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Appendix A: Green’s function of the dot

The retarded Green’s function is defined as ((A(¢)|B(0))); = —i6(¢)({A(t),B(0)}), where A and
B are fermionic operators and 6(¢) is the Heaviside function [1-3]. Its Fourier transform reads
((A|B))?,. The equation of motion of the retarded Green’s function in energy space is @™ ((A|B))" +
(([H,A]|B)),, = ({A,B}), where @™ = @+ i8, with & being a positive infinitesimal [1,3]. We can
define the dot retarded Green’s function as G/, (@) = ({d)d&))r, when replacing A(B) by de(dy)

in the above notations. The equation of motion for G/, (@) is:

+k¢
(0"~ 810) Gl (@) = 1+ U(donsld3)iy+ ¥, [ k() (castold3)Vi (s1)
os
The equation for the term {(cqgo |d& ), reads:
. VK r
<<Cask6|d$>>w ~ ot — & <<d6|d;r;>>w' (S2)
We define the (@) self-energy as:
ke
Zr(a))—Z/dk VR _ 2n( @ln o +in|w|0(D —|w|) (S3)
0 B a,s ot — Ek B 1 w? 7

c

where we used the Eq. (S31) and introduced a dimensionless parameter as 1 = 2(V /th)z. By

substituting Eq. (S2) into Eq. (S1) with Eq. (S3) we have:

(0" — €16 — Z)(0)) Gy (@) = 1+ U((dons|ds)) - (S4)
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The equation of motion for ((dgng|dg)),, is:

(0" — €40 — U){{dons|d}))e = (ns)

(S5)
+ Y [ kv (0 (Casonsldl)Vo + (dhcanodaldi)s — ((chyododoldf))s)-

To determine the Green’s function of the quantum dot, we need to calculate the new higher-order
correlation functions that appear on the right-hand side of Eq. (S5). The equations of motion for

these terms are expressed as:

Q7 (@) (Caskonaldl))y = V (k) ({dons|d))

+ke (S6)
/dk/ k/) [<<Ctxskoca I G d0|dT>> <<Caskoca’s’k’6'd;y‘d;>>2) )
/s/ .

[04

Qo (0){(dcanadsldb))e = (dicans) +V (k) ((donsldb))e

+ke¢ ) ) (S7)
+ Z / dk/V(k/) [<<d(‘yca5kﬁca/s’k’o|d<§>>2) — <<Cl’s’k’6ca5k6do|dé>>’(’0} ,

ol (w)((c askadcdad*» — (c] ods) =V (k) ({dons|d5))h,

(S8)
/dk/ k/ askoca’s’k’ d6|dT>> _<<C:;skaca’s’k’0'd6|d;>>2)},

Otsik
c

where the following notations are used: Q,(CO) (0) =0t —¢g, Q,(i,) (0) =" — &+ (&5 — €45) and
Ql(j;)(a)) =o' +¢& — (€46 + €45) — U. To obtain an analytical formula for the Green’s function
of the quantum dot, we have to truncate the higher-order correlation functions that appear in Egs.
(S6)-(S8) by using an approximation method. In order to do this, we apply the broadly used Lacroix

decoupling scheme [2] that leads to close the infinite number of higher-order correlation functions.

By performing the approximations and substituting the resulting equations into the Eq. (S5) for the
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Green'’s function of the quantum dot, we obtain:

Y (@) + U [(ns) + 12 ()]

GZG((J)) = 7 (S9)
Hgl) (CO) [(0 —€j6 — Z6(w)] _ UHES) ((D)
where we introduced the notations:
Hg)(w):a)—edo U—-Xyw Z/de )+% , (S10)
%S ke kG QkO’
(, d T _d_
Z / de C(Xs)kc) _ <Cask(c;) 0) : (Sll)
%S ke ch ch
15 (0) = Zh ()15 (@)
+k, ; _ . - .
- Z // dkdk/V(k)V(k’) <Ca/5'k/<?lc;a5k6> + <cocskc‘;c(gt)sk 0>] .
o y—he s Q5

The average values of the mixing operators in the above relations are treated non-self-consistently,
following the Meir approximation [4], i.e. <d3;cask(—;) = (c askad0> ~ 0 and ( CopinaCasks) =
<CTaSk6Cals/kl6-> ~ fo (&) Opq O 0 (k — k). In this case Hg)(w) ~ 0, the retarded Green’s function

for the quantum dot reduces:

1—(ns)
Gys(@) = Tig (@)%
O — €45 — Lo(@) + Ug= €io—U 3;(( )) éﬁ?a)))—zza(w) (S13)
N (ns)

Z16(0)+26 (@) —L36(0) L6 (®) ’
U Ual) sdG—Ez( ) Zli(w)—zzi(w)

® — €15 — Z5(®) —
where we defined the following self-energies by the relations:

2_ g2
9| il wis|0(D—|wis])|, i=1,2, (S14)
:
10

Yio(0) = Z / a’k,—a) =27 {a)ic In
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with shorthand notations: ;s = ® — 6Ag; and w = ® — 2¢; — U. Therefore,
. 1 _

we have Zig(0) = Yo [ fdkV(k2Q)(0)  fuler) = LoZi (@) and Sig(0) =

Yo [ dkV (K)2Q2 (@) fuler) = Lo Zh (@) with solutions:

. — 01— 2T
£ (@) =n[D+ 01o1n| FE210 ‘—Rg‘a(w)—ijg‘c(w)}, (S15)
+ Oic
27
o () =n{D—T+comln‘m
2 2T w?, O

(1)2
lo

4 (@) =7 [D— w1 1n

30

’ +Ri5 (@) — ifé"c,(w)] , (S17)

where we introduced the following relations:

Wio Ug — D16 Mo — 015 — 2T
R% (0) = 0y — —(1 )1 , S18
36((0) O — Ug + > + 2T n‘l«la—(olc‘f‘ZT ( )
—
VAR §|wm! {1 +tanh (%)] 6(D+ o15) (S19)
and:
Zfé_)(w):—n[D-l—a)zgln — %0 +R2‘G(w)+ijf‘6(a))], (S20)
a+t W —2T
520 (@) = DT+ angln | — 20
@20 — 2T (S21)
D o (e —2T) (6 +2T)| .
+= <1+ 2T>1n’ 02 +iJj (o) ¢,
D— + g —2T _
Efé+)(w>——n{D+wzoln( “’2")(‘5‘2 P20 )‘—Rﬁ‘o(szJf‘a(w)} (522)
20
where we have:
(% Ho + g Ho + @ —2T
RY (@) = —(1 1 2
46(0)) o+ Ug + 2 + T > n‘,Lla-l‘(l)zo-i-ZT y (S23)
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T +
Tio(®) = o] {1 +tanh (’“‘“2—;’2"” 6(D — 0r), (524)

where ¥ = —,0 and + correspond to the cases: —D < Uy S0, g =0and 0 < ug < D.

Appendix B: Derivation of the self-energies at finite temperature

In this section, we show a simple method to deduce self-energies X35(®) and X4s(w) for finite

temperatures. We introduce the self-energies by:

+ke¢
V(k)?
Zao(@) =Y. [ dk (f)) Flex— a) 2230 (525)
7s k. 'Q‘ko(w
and:
V(K2
Lio(0) = / dk%f(sk—uwzzzé‘i‘é”(w), (S26)
s ch(a)) o
with:
n/ LEEba) a0 ) (s27)
—£+a)m+16 3o
and:
n/ el EZHa) _jatn ) (S28)
s+a)26+z6 d ’

a(y)

where we introduced the notation € = fivpk. Note that 2(31 C(TY) (@) and £, ;" (w) explicitly depend on

o through ;s and m,4, respectively. Furthermore, by changing the variable (€ — 1) = x where

B =1/T, then the Fermi function f(€ — ly) can be expressed as:

fx) = %[1 ~tanh (%ﬂ , (S29)
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where tanh(x/2) has the properties [5]:

-1 ifx< -2
X
tanh (3) ~ <4 if—2<x<2 (830)
+1 ifx>2.

The following calculations will be based on the properties of function tanh(x/2) outlined in Eq.

(S30). We also use the Dirac identity [6]:

~ 2l rins(), (S31)

where 1 is a positive infinitesimal, & is the Cauchy principal value and d(x) being the Dirac delta
function. We implicity applied this relation to deduce X{(w) and X;s(®) in Eqs. (S3) and (S14).

From Eq. (527) we write for I\" (@) = 1% (@) — I9? () with:

- f(e— ta)
/dsg pre—r L (S32)
e fle— Noc)

Firstly, we assume that 0 < i, < D and 0 < w15 < D' where D’ > D is arbitrarily introduced. Using

Egs. (S29)-(S31) then I;‘;Jr)l () and I;Xcgﬂz((o) can be calculated as:

—Blo

1 dx(x+ Blq) x
I;‘éﬂ](a)) N — / [l—tanh (—)]
2 X+ - 2
B—ﬁ(D-HJa) B (e 1) (S34)
(O)Fe
~D 1
+ @15 In D+a)16 ’
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where the imaginary part in the integral has been neglected due to the limits of integration, and:

Iy () 2[3 / x+Bd2z+€)?:))—in [l_tanhGﬂ

—Bua
Wic Wic ( .u(x_wla>

— 1 1

ua—wla—ZT’ » Ut )

Ho — @16 — 2T
Mo — @165 +2T

T — @
+ Ho — wlc"‘lz(olc [1 + tanh (%)]7

(S35)

where 1 = 88 — 0. We consider the case: 0 < g < D and —D' < @15 < 0. Introducing o], =

— O in the same way we find:

—Blo

d
ffé”wﬁ o~ )]
X —1
—B(D+pa) Ha ™ Bro) =11 (S36)
+ +
1 T U + @
Furthermore, we have:
dx(x+ BlUg) x
I;‘;Jr / [1 — tanh <—>] ~ ua-l-a)fr
2 + + ;" 2 °
B P x+ B (Ua ) (S37)
+ o In|— 2o —wlz(u“ﬁwrﬁ)l ba + 01 + 2T
Ho + @) — 2T 2 2T ua+wm 2T |

Combining Egs. (S34)-(S37) we simply obtain I *+) defined for the full range of the energy, —D’ <
30

a)10'<D/:
D+o — w15 —2T
Igcgﬂ(w)%D—ua—ka)lc—a)]c]n( + 10)(“062 lo )‘
0
wm( Uo — ) Uo — 016 — 2T
! I (S38)
T2 U Ml — w16 +2T
R —
_lzlwlc’[l—i—tanh(%)}e(D—lec)-
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Assuming that —D < g < 0and 0 < @16 < D’ and introducing p = — iy, thus, one finds:

Bug
_ 1 dx(x—pug) x
I;‘é )l(a))z— / & [l—tanh(—)} ~D— Ul — o
2 x—B(ug +o 2 ¢
B_ﬁ(D_m Bue + wis) (S39)
" 2T " " =27
+ g ln Uy + 015 + (0¥ (1 Mg +0)16> In .uci‘i‘wlc ’
D+ w5 2 2T Ha —|—C()10-—|—2T
(D+uq)
Ia(f (o) / —Bua) [l—tanh <E>]
30 2[3 X— B .ua ‘|‘(016) —in 2 (S40)
~ igwlo [1 — tanh (%)} .
In the case of —D < g S0, —D' < 015 < 0 and introducing uj = — Uy and a)fLG = —m1s We have:
Bug
_ 1 dx(x—Bug) x
M@y = — / o [1—tanh<—)]%D—,LLJW—(DJr
ST AR 2 @t o
—B(D—pq)
ot ln Ho — 0 +2T| o (1 B ug—wf(,)ln pg — o —2T| (S41)
lo ot 2 2T + _ oyt 2T
D—ow/, Ho — 05+
+_ ot
— lga)io. |:1 —tanh (%)] Q(D— COTG),
B(D+uq)
_ 1 dx(x—pug) x
1“2 () ~ — o |1—n (3)] ~o0. (S42)
36 (0) 28 o x—B(ug — o) 2)
Ho

Comparing Eqs. (S39)-(S40) with Egs. (S41)-(S42) one finds the Iéx é_) for the entire energy domain,

—DI < a)lg < D/:

I;Xé_)(a)) ~ D+ g — 016+ ®)51n

(¥ed ( “a_wm')
1 §
T Ut )

Mo — O — 2T
D+ w6
“a_w10+2T'

(S43
Mo — W16 — 2T )

— 0
—ig|a)16| [1 + tanh <u

2T )]6w+ 1)
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Now, we consider the case 1o, = 0 and 0 < w5 < D’ and find:

00y L B/ -

D+w]o'

0¥ <1_a)10> (O)¥e; _T 0¥
2 2T 06 +2T

BD
1 xdx X T o
% 0) = 55 [ o [1-um (3)] = 5 - 2°
o (@) 2ﬁ0x—[3w10—m[ tan (2)] 2 2

w]o( wlc) We—2T| 7@ [ <wm)}
1— | 2 o1 |1 —tanh (212 ],
T ) e | T2 TR o

(S45)

For fig =0 and —D' < 015 < 0 with @, = —®;5 we have:

0

1 xdx X T o
o (@) 28 ; x—l-Bwa—in[ a <2>] D=3+
—BD

o, —2T

+
01
T o T | 2 oT

T o
—liwao. |:1 —|—tanh (2—;>] Q(D— (O;LG),

BD
1402 (@) ~ %0/)%[1—tanh (5)]

+ + + +
~ Z 05 . 05 <1 wlc) In w10'+2T
2T o |

(S47)

) 2

Using Eqs. (S44)-(S47) for the full energy domain I;x ;0)

can be expressed as:
D + 06
_ Wis (1 B wlo) In (016 +2T) (w16 —2T) (S48)
2 2T o

1“Yw)~D—T+weln

30

T W
—15|0)15| |:1 — tanh (2—;>] G(D—l—(l)lc)
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Comparing Egs. (S38), (S43) and (S48), Egs. (S15)-(S19) can be introduced. In similar way, we

can write If(Y)(a)) = —Ifml(w) +If(}/)2(a)) with:

(o) o (e}

0
o(y)l i E-f(S—LLa) 4
lig™ (@) = /d8£+a)zo+i5’ (549)
[ e S )
a(y)2 o €-J€— Uy
Lo (a))_/degJr s (S50)

We assume that 0 < tg < D and 0 < w65 < D/, one finds:

L (et Bua)
(@) = — T Pra | —tanh (2
1o (@)= 38 Bt tong) i [ (3)]
~B(D+1ta) (S5D)
. )y T Ha + s B
~ D~ noln| 520 +z2a)26[1—|—tanh<—2T )}Q(D W25,
Ia(+ / dx( x+ﬁl~la) [l—tanh <E>] ~ U + O
40 2 2 ~ R o
e ke Uq + s Uq + o — 2T‘
1 + 1 In
+ (o n [,La+a)26—2T‘ 2 ( TTor ) Lo + Wy + 2T

We consider the case 0 < g < D and —D' < iy < 0, introducing w20 — )¢, in the same way

we have:

BHa
Bl [ B [ ()
2 — 2
Py * TP 020) ($53)

J’_
20

D+, |

zD—{—a);'Gln
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B(D—Ua)

1 dx(x+ BlUq) X
@)= — [l—tanh (—)} A g — O
s (@) 2B ; x+ B (U — 0);) +in 2 ¢ T2
ot In Lo — &5, — 2T +a)2+6 1+ua—w2+6 1| e = ij-I—ZT (S54)
20 w5 2 2T Lo — @) — 2T

T Uo — O
— l§w2+0. |:1 —|—tanh (TG)} .

o(+)

Combining Eqs. (S51)-(S54), we can express the I, "’ defined for the entire range of energy, —D' <

e < Dl:

wz
20
(D — ) (Mo + g —2T) ‘
.uot+a)2cr_2T' (S55)

Uo + g +2T

B 2293 6(D - ano).

If‘;”(w) ~ —D+ Uy + W5+ g ln

a)2cr<
1
+ 5 +

Na+a)20>1
n
2T

—ig|a)26| [I—Ftanh(

For —D < g S 0and 0 < woe < D' with uf = —pg we find:

Bua
_ 1 dx(x—Bugt) x
XNy = — / a | —tanh (2 )| ~D—
i # ~B(D- )x—ﬁ(ué—wza)ﬂn[ . (2>] Ha o
Ko
. o |Be — a}zc+2T‘_a>zo<1_uoT—wza> Ho — ZT‘ (556)
ol D— s 2 2T Ug — coZG—i—ZT
E B #of—wzc _
—|—120)20[1 tanh<—2T )]B(D 5),
1“2 (@) / “Br) T)an ()] ~o0. S57
4o 2[3 X— Bua c%)[ an (2” (557)
In the case of —D < tg <0 and —D' < s < 0 we have:
Bug
- 1 dx(x— Bug) X
1ON@) ~ — / «) [ _anh (2)| ~D- 1 — 0
o (@)~ 35 B +w26>[ anh (3)| = D= b - 03 .
- _”oc
+ o, In “$+wzcj2T‘ wzc<1_ﬂgcr+a’2+a)1n N‘j‘ter{“_ZT',
D+ o, 2 2T Ug + @) +2T
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(D+ug)

15 0) = 55 / +ﬁ::)>+m[l_tan(g)]
x_igw;(,[l_tanhwz;;’%)}.

Using Egs. (S56)-(S59), we obtain I\~ for —D' < @ < D'

If;_)(a)) ~ —D — llg — g + g In

/-L(x‘l‘wZa—ZT‘
D — mng
l-la+w2c;+2T'
Mo + g — 2T

He20)]6(D - o).

e <1+“°‘+w26)1n

+2 2T

—i§|a)26| [I—Ftanh(

We now take the case Uy =0 and 0 < @ < D’ and find:

Iféo)l(a’)zi L[l—tanh<g>] ~D— — 4+ —=

2B J x+Bas+in
—BD

e — 2T (0% 080 (0%
— . <1 )1
R > Uty n‘a)zg—ZT
()
+z§a)26[1+tanh<2;)]9(D—w20),

a(0)2

BD
L, (@) = %/%[1 — tanh <§)}

T 2T
+a)26_a)26<1+a)26)1n e + .
2T (ke

2 2 2

For tig, =0 and —D' < w5 < 0 with w20 — s, WE obtain:

(0)1 1 xdx XN\ T o
s (w)~$ / )W[l—tamh&ﬂwz)_z_Tcr

+ + + +
+w2o (1_ wz")ln 20| Lot Wy +2T
2 2T ) |y, +2T| 2° | D+w,),
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BD .

1 xdx X T o
B = L[ (X)] T O
o (@)=35 i—Boy+mlb \2)]T27 s6h
+ + + +
0‘)26( wzc) W, —2T| @ [ (a’zoﬂ
1 1 —i— 1—tanh ( =2 ).
M o) e, | 2%l T r

Comparing Egs. (S61)-(S62) with Egs. (S63)-(S64), one finds the If (0) for the full energy domain:

o

—2T
Iféo)(w)%—D+T+@oln‘a;i—w2
(o}
2
e (021} 0
+ 22 (1452 ) In (S65)
2 2T (n —2T)(@26 +2T) ‘
K ,
—l§|a)26|[I—Hanh(z—;)]e(D—(ch).

In the same way, comparing Egs. (S55), (S60) and (S65), Egs. (S20)-(S24) can be introduced.
Note that these results are valid as well at low temperatures. For absolute zero temperature we
can substitute fo (&) with the Heaviside function, i.e., fo (&) = 0(Uo — &), and using the method

presented above the integrals can be calculated.

Appendix C: The verification of an analytical solution

In this section, we compare our analytical results for X35 (@) presented in Appendix B with those of

Z.-G. Zhu and J. Berakdar in Ref. [7]. In order to do this, we introduce the following integral:

D
B el f(e—u)

Z.-G. Zhu and J. Berakdar applied a contour integral method in complex plane and found that:

D D? — w? 1 D

2 2 ’

g’;# and y/(z) is the digamma function. It can be shown that the integrating function

where 7 = %-I—

in Eq. (S66) is not a holomorphic function, and thus the contour integral method can not be applied
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for I(w). As we shall see, their results differ from those obtained by numerical calculations (see
Figure S1). Our analytical results, given by I;x éﬂ (w) in Apendix B, are in better agreement with
the numerical calculations. Therefore, it can be verified that the relation (S67) does not accurately

reproduce the case of absolute zero temperature.

(a) 10 (b) 0.0 -:' Numerical - i =
N — T-\I-u_r;erical -0.5
N e Zhu, Berakdar
[ Ours Q 1.0
S o S 315
~
& 6 £ -20
—5 4
5 -25
0 -3.0
—10k ., ) . 0.04 .0.05 0'0.6 :
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
w/D w/D

Figure S1: (a) Real part of I(w) as a function of energy. (b) Imaginary part of /(®) as a function of
energy. The chemical potential is fixed at /D = 0.05 and the temperature is set tobe T /D =5-1077.
It can be observed that our analytical results show a good agreement with the numerical calculations.
The results of Z.-G. Zhu and J. Berakdar present a departure from the numerical calculations due to
the mathematical method used by them.
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