

G3(e) = Gh(e) 50 ()Ga(e) - (S6)



In the presence of interactions, the total self-energy can be put in the form [2, 4]

Sias () = SE5RE) + SR + ST @) (7)
where Efn‘z;( ) is the additional contribution brought by the interactions residing in the central region. In the FWBL,

X1 () = =il /2, 38 ,(e) = il /2, 35 ,(¢) = ila fE(e), and X7 () = —ila f2(€), where Ty = 2mpa|Va|?, po being
the density of states of the « reservoir and V,, the electron hopping amplitude between the QD and the « reservoir.

In the absence of interactions, Yinto(¢) = 0 and the self-energy contains only the tunneling contributions. As a
result, the following relation holds: GL(g) — G%(e) = —iGL(e)(T'L + I'r)G%(e), ensuring the optical theorem to be
satisfied; the expression for the noise in this case is given in the Section C of this SM.

In the general case, when interactions are present, the latter relation no longer holds due to the contribution of the
interaction self-energy. However the calculation of the noise can still be done according to the procedure presented
below provided that the system is in a steady state. By incorporating Egs. (S6) and (S7) into the expression of the
noise given in Egs. (S1-S5), one gets
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The r.h.s. of Eq. (S8) results from the contribution proportional either to X5 ()55 , (e —hv) or to X7 ()55, (e —hv)
in Egs. (S1-S5), once we have inserted Eqs (S6) and (S7). We have checked that the remaining contributions coming

from the linear and quadratic terms in th o+, oA

int,o

(e — hv) cancel in the steady state.

Expression for the auto-correlators Sy (v) and Sgrr(v)

From Eq. (S8), taking o = 8 = L and rearranging the various terms, we get the expression of the auto-correlator
noise associated with the L reservoir, that is
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Introducing the transmission amplitude t,5(e) = iy/To 3G%(€) and the transmission coefficient Toz(g) = |tas(e)|* =
I'wI'3GL(e)G%(g) in this expression, and performing the sum over v and J, we get

$10) = 5 [ e[ Ten@Tunte — ) i@1she ~ )
[ Ten(e) + T = ) + Tun()Tone = hv) + tun()trn(e — hv) + i, ()t (= h)
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We have used this result to write the expression of the matrix elements Mzi (e,v) along the first row of Table I

introducing an effective transmission coefficient defined as: TE%L(€) = 2Re{trr(2)} — Trr(€). The expression for the
auto-correlator noise in the R reservoir, Sgr(v) given along the second row of Table I, is obtained from Spz(v) by
interchanging the indices L and R.

Expression for the cross-correlators Spr(v) and Sgr(v)

From Eq. (S8), taking @« = L and 8 = R and rearranging the various terms, we get the expression for the cross-
correlator noise, that is

2 oS]
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Introducing the transmission amplitude and coefficients, and performing the sum over v and 4, we get
Scr(v) = % /_O; d€“'7'LR(€)7'LL(5 —hv) —tr(e)Tor(e — hw) — Trr(e)ty (e — hl/)] fe(e) (e — hv)
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(S12)
We have used this result to write the expression of the matrix elements Mz‘;{(s, v) along the third row of Table I.

The cross-correlator Sgr(v), given along the fourth row of Table I, is obtained from the expression of Spr(v) by
interchanging the indices L and R.

B — PROOF OF THE RELATION: M/f(e,v) = |t1 + t2 + t3?

From Table I, we have

MEE(e,v) = |too(e) —trp(e — ) > + Trp " (e) Tig™ (e — hv) | (S13)



with TE%L(E) = 2Re{trr(e)} — Trr(e), thus

MEE(e,v) = |too(e) —tor(e — hv)]? + [2Re{trr(e)} — Too(e)] [2Re{trr(e — hv)} — Top(e — hv)]
= |tLL(8) — tLL(8 — hV)‘Q + [tLL(s) + tzL(a)] [tLL(5 - hV) + tzL(eE — hl/)]
+T0(e)Trr(e — hv) —2Ref{trn(e)}Trr(e — hv) — 2Ref{trr(e — hv)}TrL(e) . (S14)
Knowing that |trr(e) —trr(e — hv)[? = Too(e) + Ton(e — ) — ¢ (e)trr(e — hv) — tr(e)t; (e — hv), this leads to

ML (e,v) = Ter(e) + Torle — hw) + tro(e)trr(e — hv) + L (e)th (e — hv)
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which can be factorized under the form

Mif(e,v) = Too(e) + [ —tre(e)][l = t1,(e)Torle — hv)
+too(e)[l — L ()ltrn(e —hw) + L (€)1 =t (e)]ty (e — hw)
= Trr(e) + Reor(e)Tor(e —hv) +trp(e)rip(e)tor(e — hv) + 17 (e)rpn(e)tt (e — hv) ,  (S16)
where we have used the definitions of the reflection amplitude: rpr(¢) = 1 —tyr(¢), and the reflection coefficient:
Rirr(e) =rrr(e)r; (). Note that we have also the relation: Rpp(e) =1 — ﬁg’L(s).

The terms appearing in Eq. (S16) correspond precisely to the terms appearing in [t; + to + t3]?, with ¢; =
trp(e)th (e —hv), ta =trp(e)r; (e — hv) and ¢35 = rrr ()t} ;. (€ — hv), so that we finally obtain

Mif(e,v) = [t +t2+1t3]” . (S17)

C — NON-INTERACTING LIMIT OR ELASTIC SCATTERING LIMIT

In this Section, we show that when we neglect the interactions in the QD, or when we have only elastic scattering,
the Table I of Ref. 1 can be derived from the Table I given in the main text of this Letter. Indeed, in that case
there are specific relations between the transmission and reflection coefficients which can be obtained from the optical
theorem as summarized below.

1 — Optical theorem

We define the S-matrix of a QD connected to a L reservoir and a R reservoir as S = 1 4 ¢T, where the T-matrix
is given by

T — <TLL(5) TLR(E) ) 7 (S18)

TRL(E) TRR(E)
in the {L, R} basis, where 7,3(¢ ) = itag( €) with tag( ) the transmission amplitude from the « reservoir to the
reservoir. For a QD we have T,(e —/ToI'sGL (), and thus Ty (e) = Trr(g). At low temperature, when only

elastic scattering of electrons are con&dered Sisa unltary matrix, SST = 1. Consequently the T-matrix must fulfill
the optical theorem: TTT = {[T* — TJ, leading to the following relations

2lm{rrr(e)} = Tre(e) + Ter(e) (S19)
2lm{rrr(e)} = Trr(e) + Tor(e) . (S20)
2lm{rr(e)} = Trr(e)TLL(E) + TLR(E)TRR(E)
= 7r(e)7r1(8) + TrR(E)TRR(E) (s21)
where we have defined the transmission coefficient as To5(e) = [Tag(e)]* = |tas(e)|?>. Egs. (S19) to (S21) can
equivalently written in terms of transmission amplitudes as
2Re{trr(e)} = Trr(e)+ Trr(e) , (S22)
2Re{trr(e)} = Trr(e) + Trr(e) (523)
2Ref{tLr(e)} = tLr(e)tLL(e) +tLr(e)tRrR(e)
= tLr(e)trr(e) +tLr(€)tRR(E) - (524)



Note that these relations are automatically verified if the relation G7 () — G%(e) = —iGL(¢)(T'r + Tr)G%(¢) holds.
It is easy to show that provided the optical theorem holds, the reflection coefficient Raa(€) = [ran(e)? with
Taa(€) =1+ iTaa(€) =1 — taa(e), reads as

RLL(g) = RRR(E) =1- 7—LR(5) . (825)

2 — Matrix elements appearing in the noise

When the optical theorem holds, which is the case in the non-interacting limit or in the elastic scattering processes
limit, the matrix elements involved in Table I of this Letter can be rewritten as shown below in Table II. Indeed,
starting from the definition of the effective transmission coefficients, we have

TR () = 2Reftaa(e)} = Taa(e) = 2m{7aa(e)} — Taa(e) = Tir(e) , (526)

thanks to Egs. (S19) and (S20). Note that for symmetric couplings, i.e. I';, = I'g, the transmission amplitude does
not depend on the reservoir index any longer, and is simply denoted t(¢), which allows one to derive the matrix
elements given in Table T of Ref. 1.

(M) y=6=L \ y=6=R | y=Ls6=R | y=Rb6=L |
a=L TLr(e)TLr(e — hv) Ter(E)Ter(e —hv)  |[1 = Tor(e)]Ter(e — hv) | TLr(e)[l — TLr(e — hv)]
B=L | +ltrr(e) —trr(e —w)[?
a=R Tor(e)TLr(e — hv) Tor(e)Ter(e —hv) | Ter(e)[1 — Tor(e — )] |[L — TLr(e)| TLr(e — hv)
,B:R +‘tRR(E)—tRR(€—hl/)|2
a=1L trr(e)tir(e — hr) trr(e)tLr(e — hv) trr(e)tLr(e — hv) t1r(e)tLr(e — hr)
B=R ||x[rip(e)rir(e — hv) — 1]|X[rrr(e)rkr(e — hv) —1]| xrip(e)rir(e — hv) xrrr(e)ror(e — hv)
a=R t1r(e)tLr(e — hr) trr(e)tir(e — hv) tir(E)tLR(e — hy) trr(e)tLr(e — hv)
B=L | x[rre(e)rip(e —hv) —1]|x[rkr(e)rrr(e — hv) — 1]| Xrpn(e)rrr(e — hv) xrrr(E)riL(e — hv)

TABLE II: Expressions of the matrix elements M;g(s, v) for a non-interacting QD, or in the presence of elastic scattering
processes only.

D — NUMERICAL CALCULATION OF G;(¢) IN THE PRESENCE OF COULOMB INTERACTIONS

When Coulomb interactions U are present in the QD, it is necessary to take the spin degree of freedom into
account. Indeed the Hamiltonian describing our system is the single-site Anderson Hamiltonian including on-site
Coulomb interaction and reads as

H= Z Ekaclwckaa + Zaodzdg + Ungny + Z (Vaciaada + h.c.), (S27)
k,a€(L,R),oc o k,a€(L,R),o

where df (c};ag) and d, (ckao) are the creation and annihilation operators of an electron in the QD (« reservoir)
respectively, and n, = dld,. Following Refs. 5-7, we numerically calculate the retarded Green function using the
expression

— (ns) (ns)
£—¢€o— 20( ) —TI5 (e) + c e U-() -12 () (S28)

with 39 (e) = —il,(¢) and T, (e) = >a=r.rLac(€). In the FWBL, 39 () is independent of ¢ and takes the value
—il,. Hgl)(a) and 1% (¢) are defined as

Gyle) =

=0 (e) = (e — e0)T(e)

(1) _
tte) = Ua—gO—U—ZEf’)( )+ USSP (e) (529)
1)) — UES’Q) (&) + (e — g0 — U)EH (e) (530)

e—ego— TP (e) + UE¢(74)(E)



where for ¢ € [1,4],

. (A A
SO = S|V [ _ Tkao _ R e Y |, S31
o' (¢) kza] | £+65—50—5ka+z%+6+aka—ag—55—U+wp (S31)

with &, = g0 + Re{SV ()}, AL = S (. cras), AD =15, (choschas) AP =1, and A =

kao koo koo koo

(d} cras)/Va. AL = (A(i) )* for i € [1,3], and AW = —(.A(4) )*. 9, and 7p are calculated by using the Fermi

kao kao kao kao
golden rule up to the fourth order with V,, [6, 7]. The numerical calculations are performed self-consistently.

E - DIFFERENTIAL CONDUCTANCE IN A KONDO QD

In Fig. S1, we report the color-plot of the differential conductance, G = dI/dV, for an interacting QD as a function
of the level energy g and bias voltage V. The results are shown for both symmetric and asymmetric couplings, and
both symmetric and asymmetric bias voltage profiles. In the presence of Coulomb interactions (U = 3 meV), we
observe a Kondo ridge in the n = 1 conductance valley (n being the QD occupation) characteristic of the Kondo
effect which manifests itself at low temperature (see plots in Fig. S1 at V' = 0). Here T = 80 mK is lower than the
Kondo temperature, Tk =~ 4.38 K, estimated from the Haldane formula: kpTx ~ /UT/2exp(meg(eo + U)/2UT),
with ' = T'y, + I'g. Moreover, one observes a Coulomb blockade structure: a Coulomb diamond (shown in violet
in the center of the Fig. S1(a)) when the bias voltage profile is symmetric, or two parallel branches (eV = gy and
eV =¢g + U) when the bias voltage profile is asymmetric (see Fig. S1(c)). The introduction of an asymmetry in the
couplings (weakening I'r over I'z, keeping I'g + I', constant) induces the following two changes in the conductance:
(i) the value of the conductance decreases due to the reduced transmission through the QD, as it can be clearly seen
by comparing the intensity along the Kondo ridge; (ii) at a given value of g, the relative height of the two broad
peaks is changed, e.g., in case of asymmetric bias voltage profile (Fig. S1(d)), the two sub-branches, eV =¢q+U <0
and eV = gy > 0, becomes more prominent than the two other sub-branches eV =¢34+ U > 0 and eV = ¢ < 0.
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FIG. S1: Color-plot of the differential conductance G of an interacting QD (in units of €?/h) as a function of the level energy
€o and bias voltage V, for T'= 80 mK and U = 3 meV. (a) and (¢): symmetric couplings I'z, g = 0.5 meV (a = 1). (b) and (d):
asymmetric couplings I', = 0.8 meV, I'r = 0.2 meV (a = 4). (a) and (b): symmetric bias voltage profile ur, = —ur = —eV/2.
(c) and (d): asymmetric bias voltage profile ur, =0 and pr = eV.

Additional remark: the profile of the bias voltage through the QD and the asymmetry of the left and right couplings
are closely linked. It is generally expected that the profile is symmetric at a = 1, and asymmetric at a # 1. However
only the consideration of the electrodynamics of the whole system can help in determining the link. Here, we rather
consider all the possible cases in Fig. S1, but choose to focus on an asymmetric bias voltage profile to be able to
compare the curves of Fig. 2 given in the main text of this Letter with experiments of Ref. 8.
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