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Kondo effect in a hybrid superconductor-quantum-dot—superconductor junction
with proximity-induced p-wave pairing states

Lin Li,"" Jin-Hua Sun,? Wei Su,! Zhen-Hua Wang,3 Dong-Hui Xu 4 Hong-Gang Luo,>° and Wei-Qiang Chen’-8-*
' Department of Physics and Electronic Engineering, and Center for Computational Sciences,
Sichuan Normal University, Chengdu 610068, China
2Department of Physics, Ningbo University, Ningbo 315211, China
3Shenzhen Key Laboratory of Advanced Thin Films and Applications, College of Physics and Optoelectronic Engineering,

Shenzhen University, Shenzhen 518060, China

*Department of Physics, Hubei University, Wuhan 430062, China

3School of Physical Science and Technology and Key Laboratory for Magnetism and Magnetic Materials of the Ministry of Education,
Lanzhou University, Lanzhou 730000, China
%Beijing Computational Science Research Center, Beijing 100084, China

" Institute for Quantum Science and Engineering and Department of Physics, Southern University of Science and Technology,
Shenzhen 518055, China
8Shenzhen Key Laboratory of for Advanced Quantum Functional Materials and Devices,
Southern University of Science and Technology, Shenzhen 518055, China

® (Received 21 January 2021; revised 14 March 2021; accepted 15 March 2021; published 22 March 2021)

We study the transport of a hybrid superconductor—quantum-dot—superconductor junction, dominated by the
interplay between the Kondo effect and the proximity-induced p-wave pairing states. Each superconductor lead
is fabricated with a semiconductor with Rashba spin-orbit coupling (RSOC) and the combination of an s-wave

superconductor and a ferromagnet. The RSOC breaks the SU(2) spin-rotation symmetry and creates the spin-
triplet pairing components under the proximity-induced superconducting pairing interaction. Different from the
s-wave pairing case, the Kondo screening of the dot spin involves the orbital angular momentum conserved
transitions between the p-wave pairing states. The Zeeman field inherent from the ferromagnet removes the spin

degeneracy of the quasiparticles excited in the triplet states. As a result, the spin-induced Yu-Shiba-Rusinov
(YSR) state exhibits Zeeman-dependent splitting behaviors, and the splitting of the YSR state leads to the 0-7
phase transition when the ground state is a Kondo singlet. The temperature-dependent magnetic susceptibility
indicates that the dot spin should be partially screened due to the breaking of time-reversal symmetry.
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I. INTRODUCTION

The Kondo effect, originating from the screening of the
magnetic moment by conduction electrons, is one of the
well-understood many-body phenomena in condensed-matter
physics [1-3]. In recent decades, the Kondo effect in a quan-
tum dot (QD), manifested as a zero-bias resonance peak, has
been intensively investigated due to the high controllability
[4,5]. In a QD coupled with an s-wave superconductor, the
Kondo resonance is significantly suppressed due to the super-
conducting energy gap [6,7], and the low-energy transport is
mainly determined by the behaviors of the spin-induced Yu-
Shiba-Rusinov (YSR) state [8—11]. The competition between
the Kondo effect and the superconducting pairing interaction
in a hybrid superconductor-QD device generates two different
ground states, namely, the magnetic doublet (Tx < A) and
the Kondo singlet state (Tx > A) [12-20], where Tk is the
normal-state Kondo temperature and A is the energy gap. The
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quantum phase transition (QPT) between these two ground
states takes place at Tx/A ~ 1, which is indicated by the
level-crossing behavior of the YSR state [18-21]. In the pres-
ence of Rashba spin-orbit coupling (RSOC), however, the
phase boundary of the ground states depends on the strength
of the RSOC rather than Tx /A ~ 1 [22].

In unconventional superconductors, the orbital degrees of
freedom play an important role in the Kondo effect [23-30].
In the spin-triplet p, + ip, pairing state with a full energy gap,
the local moment is partially quenched by the Kondo screen-
ing [29] and the ground state is always a spin doublet [27].
This result is quite different from the case of single magnetic
impurity doped s-wave superconductors. In order to detect
the fascinating physics induced by the magnetic moment
in spin-triplet pairing states, we consider a Josephson junc-
tion composed of a QD coupled with two superconducting
leads (S-QD-S) fabricated by the two-dimensional electron
gas (2DEG) in a semiconductor with RSOC in proximity
to a Bardeen-Cooper-Schriffer (BCS) superconductor and a
ferromagnetic insulator, as shown in the schematic diagram
in Fig. 1(a). The spin-triplet pairing states, described by the
order parameter A7 (k) = ioyAold(K) - o], would be created
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FIG. 1. (a) The schematic diagram of the Josephson junction
made of a quantum dot (QD) and the superconducting leads fab-
ricated by semiconductors with RSOC and the combination of an
s-wave superconductor and a ferromagnetic insulator. The RSOC
breaks the spin-rotation symmetry and creates spin-triplet p-wave
pairing states. The local spin is directly coupled to only the m = 0
electron under the short-range scattering approximation. (b)—(d) The
spin-down electron on the dot level is replaced by the spin-up elec-
tron with m = 0 in the triplet state through the virtual states. An
equal spin pairing (ESP) state forms when the hole is filled by
the spin-down electron tunneling out of the dot. (e) The spin-up
electron on the dot level can be replaced by the spin-down electron
with m = 0 in the ESP state. Correspondingly, the hole is filled by
the spin-up electron hopping out of the dot, as shown in (f). The
Kondo screening of the dot spin can be realized by the coherent
superposition of these spin-flipping cotunneling processes, and the
quasiparticles with m = %1 form a spin-doublet state.

in the 2DEG with the aid of the RSOC and the supercon-
ducting pairing interaction [31,32], and the d-vector d(k) =
(—ky, ky,0) with the time-reversal symmetry [33-35]. The
Zeeman splitting inherited from the ferromagnetic insulator
profoundly changes the superconducting pairing states, and
even generates a spinless p-wave state in the topologically
nontrivial phase [36,37]. Here, the hybrid junction described
in Fig. 1(a) provides a controllable platform to study the
transport dominated by the competition between the Kondo
effect and these unconventional pairing states.

Different from the spin-singlet s-wave pairing states, the
triplet p-wave states are composed of two electrons with or-
bital angular momentum m = 0 and m = %1, respectively.
The spectra of YSR states induced by a magnetic impurity
in s-wave and p-wave pairing states exhibit qualitatively dif-
ferent behaviors [38]. In the present work, RSOC breaks
the spin-rotation symmetry and results in the mixture of
s-wave and p-wave pairing states in the leads. In Figs. 1(b)—
1(f), we show the Kondo screening of the local moment
by p-wave pairing states. Here, we consider the short-range
scattering (s wave), namely, the local spin exchanges with
only the m = 0 electrons. A spin-down electron on the dot
level is replaced by the spin-up electron with m = 0 in the
triplet state (S, = 0) through the double or empty occupied
virtual states, as shown in Figs. 1(b) and 1(c). The spin-down
electron tunnels into the 2DEG and fills the hole in the lead,
and an equal spin pairing (ESP) state with S, = —1 forms in

Fig. 1(d). The spin-up electron on the dot level can be replaced
by the spin-down electron with m = 0 exiting in the ESP state;
then the spin-triplet state with S, = 0 is restored by filling the
hole in the lead [see Figs. 1(e) and 1(f)]. The Kondo screening
of the dot spin can be realized by the coherent superposition
of these tunneling processes. Similarly, the local moment can
also be screened by the triplet states with S, = 0 and S, = 1.
The most remarkable feature is that only the conduction elec-
trons with m = 0 take part in the Kondo screening, while the
quasiparticles with m = %1 form a spin-doublet state [27-29].
In addition, the Kondo screening involves the transitions be-
tween different triplet pairs with the same total orbital angular
momentum. The Zeeman field V, removes the spin degeneracy
of the quasiparticle in spin-triplet states. Thus, the YSR state
exhibits Zeeman-dependent splitting behaviors, and the local
moment is partially screened in this case. The splitting of the
YSR state leads to a 0-7 phase transition or the suppression
of the Josephson current, depending on the ground state of the
system.

The paper is organized as follows. In Sec. II, we present the
model of the Josephson junction fabricated by a QD coupled
to the superconducting leads with the mixture of s- and p-
wave pairing states, and set out the theoretical treatments. In
Sec. III, we discuss the transport dominated by the interplay
between the Kondo effect and the spin-triplet pairing states in
the 2DEG. A brief summary is devoted to Sec. I'V.

II. MODEL AND FORMALISM
The Hamiltonian of the hybrid S-QD-S junction reads

H ="H, + Hgp + Hy, )

a

where H, = H,o + Hys + H,, describes the leads (¢« = L, R)
with the mixture of s-wave and p-wave pairing states. The
2DEG with RSOC in the semiconductor can be described by
the Hamiltonian

HcrO = Z EakC‘;kaCaka + Z )Vak(e_iekc‘;kicakﬁ* + H'C~)7

ko k

2 2)
where g, = ;‘—m — l4 1s the single-particle energy of conduc-
tion electrons and i, is the chemical potential. The operator
clka (ceko ) denotes the creation (annihilation) of an electron
with the momentum k(=k,X + k,§) and the spin o (=1, |).
Mg 1s the strength of the RSOC to orient the spin of the elec-
trons perpendicular to their momentum in the 2D plane, and
Or = atan(k,/ky) is the polar component of k with k = [K|.
The proximity-induced superconducting pairing interaction in
the 2DEG can be described by the Hamiltonian

Ha‘r = - Z(Aaei%clmcl—ki + H'C‘)’ (3)
k

with a phase ¢, of the order parameter A,. With the aids
of RSOC, the spin-singlet s-wave order parameter effectively
generates the spin-triplet p-wave pairing states in the 2DEG
[31,32]. The out-of-plane Zeeman splitting

Hy, = Z Uzvazclkg Cako “)
ko
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inherited from the ferromagnetic insulator significantly in-
fluences the pairing states, and o, = £1 corresponds to
o (=1, }). The Hamiltonian of the QD is

Hop = eaod}ds + Unyny, )

with the dot level ¢4, and the Coulomb repulsion U'. d; (dy)1is
the creation (annihilation) operator of dot electrons and n, =
d!d,. The coupling between the dot and the superconducting
leads is

Hy = (Vacly,do +He), (©6)

ako

where the coupling amplitude V,, is assumed to be independent
of the spin and momentum. The transport through the junction
can be used to discuss the physics dominated by the interac-
tion between the dot spin and the mixed s-wave and p-wave
pairing states in the 2DEG.

To treat the Hamiltonian of the 2DEG (H,,) in the leads, it
is natural to introduce the angular momentum basis,

o [}
I B E imby _.m
Coko = k e Coko? (7)

m=—00

where m is the quantum number of orbital angular momentum,
and the operator cZ’k’G (ci. ) satisfies the canonical anticommu-
tation relationship. In the presence of RSOC, the Hamiltonian
is not diagonal due to the coupling between spin and orbital
degrees of freedom, while the z component of total angu-
lar momentum, j, = m + o0,/2, is still a conserved quantity
[39-42]. Tt is convenient to perform a canonical transforma-
tion to introduce the fermionic operators, such as

Cahkma1/2 = (,Bahkcglk»r + hﬁafhkc;”,gil), (8)

1
V2
with Bope = (1 + Vi / /22> + V2. Y/2 and h = £1 is the
chirality quantum number [41,42]. These fermionic operators
satisfy the anticommutation relationship

[Cankmt1/2> Ehpom 1214 = 8k = K)8yndum- (9)

After some straightforward calculations (see the details in the
Appendix), the Hamiltonian of the 2DEG can be written as

Ay
Ha = Z/dkgahkglhkjéahkj — 7 Z/dk
hj nh

X (B BaniCops iy i1 o + Hee),  (10)

J

m__Eqr—Sign(j)Va:

8712 2/ear (Eank—Ea0)

i(e =4 _m (1 p arg—sign (DVa: ).
pothj( ozhk) 8nﬁ2(2 zm),
0

where Dy, = D, + 2h\/(Da — Eqw + V2 /4eqr)ear  and
8q0 = Eq0 — VO?Z/4SQR — EqR- EqrR = mki/Z denotes the
energy of RSOC. E, is the bottom of the conduction band in
the absence of RSOC.

@(ZE,XR —

with ey = gax + hy/A2k*> + V2, and j = m + o. Here, the
superconducting pairing interaction term includes the inter-
band (h = —/') s-wave pairing and the intraband (h = /')
p-wave pairing components [43—45]. The hybridization be-
tween the dot level and leads can be rewritten as

Hy =" / dkVo (W2 Buin iy jd; + Hee), (1)
ahj

with V,, = \/k/87V,, and the sign function sign(j) = %1 for
Jj. = £1/2. Here, we consider the short-range scattering, and
the dot spin is coupled only to the conduction electrons with
m = 0. Then, we note the operator d, — d; and rewrite the
dot level g4 — €.

In the present work, we treat the Hamiltonian of the junc-
tion by the equation-of-motion (EOM) approach. In frequency
space, the dot Green’s function (GF) in the Nambu represen-
tation reads

Gj() = GY(@)[1 + Ukyj(w)], (12)
where Gj(0) = ((¥;; ¥)) with ¥ = (d].d_;), and
GY() = [fw — b.diag(e; e_)) — £2@)] ' (13)

is the noninteracting GF. The components of the noninteract-
ing self-energy £9(w) are

~ 1
23?11(22)(60) == Z/dgahkrahj(gahk)nahjl1(22)(607 Eahk)
ah

(14)

and

~ 1
Z5912(21)(60) == Z/dgahkrahj(Eahk)nahjll(ZZ)(wv Eahk)
ah

X Qunj1122) (@, Eank), (15)

where the notations are l'lah i1122)(@, Eanr) = ,ngn( ,)hk[“) F

with

A Eahk¥/( aslgn(i])hk + aslgn(¥/)hk )] 1

Eank — et el Sankj =

Bisigniynk + Basign(yik Basign(— )ik 'and Qunj1122) (@, €ank) =
2 1 1 :

By sien—jm o — o). The coupling strength

can be evaluated as Dpj(6ank) = FoaPanj(Eank) With

Iow = 7|V,y|?/2D,, where D, is the half-band width of
the leads. The density of states can be expressed as

Vaz)8]1,—l; ga() < Eqhk < Eon - V(sz

(16)

Eqo + hVar < ganx < Dan,

otherwise,

The notation Fdj (w) includes some high-order GFs. How-
ever, it is difficult to exactly calculate these GFs by theoretical
treatments [46—49]. In the present work, we treat these high-
order GFs by using the EOM approach [50-60]. Here, we
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pay attention to the competition between the Kondo effect
and the mixed s-wave and p-wave pairing states in the leads.
Thus, we truncate the diagonal components of Fdj(a)) with
the Lacroix approximation scheme [22,50,61]. It is believed
to qualitatively capture the Kondo effect even at zero temper-
ature [51,54-56]. Based on the theoretical treatment as shown
in the Appendix, we obtain the dot GF,

1+ U0;(@) + [1 + UPj(@)]5%,G (@)

Gi(w) = = )
O = e 0 (@)~ UlP@) — Qy(@)]

(17)
where 0j(@) = [n_j) + Aji (@) = Ap(@)]/M;(w),
Pi(o) = [A;1(0) — Ap(@)]£% (0)/M; (), and
Qj(w) = [Bji1(®) + Bja(w)]/M(w) with Mj(w) =
w — 8]' —-U — Ej()(a)) — Ej](a)) — Ejz(a)), and Ej()(a)) =

1 Canj(Eank )5§sign( Jhk .
= on S deank —o—stior - The occupation of the dot level

is (n;) = =1 [ f(@)Im[G(w)11]dw, and f(w) is the Fermi
distribution function. Other notations can be expressed as

1 Conj(Eani) B2 n(j)hk
= = — dSa e ’ 18
jn(@) - %:f e Evant) + 107 (18)

i Fahj(gahk)(aahj(gahk)
A; = — ds, , (19
(@) = — Zh / e (19

i Conj(€ant) Aanj(Eank)
B = — E de, , (20
m(w) ) - / Eahk ® — i + 0+ (20)

with n = 1, 2. In these notations, Oyj(cem) = [ f(@) (@ +

ani) an—j11(@, eani )G j(@)11dw and Agnj(Eank) =
ff(a))(a) + eani) on—j11(@, € )dw. The symbols are
Elankj = €j — €—j + Eanks  E2ankj = —Eank +E6—j + & +U.

Here, we would like point out that the superconducting
correlation on the dot level is significantly suppressed by
the large Coulomb repulsion due to U > A,. Therefore, the
Hartree-Fock approximation (HFA) in the off-diagonal parts
of Fd_,-(a)) is good enough [22,61-63]. We can conveniently
obtain the anomalous GF of the QD,

Udid' ) - £9%, ()

= . Gi). (@l
w+e;— 0 +Ulny) j@n. @D

The superconducting pairing correlation can be evaluated
with (dd" ;) = =1 [ f()Im[G;(w)ldw. The dot GF’s
described by Egs. (17) and (21) can be calculated self-
consistently with the above formulas. The Josephson current
through the QD is

4
5@) = 253 [ dwsin@/ 20w @) @)

hi
xIm{hFy(0)[G_j(@)a1 — W Gj(w)ul}, (22)

with the superconducting phase ¢r = —¢p = ¢/2, and
1

. : _ A .
the notation Fj(w) = 5 —, PRV P with
2_ .2 . .
grik(w) = wf_sij” The Josephson current is mainly
R—hk

determined by the spin-induced YSR state in the mixed
s-wave and p-wave pairing states [31,32,44,45].
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FIG. 2. Electron part of spin-induced Yu-Shiba-Rusinov (YSR)
state in the mixed s-wave (h = /') and p-wave (h = —h') pairing
states in the presence of RSOC with (a) eg = 0.1A and (b) eg =
0.5A shown as the blue dash-dotted line (Total) in the local den-
sity of states (LDOS). The YSR states induced separately in the
s-wave and p-wave pairing components are shown by the black solid
and red dotted lines, respectively. The hole part of the YSR state
is neglected due to the electron-hole symmetry. The Zeeman field
splits the YSR state induced in the spin-triplet states shown by the
red dotted lines in (c) V, = 0.5A and (d) V, = A. The parameters
are the dot level ¢,, = —7.5A, the Coulomb repulsion U = 200A,
the coupling strength I'y = 1.25A, the temperature 7 = 0, and the
chemical potentials . = 0.

III. NUMERICAL RESULTS

RSOC breaks the SU(2) spin-rotation symmetry and cre-
ates the spin-triplet pairing states in the 2DEG with the
proximity-induced pairing interaction [31,32,36,38,43,45].
The spin-induced YSR states are qualitatively different in the
s-wave and p-wave superconductors due to the discrepancies
in the superconducting pairing symmetry [38]. Here, we focus
on the Kondo screening of the dot spin coupled to the leads
with mixed s-wave and effective p-wave pairing states. If it is
not explicitly mentioned, we assume the QD is symmetrically
coupled with the superconducting leads by setting A, = A,
EaR = R, Vaz =V, Toe = Iy, and p, = p for simplification.
All the parameters are measured in units of the energy gap A.

In order to discuss the Kondo effect originating from the
s-wave and p-wave pairing components separately, we con-
sider the self-energies contributed from the interband (h = /')
s-wave pairing and the intraband (h = —/’) p-wave pairing
states, respectively. Then, we obtain the spin-induced YSR
states in the s-wave and p-wave pairing components marked
by the black solid and red dotted lines in Figs. 2(a)-2(d),
respectively. By increasing RSOC &g, the YSR state, denoted
by the solid lines in Figs. 2(a) and 2(b), is significantly sup-
pressed due to the decrease of the s-wave pairing component
in the 2DEG. Oppositely, the increase of p-wave pairing
components results in the enhancement of YSR states, as
shown by the red dotted lines. By taking account of all the
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contributions of the s-wave and p-wave pairing components,
the Kondo screening of the dot spin is enhanced by increasing
the RSOC, as indicated by the level position of the YSR states
(see the blue dash-dotted lines) [18]. Here, we merely plot
the electron part of the YSR state in the local density of
states (LDOS), p$(w) = —+ImZ;G ()11, because the hole
part of the YSR state would be symmetrically posited about
the Fermi level due to particle-hole symmetry [18-20]. In
the presence of Zeeman field V; in the 2DEG, the YSR state
is split, as shown in the blue dash-dotted lines in Figs. 2(c)
and 2(d). The spin degeneracy of the doublet formed by the
excitations in the triplet states, such as (1 |) and (—1 1) [see
Fig. 1(a)], has been removed by the Zeeman energy. There-
fore, the YSR state induced in the spin-triplet states shows
splitting marked by the red dotted lines. The Zeeman splitting
in the leads does not affect the YSR state induced in the
s-wave component. Here, we ignore the effect of the Zee-
man field on the orbital degrees of freedom for simplification
[31,32].

The subgap transport of the junction is determined by the
interplay between the Kondo effect and the superconducting
pairing states at low temperatures. In the absence of the Zee-
man field (V; = 0), RSOC leads to the level-crossing QPT,
which indicates that RSOC plays a role in enhancing the
Kondo screening of the dot spin shown in Fig. 3(a) [18].
This is because RSOC not only enhances the Kondo screen-
ing of a local moment in a normal metal [39,41,42], but
also introduces a new Kondo screening channel of the mag-
netic moment in a superconductor [22]. The RSOC-induced
level-crossing QPT between the magnetic doublet and Kondo
singlet ground states takes place about eg = 0.35A. Corre-
spondingly, the Josephson current J.(¢) displays a 0-r phase
transition marked by the blue dotted line in Fig. 3(b). The 0-7
phase transition of the Josephson current is a good candidate
to detect the ground states QPT of the QD coupled with
superconducting leads [14,15,17].

Taking account of the Zeeman field inherent from the fer-
romagnetic insulator, the YSR state is split by the increase
of V. as shown in Figs. 3(c) and 3(e). The Zeeman splitting
removes the spin degeneracy of the doublet formed by the
excitations in triplet states. Note that the YSR cannot be split
by the Zeeman energy in the absence of RSOC because the
Zeeman field does not break the spin-rotation symmetry of
the 2DEG. In Fig. 3(d), the Josephson current through the
junction shows the 0-7 phase transition at V, = 2.35A. Ac-
cordingly, the QPT between the Kondo singlet and magnetic
doublet states is accompanied by one branch of the split YSR
states crossing the Fermi level marked by the dash-dotted
line in Fig. 3(c) [17]. In Fig. 3(e), the ground state is a
magnetic doublet even in the absence of Zeeman energy. The
Josephson current is always in the 7 phase and suppressed by
the Zeeman-induced splitting of the YSR state, as shown in
Fig. 3(f).

As we have mentioned above, the YSR state and the
Josephson current directly reflect the interplay of the local
moment and p-wave pairing states under the Zeeman field V.
In Fig. 4(a), we show the splitting of the YSR state depending
on the lead-dot coupling. The Kondo screening is enhanced
by increasing the coupling strength I'y, and the YSR state
is tuned getting close to the Fermi level. Meanwhile, the

050 00 05 15 20

1.0
o/

FIG. 3. (a) The level-crossing QPT driven by RSOC leads to
a 0-m phase transition in the Josephson current (b). (c), (e) The
splitting of the YSR state by increasing the Zeeman splitting V..
(d) The Josephson current displays a 0-7 phase transition behavior
if the ground state is a Kondo singlet with e = 0.5A. (f) The
Josephson current is suppressed by increasing the Zeeman energy
whenever the ground state is a magnetic doublet with g = 0.25A.
Other parameters used are the same as that in Fig. 2.

splitting of the YSR state is enlarged due to the increase of
coupling between the dot spin and spin-triplet pairing states.
In Fig. 4(b), we show the spin dependence of the YSR states,
which directly reflects the breaking of spin degeneracy of
the doublet state formed by excitations. The splitting of the
YSR state can be eliminated by aligning the orientation of the
ferromagnetic insulator of the leads oppositely (V., = —Vg,),
as shown in Fig. 4(c). In addition, the Kondo screening of
a local moment can be observed from the magnetic suscep-
tibility, y4(T) = #2801, o as shown in Fig. 4(d), and
we take g = up = 1. The temperature dependence of x;(T')
indicates that the Kondo effect exists even in the presence of
a large Zeeman filed. However, a complete Kondo screened
singlet state cannot be realized in triplet states with the break-
ing of time-reversal symmetry. This result agrees with that
obtained by the numerical renormalization-group calculations
[24,25,29]. Intuitively, the microscopic processes underlying
the Kondo effect in triplet states, as shown in Figs. 1(b)-1(f),
suggest that the complete screening of the local moment can-
not be realized due to the spin polarization in the doublet state
formed in triplet states.
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FIG. 4. (a) The splitting of the YSR state in a QD symmetrically
coupled with the superconducting leads with RSOC ez = 0.5A and
the Zeeman energy V, = 4A. (b) The spin-dependent splitting of the
YSR state in (a) with 'y = 1.25A. (c) Elimination of the splitting
of the YSR state by orienting the magnetization of the ferromagnetic
insulators oppositely with V,, = —Vg,, where the minus (—) indicates
the opposite magnetization directions. (d) The Zeeman-dependent
magnetic susceptibility varying with the temperature 7 with e = A.
Other parameters used are the same as that in Fig. 2.

IV. CONCLUSION AND DISCUSSION

In this work, we studied the Kondo screening of a dot
spin coupled to the superconducting leads with spin-triplet
p-wave pairing states. Taking account of short-range scatter-
ing, only the conduction electrons with m = 0 contribute to
the Kondo effect, and the excitations with m = +1 form a
spin-doublet state in the energy gap. In addition, the Kondo
screening involves the orbital angular momentum conserved
transitions between the p-wave pairing states. The Zeeman
field inherent from the ferromagnet removes the spin degen-
eracy of quasiparticle excitations. As a result, the YSR state
exhibits Zeeman-dependent splitting behaviors. The splitting
of the YSR state leads to a 0-7 phase transition or the sup-
pression of the Josephson current, depending on the ground
states of the system. The temperature-dependent behaviors of
magnetic susceptibility indicate that the local moment should
be partially screened due to the spin polarization in the ex-
citations in the triplet states. In Ref. [22], the QPT between
the magnetic doublet and the Kondo singlet ground states is
matched by a phenomenological model that gives rise to the
Rashba-induced quantum state transition (QST) of conduc-
tion electrons. Actually, the QSTs are closely related to the
creation of spin-triplet states. The present system allows us
to directly investigate the effect of spin-triplet states on the
Kondo screening. The spin-triplet states manifest themselves
in the splitting of the YSR states under the Zeeman field
caused by ferromagnets.

In the last decade, similar devices have been theoretically
proposed to study the interplay between the Kondo effect
and Majorana zero mode (MZM) [29,64—72]. In these cases,

the Kondo resonance shows splitting [64—66], and the Kondo
fixed point cannot be reached due to the presence of MZM
[67,72]. The MZM is a coherent superposition of electrons
and holes from the same spin band [73-76]. Thus, the split-
ting of Kondo resonance [64—66] directly reflects the Ising
property of the Majorana end state [77-79]. For our purpose,
we focus on the bulk states of the setup and thus neglect
the MZMs. Therefore, the behaviors of the YSR states are
determined by the competition between the Kondo effect and
the p-wave pairing states in the 2DEG.
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APPENDIX

In this Appendix, we outline the procedures to obtain the
simplified Hamiltonian [see Eq. (10)] of the two-dimensional
electron gas (2DEG) in the leads. Then, we present the main
steps to obtain the dot Green’s function (GF) of the hybrid
superconductor-QD junction with mixed s-wave and p-wave
superconducting pairing states.

To treat the Hamiltonian of the 2DEG H,, in Eq. (1), it is
convenient to introduce the angular momentum basis of the
conduction electrons,

2 &
_ imb, .m
Coko = 7 E e Coko+

m=—00

(AD)

The operators satisfy the canonical anticommutation relation,
(ko> o] = 8k = k)86 By - (A2)

By transferring the summation of the in-plane vector k into
the integration of k, such as Zk = # f kdkd6,, we obtain

Hy = Z /. dk(ear + GZSJZ)ch/jacglka
+) / dkrak(cop T ey + Hee.)

Ay Y [ dk(chifye," +He.).

In order to diagonalize the Rashba term, one can take a canon-
ical transformation of the fermionic operators in Eq. (A3),

(A3)

m+1)’

1
Cahkm+1/2 = E(,BahkcglkT + hﬂa—hkcak¢ (A4)

with Bome = (1 + "V, //A2k* + €2,)"/2, and h = £1 is the
chirality quantum number. These fermionic operators satisfy
the canonical anticommutation relationship,

[Cothkm-‘rl/Za CZ(]1’k’m’+]/2]+ =8k — k’)ah/ham’,m~ (A5)
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Then, we obtain

Dt - Z/dksthkcahkm+1/2cahkm+l/2 - 5 Z/dk(ﬁa hk:Bah khcahkm I/ZCah’ k—m+1/2 + H.c. ) (A6)
hh'm

with egp = €ax + hy/A2k* + €2_. In the presence of RSOC, the spin and orbital angular momentum are not conserved, while the
total angular momentum j = m + o is a conserved quantity. The Hamiltonian of the hybrid coupling between the QD and leads
can be rewritten as

Hy = Z / dea (h_j+1/2lgasign(j)hkczlhkjdj + H.c.), (A7)

ahj

with V,, = /k/87V,. Here, we denote d; dy) — d}' (d;) as the creation (annihilation) of an electron on the dot level, and the z
component of the total angular moment is j, = £1/2. Thus, the Hamiltonian of the junction can be read,

H = Z/dkeahkcahkjcahkj +Zé‘jd d +Ul’l¢l’l¢ - Z /dk (Ba— hkﬁ"‘hkhcthkj ah'—k—j + H.c.)

ahj ahh'j
+) / ARV (™7 Bogign kg iy + Hoc.). (A8)
ahj

The RSOC leads to an indirect exchange coupling between the dot spin and the conduction electrons with different spin and
orbital states [41,42]. Here, we just consider the short-range scattering, and the dot spin is coupled only to the conduction
electrons with m = 0 [24,25,27,29].

In the present work, we treat the Hamiltonian described by Eq. (A8) based on the EOM approach [50,51,56]. The start point
is the EOM of the retarded GF,

w{(A;B)) = ([A, Bly) + (([A. H]-: B)), (A9)

composed of the operators A and B, where the subscript + stands for the anticommutation (commutation) relationship [80].
Here, the EOMs of the retarded GFs composed of the creation and annihilation operators of the localized and itinerant electrons
read

w{(dj; B)) = (ldj; Bl+) + &;({dj; B)) + U{(d;n_j; B)) + Zfde h=*12 By ian(jik{ (Cantj> B)) (A10)

ah

and
o((d];B)) = ([d];Bly) — &;((d]; B)) = U({dn_j; B)) = ) _ / ARV By gn o {(CLi 13 B)) (A1)
w{{cankjs B)) = ([Cahkj;B]+> + ank{{Cantji BY) + T2V, Buign(ime ((d; B))
-3 1/2— Z Bk Bank (L i1 23 B)) + a,-._m% D W BawkBank (¢l BY), (A1)
m

w((Clhkj;Bn = ([Cothkj;B]"") - 8ahk<<cahkj; >) - h7j+1/2‘70t,3asign(j)hk((d;;B))

+5; ﬁZhﬂ Bawi({Can—k-12: B)) — 8; ﬁZh’ﬁ Bank((Carr—r12:B)).  (A13)
J,1/22 . o—hk Pa' k \A\Cal/—k—1/25 1,71/22 . o—h'k Pahk \\Cah’—k1/25 .

By some straightforward calculations and choosing the operator B = d}r or d_;, we obtain the dot GFs expressed in the Nambu
representation,

(w—af—i?ll(w ,lz(w) ) ((djd]))  ((dj;d) =<1 o>+U <<d~n_j;dj>> ({din_j;d_}))
2@ o+e =S @)/\d sal)) (@l d) 0 1 —((dnjdD)y = nd ) )
(A14)

where the noninteracting self-energy terms are

A dankUanj Eant)Basan(s ik
E?”(zz)(w) Z/ sign(£) _ , (A15)

A2 ﬂozzsivn(ij)lxk Busion(e ik
he ¢ O F Eqpk — Tsah:tjk( oteg T wﬂ%H)

125144-7



LI SUN, SU, WANG, XU, LUO, AND CHEN PHYSICAL REVIEW B 103, 125144 (2021)

and the off-diagonal elements are

) (Al6)

i 1 2 2
&0 Slgn(J YAy deankUanj(Eant )(w:tsdh_k - wiga_,,_k)ﬂasign(_/)hk/gasign(—_j)hk
Ej12(21)(w) = Z

A2 Biance ik Bian ik
ha O F Eank — F-Eankj ( s wi;afhik)

with the notation &up; = ﬂésign(,_,-)hk + Basign(jynk Basign(— jyne- The coupling strength Lo j(€ank) = Toa Panj(€anc) With Toq =

70|Va|? /2Dq, where Dy is the half-band width of the leads. The density of states pu;(Samk) = 775-—ar Basian iy €0 be explicitly

written as
R —S180()Vaz .oz
Sj:nﬁz %«%@(28(1R - Vaz)(sh,—ly Eo0 < Eqkh < EotO - Vaz’
. — 1 Ear—SigN( Ve \.
IOO(h_](SOl/’lk) - #(5 — hwﬁﬁ), EaO + hVaZ < Eakh < DO[/’[’ (A17)
0 otherwise,

where Dy, = D, + Zh\/ (Dy — Epy + %)ew, Eqo is the bottom of the conduction band without spin-orbit coupling, e,z =

mki /2 is the energy of the RSOC, and the notation &, = Eyo — €ar — V ~/4&qr.
Furthermore, we rewrite the dot GF [see Eq. (A14)] in a concise form

Gi(w) = GY(w) + ¥ (w), (A18)
where
[G)@)] " =l — o.diag(e;, &) = £9(w) (A19)

is the noninteracting GF, ﬁ)?(a)) is the noninteracting self-energy explicitly expressed in Egs. (A15) and (A16), and f]f’ (w) =
U G?(w)ﬁdj(a)) is the interacting self-energy with

(djn_jd]))  ((djn_j;d_) ) (A20)

F‘ =
(@) (<<alT d) —{d )

In general, it is difficult to treat the interacting self-energy ZJU(a)) exactly by the theoretical and numerical approaches in
all parameter regions [46—49]. The off-diagonal element of Fdj(a)) stands for the superconducting correlations on the dot
level, which can be approximately given by the Hartree-Fock approximation (HFA), such as ((d .y jid; }) = (n )((di ],d T)) -
(d]d" ;)((d;;d])). Then, we obtain

320 (@) +Udid" )
fadly = —— 2L T2 agdy). (A21)
w+e_;j+Un;) — j“(w)

Here, we should point out that the superconducting correlation at the QD is significantly suppressed by Coulomb repulsion due
to U > A,. Thus, the HFA in the off-diagonal parts of Fdj (w) is good enough [22,63]. However, it is well known that the HFA
cannot capture the Kondo physics, and one needs to consider the high-order GFs in the diagonal parts of Fdj (w). In the present
work, we truncate the hierarchy of GFs by the Lacroix scheme [50]. It qualitatively captures the Kondo effect even at zero
temperature [60] and particle-hole symmetry [S5]. Although the EOM approach tends to underestimate the Kondo temperature,
it can properly capture the competition between the Kondo effect and superconductivity [17,22].

In the following, we show the main steps to obtain the diagonal elements of the dot GF in the frame of Lacroix’s
approximation. From Eq. (A9), the EOM of the high-order GF [Fy ()] is

(0—¢, —U)<<d,n,,-;d}>>

=(n_j)+ Y Wt / dk Busign(—jyk Vo L ((d jeami—jdj3d])) — (¢l sd—jdsd])) + ({camjn—j;d]))]. (A22)
ha

The EOM of the high-order GFs involved in Eq. (A22) can be read as
(@ = o) ((Cantjn—j3 d}))

= Do D BumtiBunr—il8j1ph (¢ jid])) = 811 (e s d] ]+ W72V Basigniyne((djn— 3 d])
h/

+ ) ne / Ak Vi Bursign(— ke [ (Camtjd” a3 d ) = (b idjeantjs d)))], (A23)
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(@ — eane + - — £){(d jcam—jdj3d]))

= Z / dk/va’[h/_j+]/2,3a’sign(j)h’k’((dijcahkfjca’h’k’j;d;)) - h/j+1/2,3a’sign(fj)h’k’<<C;/hfk/,jcahk7jdj;d}))]
W

] jcank— ) + Da Y BaniBar—il8_j1phl(dl el disd])) = 8j00h ((d ey, idiid))]
-

+ W2V, Busignc— e (i ;3 d ), (A24)
and

(@ + &qnk —€—j — & — U)<(clhk7jd*jdj;d;)>

=> f A Vo T2 Boign e (€ s iCarmn 13 1)) + hY2 Barsign— ke (b camo— s d]))]
ha

H{Chp =) + Ba Y BamiiBar k18,120 (Canjd—jd 3 d)) = 81 oh (Cane—yd ;s d))]
h

— V™' Buign(— (). (A25)

Based on these equations, the Lacroix treatment can be reached by taking the approximation, e.g., {{Cqnk jdi Carivk—j d;)) ~
(dT_lea/h’k’—j> ((Cahkj; d;>) + <Ca’h’k’—jcahkj> <<dij, d;r))’ <<Cl’h’k’—jd—jcl¥hkj; dj>> ~ (Cl’h’k’—jd—j) ((Cal?kj; dj)) + (d—jcahkj>
(chpp_ppdD),  and  (dT jcam—jeannis d])) ~AdT jcam— ) ((Camicj3d])) + (Can—jCarmicj)((d ;3d])).  Furthermore,
we can neglect the terms containing the superconducting correlation on the dot due to U > A, such as

<<c;h’7k7jn*j;d})>’ ((dfjclh,fkjdj;d;)), and ((cahr,kjd,jdj;d;)). After some straightforward simplifications, we obtain
the high-order GF,

(n_)) +Aj(@) —Ap@)  Aj@) —Ap@)Eh @) . . [Aj(@) —Ap(@)]E)) (@)

din_j;dl)) = d’d' djd}
L i =8 —U—gp@ It T T a ) ()
Bj1(®) + Bj(w)
-— I ((d;;d])), (A26)
(1)—81‘ —-U — DjT((,())

. — - - - . —~ foﬁoz(sign(j)lxk — V/lzﬁgsign(fj)hk
where the notation E;7(w) = Ejo(w) + Eji(w) + Ej2(w) with Ejo(w) = Zhafdkm, Ejp(@) =, fdkm
(m=1,2), €1amkj = Eaik — —j + €, and &g j = —Eank + €~ + €; + U. Other notations are

. Vi ld" Eamic—j)
A0 (@) = SR [ dkpn == (A27)
ot ® — Epahkj
and
; ; VaVa/ (CZ/ k! — 'Cahk—_'>
Bjy(w) = Z Zh/ﬁl/zhﬁl/z // dk' dkBy sign(— jynk Barsign(— i’ ” h: ! i (A28)
e Wl — ©nahkj
By substituting Eq. (A26) into Eq. (A14), we obtain the dot GF,
. 14+ UO0j(w) + (1 + UP;(0)2%,(@)Gj(w)
((dj3d])) = — hatns bl At (A29)
w—¢g;— X (0) —U[Pj(w) — Qj(w)]
A(w)—A i (w A(.) w (w )
where the notations are O;(w) = %, Pi(w) = (A":il/_i’/zia)jf(’;)‘)( ), and Qj(w) = %, In Aj,(w) and
Bj,(w), the average values (di jéahk, ;) and (El,h,k/_ anhkf ;) are given by the spectral theorem,
1 ~ +
! i) = =t [ @) (Gunsid! o (A30)
and
N . 1 ~ i
(Cl,h,kfijcahkfﬂ = —;Im/f((x))((cahkfj;Ca,h/k/ij»d(l). (A31)
Based on Eq (A12), we can obtain the GFs,
(Cank—j3d’ ) = W PVLBL L omdtdjsd ) Tan i1 (@, Eani) (A32)
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and
~ L=t ~
((C()thk—j9 C(x’h’k’fj» ~

2

. A2
where the notation Iy,—j11(w, gamk) = ,Bas].gn(_j)hk[a) — &ank — 7 Eank—j(

procedures, we gain

i
Ajﬁ(w) = ; Z / degnk
ha

and

i
Bjy(w) = ) Z/d%hk
ha

-2
'Basign(—j)hk Man—ji1 (@, Eani),

(A33)

2 2
ﬂwgn(—,‘)hk + ﬁaxign(j)hk

. Taking some simplification
O+Eah—k O+Eq—p—k )] g p

Conj(Can)Ounj(Eant) (A34)
W — Enahkj

Conj(ean) Danj(Eank) (A35)
W — Enahkj '

where O (o) = [ f(@)(@ + o) Tan—j11(@, )G j(@)11dw and Agpj(eane) = [ f(@)(@ + ) Tan—j11 (@, Egme)dw.

[1] J. Kondo, Prog. Theor. Phys. 32, 37 (1964).

[2] K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975).

[3] A. C. Hewson, The Kondo Problem to Heavy Fermions
(Cambridge University Press, Cambridge, 1993).

[4] D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-
Magder, U. Meirav, and M. A. Kastner, Nature (London) 391,
156 (1998).

[5] S. M. Cronenwett, T. H. Oosterkamp, and L. P. Kouwenhoven,
Science 281, 540 (1998).

[6] M. R. Buitelaar, T. Nussbaumer, and C. Schonenberger,
Phys. Rev. Lett. 89, 256801 (2002).

[7] C. Buizert, A. Oiwa, K. Shibata, K. Hirakawa, and S. Tarucha,
Phys. Rev. Lett. 99, 136806 (2007).

[8] L. Yu, Acta Phys. Sin. 21, 75 (1965) (in Chinese).

[9] H. Shiba, Prog. Theor. Phys. 40, 435 (1968).

[10] A. I. Rusinov, Zh. Eksp. Teor. Fiz. 56, 2047 (1969) [Sov. Phys.
JETP 29, 1101 (1969)].

[11] M. E. Flatté and J. M. Byers, Phys. Rev. Lett. 78, 3761 (1997).

[12] A. A. Clerk and V. Ambegaokar, Phys. Rev. B 61, 9109 (2000).

[13] A. V. Rozhkov and D. P. Arovas, Phys. Rev. B 62, 6687 (2000).

[14] M.-S. Choi, M. Lee, K. Kang, and W. Belzig, Phys. Rev. B 70,
020502(R) (2004).

[15] F. Siano and R. Egger, Phys. Rev. Lett. 93, 047002 (2004);
94, 039902(E) (2005).

[16] C. Karrasch, A. Oguri, and V. Meden, Phys. Rev. B 77, 024517
(2008).

[17] L. Li, B.-B. Zheng, W.-Q. Chen, H. Chen, H.-G. Luo, and F.-C.
Zhang, Phys. Rev. B 89, 245135 (2014).

[18] K. J. Franke, G. Schulze, and J. I. Pascual, Science 332, 940
(2011).

[19] W. Chang, V. E. Manucharyan, T. S. Jespersen, J. Nygard, and
C. M. Marcus, Phys. Rev. Lett. 110, 217005 (2013).

[20] B.-K. Kim, Y.-H. Ahn, J.-J. Kim, M.-S. Choi, M.-H. Bae, K.
Kang, J. S. Lim, R. L6pez, and N. Kim, Phys. Rev. Lett. 110,
076803 (2013).

[21] J. O. Island, R. Gaudenzi, J. de Bruijckere, E. Burzuri, C.
Franco, M. Mas-Torrent, C. Rovira, J. Veciana, T. M. Klapwijk,
R. Aguado, and H. S. J. van der Zant, Phys. Rev. Lett. 118,
117001 (2017).

[22] L. Li, M. X. Gao, Z. H. Wang, H. G. Luo, and W. Q. Chen,
Phys. Rev. B 97, 064519 (2018).

[23] C. L. Seaman, M. B. Maple, B. W. Lee, S. Ghamaty, M. S.
Torikachvili, J.-S. Kang, L. Z. Liu, J. W. Allen, and D. L. Cox,
Phys. Rev. Lett. 67, 2882 (1991).

[24] M. Matsumoto and M. Koga, Phys. Rev. B 65, 024508 (2001).

[25] M. Koga and M. Matsumoto, Phys. Rev. B 65, 094434 (2002).

[26] A. V. Balatsky, I. Vekhter, and J.-X. Zhu, Rev. Mod. Phys. 78,
373 (2006).

[27] M. Koga and M. Matsumoto, J. Nucl. Sci. Technol. 39(3), 202
(2002).

[28] L. Fritz and M. Vojta, Phys. Rev. B 72, 212510 (2005).

[29] R. Wang, W. Su, J.-X. Zhu, C. S. Ting, H. Li, C.-F. Chen, B.-G.
Wang, and X.-Q. Wang, Phys. Rev. Lett. 122, 087001 (2019).

[30] I. J. Hamad, E. T. Lisandrini, C. J. Gazza, and A. M. Lobos,
Phys. Rev. B 100, 235110 (2019).

[31] L. P. Gor’kov and E. I. Rashba, Phys. Rev. Lett. 87, 037004
(2001).

[32] P. A. Frigeri, D. F. Agterberg, A. Koga, and M. Sigrist,
Phys. Rev. Lett. 92, 097001 (2004); 93, 099903(E) (2004).

[33] A.P.Mackenzie and Y. Maeno, Rev. Mod. Phys. 75, 657 (2003).

[34] A. P. Schnyder, S. Ryu, A. Furusaki, and A. W. W. Ludwig,
Phys. Rev. B 78, 195125 (2008).

[35] C. Kallin and J. Berlinsky, Rep. Prog. Phys. 79, 054502
(2016).

[36] J. D. Sau, R. M. Lutchyn, S. Tewari, and S. Das Sarma,
Phys. Rev. Lett. 104, 040502 (2010).

[37] R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Phys. Rev. Lett.
105, 077001 (2010).

[38] Y. Kim, J. Zhang, E. Rossi, and R. M. Lutchyn, Phys. Rev. Lett.
114, 236804 (2015).

[39] M. Zarea, S. E. Ulloa, and N. Sandler, Phys. Rev. Lett. 108,
046601 (2012).

[40] L. Isaev, D. F. Agterberg, and 1. Vekhter, Phys. Rev. B 85,
081107(R) (2012).

[41] R. Zitko and J. Bonca, Phys. Rev. B 84, 193411 (2011).

[42] A. Wong, S. E. Ulloa, N. Sandler, and K. Ingersent, Phys. Rev.
B 93, 075148 (2016).

[43] S. Fujimoto, Phys. Rev. B 77, 220501(R) (2008).

[44] C. Zhang, S. Tewari, R. M. Lutchyn, and S. Das Sarma,
Phys. Rev. Lett. 101, 160401 (2008).

[45] J. Alicea, Phys. Rev. B 81, 125318 (2010); Rep. Prog. Phys. 75,
076501 (2012).

125144-10


https://doi.org/10.1143/PTP.32.37
https://doi.org/10.1103/RevModPhys.47.773
https://doi.org/10.1038/34373
https://doi.org/10.1126/science.281.5376.540
https://doi.org/10.1103/PhysRevLett.89.256801
https://doi.org/10.1103/PhysRevLett.99.136806
https://doi.org/10.1143/PTP.40.435
https://doi.org/10.1103/PhysRevLett.78.3761
https://doi.org/10.1103/PhysRevB.61.9109
https://doi.org/10.1103/PhysRevB.62.6687
https://doi.org/10.1103/PhysRevB.70.020502
https://doi.org/10.1103/PhysRevLett.93.047002
https://doi.org/10.1103/PhysRevLett.94.039902
https://doi.org/10.1103/PhysRevB.77.024517
https://doi.org/10.1103/PhysRevB.89.245135
https://doi.org/10.1126/science.1202204
https://doi.org/10.1103/PhysRevLett.110.217005
https://doi.org/10.1103/PhysRevLett.110.076803
https://doi.org/10.1103/PhysRevLett.118.117001
https://doi.org/10.1103/PhysRevB.97.064519
https://doi.org/10.1103/PhysRevLett.67.2882
https://doi.org/10.1103/PhysRevB.65.024508
https://doi.org/10.1103/PhysRevB.65.094434
https://doi.org/10.1103/RevModPhys.78.373
https://doi.org/10.1080/00223131.2002.10875444
https://doi.org/10.1103/PhysRevB.72.212510
https://doi.org/10.1103/PhysRevLett.122.087001
https://doi.org/10.1103/PhysRevB.100.235110
https://doi.org/10.1103/PhysRevLett.87.037004
https://doi.org/10.1103/PhysRevLett.92.097001
https://doi.org/10.1103/PhysRevLett.93.099903
https://doi.org/10.1103/RevModPhys.75.657
https://doi.org/10.1103/PhysRevB.78.195125
https://doi.org/10.1088/0034-4885/79/5/054502
https://doi.org/10.1103/PhysRevLett.104.040502
https://doi.org/10.1103/PhysRevLett.105.077001
https://doi.org/10.1103/PhysRevLett.114.236804
https://doi.org/10.1103/PhysRevLett.108.046601
https://doi.org/10.1103/PhysRevB.85.081107
https://doi.org/10.1103/PhysRevB.84.193411
https://doi.org/10.1103/PhysRevB.93.075148
https://doi.org/10.1103/PhysRevB.77.220501
https://doi.org/10.1103/PhysRevLett.101.160401
https://doi.org/10.1103/PhysRevB.81.125318
https://doi.org/10.1088/0034-4885/75/7/076501

KONDO EFFECT IN A HYBRID ...

PHYSICAL REVIEW B 103, 125144 (2021)

[46] R. Bulla, T. A. Costi, and T. Pruschke, Rev. Mod. Phys. 80, 395
(2008).

[47] F. M. Hu, T.-X. Ma, H.-Q. Lin, and J. E. Gubernatis, Phys. Rev.
B 84, 075414 (2011).

[48] P. Coleman, Phys. Rev. B 29, 3035 (1984); 35, 5072 (1987).

[49] N. E. Bickers, Rev. Mod. Phys. 59, 845 (1987).

[50] C. Lacroix, J. Phys. F 11, 2389 (1981).

[51] H.-G. Luo, Z.-J. Ying, and S.-J. Wang, Phys. Rev. B §9, 9710
(1999).

[52] M. Krawiec and K. I. Wysokinski, Supercond. Sci. Technol. 17,
103 (2004).

[53] T. Domanski, A. Donabidowicz, and K. I. Wysokinski,
Phys. Rev. B 78, 144515 (2008).

[54] Y. Qi, J.-X. Zhu, S. Zhang, and C. S. Ting, Phys. Rev. B 78,
045305 (2008).

[55] Y. Qi, J. X. Zhu, and C. S. Ting, Phys. Rev. B 79, 205110
(2009).

[56] T.-F. Fang, W. Zuo, and H.-G. Luo, Phys. Rev. Lett. 101,
246805 (2008); 104, 169902(E) (2010).

[57] Q. Feng, Y.-Z. Zhang, and H. O. Jeschke, Phys. Rev. B 79,
235112 (2009).

[58] J. Baranski and T. Domariski, Phys. Rev. B 84, 195424 (2011).

[59] D. Krychowski, J. Kaczkowski, and S. Lipinski, Phys. Rev. B
89, 035424 (2014).

[60] V. Kashcheyevs, A. Aharony, and O. Entin-Wohlman,
Phys. Rev. B 73, 125338 (2006).

[61] L. Li, Z. Cao, T. F. Fang, H. G. Luo, and W. Q. Chen, Phys. Rev.
B 94, 165144 (2016).

[62] J. C. Cuevas, A. Levy Yeyati, and A. Martin-Rodero, Phys. Rev.
B 63, 094515 (2001).

[63] E. Vecino, A. Martin-Rodero, and A. Levy Yeyati, Phys. Rev. B
68, 035105 (2003).

[64] A. Golub, I. Kuzmenko, and Y. Avishai, Phys. Rev. Lett. 107,
176802 (2011).

[65] M. Lee, J.-S. Lim, and R. Lépez, Phys. Rev. B 87, 241402(R)
(2013).

[66] S. Glodzik, A. Kobialka, A. Gorczyca-Goraj, A. Ptok, G.
Gorski, M. M. Maska, and T. Domanski, Beilst. J. Nanotechnol.
9, 1370 (2018).

[67] R. Chirla, I. V. Dinu, V. Moldoveanu, and C. P. Moca,
Phys. Rev. B 90, 195108 (2014).

[68] D. E. Liu, M. Cheng, and R. M. Lutchyn, Phys. Rev. B 91,
081405(R) (2015).

[69] D. A. Ruiz-Tijerina, E. Vernek, L. G. G. V. Dias da Silva, and
J. C. Egues, Phys. Rev. B 91, 115435 (2015).

[70] I. J. van Beek and B. Braunecker, Phys. Rev. B 94, 115416
(2016).

[71] I. Weymann and K. P. Wojcik, Phys. Rev. B 95, 155427
(2017).

[72] M. Cheng, M. Becker, B. Bauer, and R. M. Lutchyn, Phys. Rev.
X.4,031051 (2014).

[73]1 J.J. He, T. K. Ng, P. A. Lee, and K. T. Law, Phys. Rev. Lett.
112, 037001 (2014).

[74] A. Haim, E. Berg, F. von Oppen, and Y. Oreg, Phys. Rev. Lett.
114, 166406 (2015).

[75] J.-P. Xu, M.-X. Wang, Z. L. Liu, J.-F. Ge, X. Yang, C. Liu, Z. A.
Xu, D. Guan, C. L. Gao, D. Qian, Y. Liu, Q.-H. Wang, F.-C.
Zhang, Q.-K. Xue, and J.-F. Jia, Phys. Rev. Lett. 114, 017001
(2015).

[76] T. Kawakami and X. Hu, Phys. Rev. Lett. 115, 177001 (2015).

[77] D. Sticlet, C. Bena, and P. Simon, Phys. Rev. Lett. 108, 096802
(2012).

[78] M. Leijnse and K. Flensberg, Phys. Rev. Lett. 107, 210502
(2011).

[79] R. Shindou, A. Furusaki, and N. Nagaosa, Phys. Rev. B 82,
180505(R) (2010).

[80] D. N. Zubarev, Usp. Fiz. Nauk 71, 71 (1960) [Sov. Phys. Usp.
3,320 (1960)].

125144-11


https://doi.org/10.1103/RevModPhys.80.395
https://doi.org/10.1103/PhysRevB.84.075414
https://doi.org/10.1103/PhysRevB.29.3035
https://doi.org/10.1103/PhysRevB.35.5072
https://doi.org/10.1103/RevModPhys.59.845
https://doi.org/10.1088/0305-4608/11/11/020
https://doi.org/10.1103/PhysRevB.59.9710
https://doi.org/10.1088/0953-2048/17/1/018
https://doi.org/10.1103/PhysRevB.78.144515
https://doi.org/10.1103/PhysRevB.78.045305
https://doi.org/10.1103/PhysRevB.79.205110
https://doi.org/10.1103/PhysRevLett.101.246805
https://doi.org/10.1103/PhysRevLett.104.169902
https://doi.org/10.1103/PhysRevB.79.235112
https://doi.org/10.1103/PhysRevB.84.195424
https://doi.org/10.1103/PhysRevB.89.035424
https://doi.org/10.1103/PhysRevB.73.125338
https://doi.org/10.1103/PhysRevB.94.165144
https://doi.org/10.1103/PhysRevB.63.094515
https://doi.org/10.1103/PhysRevB.68.035105
https://doi.org/10.1103/PhysRevLett.107.176802
https://doi.org/10.1103/PhysRevB.87.241402
https://doi.org/10.3762/bjnano.9.129
https://doi.org/10.1103/PhysRevB.90.195108
https://doi.org/10.1103/PhysRevB.91.081405
https://doi.org/10.1103/PhysRevB.91.115435
https://doi.org/10.1103/PhysRevB.94.115416
https://doi.org/10.1103/PhysRevB.95.155427
https://doi.org/10.1103/PhysRevX.4.031051
https://doi.org/10.1103/PhysRevLett.112.037001
https://doi.org/10.1103/PhysRevLett.114.166406
https://doi.org/10.1103/PhysRevLett.114.017001
https://doi.org/10.1103/PhysRevLett.115.177001
https://doi.org/10.1103/PhysRevLett.108.096802
https://doi.org/10.1103/PhysRevLett.107.210502
https://doi.org/10.1103/PhysRevB.82.180505
https://doi.org/10.3367/UFNr.0071.196005c.0071
https://doi.org/10.1070/PU1960v003n03ABEH003275

