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We study the Kondo screening of a spin-1/2 magnetic impurity coupled to a superconductor, which is fabricated by
combination of an s-wave superconductor, a ferromagnet and a semiconductor with Rashba spin—orbit coupling (RSOC).
The proximity induced superconducting states include the s-wave and p-wave pairing components with the aids of RSOC,
and the ferromagnet induces a Zeeman field which removes the spin degeneracy of the quasiparticles in the triplet states.
Thus, the Kondo screening of magnetic impurity involves the orbital degrees of freedom, and is also affected by the Zeeman
field. Using the variational method, we calculate the binding energy and the spin—spin correlation between the magnetic
impurity and the electrons in the coexisting s-wave and p-wave pairing states. We find that Kondo singlet forms more easily
with stronger RSOC, but Zeeman field in general decreases the binding energy. The spin—spin correlation decays fast in
the vicinity of the magnetic impurity. Due to the RSOC, the spatial spin—spin correlation becomes highly anisotropic, and
the Zeeman field can induce extra asymmetry to the off-diagonal components of the spin—spin correlation. Our study can
offer some insights into the studies of extrinsic topological superconductors fabricated from the hybrid structures containing

chains of magnetic impurities.

Keywords: Kondo effect, Rashba spin—orbit couplings, p-wave superconductors, Anderson model
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1. Introduction

The Kondo effect arises when local magnetic impu-
rity spins couple antiferromagnetically with conduction elec-
tron spins. As a prototypical strong correlation problem,
Kondo effect in normal metals has been widely studied and
well understood.!?! Tf the temperature is above the so-called
Kondo temperature Tk, the magnetic impurities can be treated
perturbatively. However, at temperatures well below Tk, per-
turbation theory fails, and it has been confirmed, using the
numerical renormalization group study, that the magnetic im-
purity spins are entirely screened by the conduction electron
spins. B

When the magnetic impurity couples to an s-wave super-
conductor, the low-energy transport is dominated by the spin-
induced Yu—Shiba—Rusinov (YSR) state,*°! which is deter-
mined by the competition between the Kondo effect and the
superconductivity. The ground state will be a Kondo singlet if
Tk > A, otherwise the ground state will be a magnetic doublet
if Tx < A, where A is the superconducting gap. The inter-
est in magnetic doping in superconductors persists because
it can provide information to understanding the properties of
superconducting states. The properties of YSR states is one
of the major methods to characterize the pairing symmetry of
the superconducting states, and has been widely studied in the

7-10]

high-temperature cuprate superconductors,| iron-based

superconductors,[!'=131 chiral p-wave superconductors, [!413]

16,17 18]

topological superconductors, [ nematic superconductors, !

Corresponding author. E-mail: sunjinhua@nbu.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac7213

etc. More recently, the pairing symmetry dependent YSR
states are studied in the superconducting phase of twisted
bilayer graphene.!!”]

Besides the YSR states, the formation of the Kondo
screening cloud, which is characterized by the spin—spin cor-
relation function between the magnetic impurity and the con-
In a D-
dimensional normal metal, the spin—spin correlation function

follows a power law decay 1/r° if r < &, but 1/rP+1 if
20-22]

duction electrons, is also a fascinating problem.

r > &k, with & being the Kondo coherence length.!
Numerical renormalization group study shows that in an s-
wave superconductor, the Kondo screening cloud is formed
in both the screened and unscreened phases, and decays with
respect to 1/r in the vicinity of the magnetic impurity, and
the decay rate in larger distances depends on the magnitude
of the superconducting gap.'?*! Note that the signatures of the
Kondo screening cloud extending over a length of microme-
ters has been confirmed recently via Fabry—Pérot oscillations
in conductance. >4

In unconventional superconductors, the magnetic impu-
rity behavior is more complicated. Numerical renormaliza-
tion group study shows that despite sharing the p + ip pairing
symmetry, intrinsic and extrinsic topological superconductors
host different physical processes that produce distinct Kondo
signatures.!?>! The magnetic doping in the intrinsic p-wave
pairing states corresponds to a strong spin doublet ground state
with partially screened magnetic impurity spin. In the extrin-
sic p-wave pairing states, the Kondo screening involves both

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the electron and orbital degrees of freedom to produce rich
and prominent Kondo phenomena. In the presence of Rashba
spin—orbit coupling (RSOC), the YSR state exhibits Zeeman-
dependent splitting behaviors. (0]

The purpose of this paper is to investigate the properties
of the binding energy and the spatial Kondo screening cloud
in a superconductor with coexisting s-wave and p-wave pair-
ing states. The variational method we apply has been used
to study the ground state of the Kondo problem in normal

27.28] antiferromagnet,[zg] 2D helical metals,?" vari-

[31-35

metals, !
ous 3D topological semimetals. 1Tt has also been applied
to study the magnetic impurity effects in the s-wave and d-
wave superconductors.3*31 Due to the combined effects of
the RSOC and the Zeeman field, the Kondo screening cloud is
expected to show very interesting features, such as the spatial
anisotropy and the emergence of the off-diagonal components
of the spin—spin correlation function.

The paper is organized as follows. We introduce the An-
derson model Hamiltonian in Section 2. In Section 3, we apply
the variational method to study the binding energy. In Sec-
tion 4, we investigate the spin—spin correlation between the
magnetic impurity and the conduction electrons in the super-
conductor with coexisting s-wave and p-wave pairing states.
Finally, the discussions and conclusions are given in Section 5.

2. Anderson model Hamiltonian

The mixed s-wave and p-wave pairing states can be gen-
erated in a heterostructure fabricated by a combination of
an s-wave superconductor and the two-dimensional electron
gas (2DEG) with RSOC.[***2 The Zeeman field induced
by the ferromagnetic insulator can significantly alter the su-
perconducting states, and even lead to a topological phase
transition, [43:44]

We use the well-known Anderson impurity model to
study the Kondo screening of a spin-1/2 magnetic impurity
coupled to the mixed s-wave and p-wave pairing states. The
Anderson model Hamiltonian reads

H = Hy+ Hy+ Hy. (D

Hy = Hgrsoc + Hs + H; describes the host material with coex-
isting spin singlet and triplet pairing states, Hy is the magnetic
impurity Hamiltonian, and Hy is the hybridization between the
magnetic impurity and the conduction electrons of the super-
conducting host. Hrsoc describes the 2DEG with the RSOC,

Hgrsoc = ZSkCLGCk,O'+Z/’Lk(eiiekczicky+H.C.), 2)
ko k

2 . — .
where &, = f—m — p is the kinetic energy term and u is the

chemical potential; cxq (cjw) are the annihilation (creation)
operators for electrons with spin ¢ =T,] and the momen-

tum k = (ky,ky); A describes the strength of the RSOC; and

6 = arctan(ky/ky) is the polar component of k with k = |k|.
H; denotes the Hamiltonian of proximity-induced supercon-
ducting pairing interaction

H, = f§(AcLTCikL +H.c.), (3)

with A being the proximity-induced gap. The out-of-plane

Zeeman splitting is given by
H, = Zczvzc;;ccko. @)

ko
o; is the z-component of the spin Pauli matrix. The p-wave
pairings can be induced in the 2DEG with the aids of RSOC
and s-wave pairing states.[***?! In fact, the Zeeman field shall
couple both to the spins of the bulk electrons and to the d-
electrons, depending on the g factors which need not be equal
for the two cases. It is well-known that the spin degeneracy of
the impurity energy level shall be lifted by the Zeeman field,
leading to a Kondo peak splitting. However, to eliminate the
additional complexity caused by the Zeeman splitting of the
impurity energy level and mainly concentrate on the interplay
between the Kondo effect and the mixed s- and p-wave pairing
states, we assume that the g factor for the magnetic impurity is

2645461 and seems

zero. This case has been discussed before!
to be achievable in quantum dots.*”! The Hamiltonian of the

magnetic impurity is

Hy = Y eadids +Uniny, (5)
o

where €4 is impurity level and U is Coulomb repulsion, dg is
the annihilation operator of magnetic impurity electrons, and
ng = d;do—. The hybridization between the magnetic impurity
and the superconductor is
Hy = Y (Vejods +H.e.), (6)
ko
where V is the hybridization strength. For simplicity, we set
the position of the impurity as the origin » = 0, so that the
hybridization V is in fact independent of spin and momentum.
To deal with the RSOC term and the superconducting
pairings, we switch to a continuum representation

o

2 -
ko =\ T X el 7

m—=—oo

where m is the orbital magnetic quantum number. The oper-

Z’; (cjt;) obeys the canonical anticommutation relation

{ck’"g,cg/T } = 8(k— k)8, 056'- Ho can be diagonalized by

o-l
performing the canonical transformation

ator ¢

1 I
Chim+1/2 = 75 (Bucity +hB-nee ), ®)

with B = (1+hv,//AZ2+v2)1/2, and h = +1 is the chi-
rality quantum number, [46:48]

Finally, the superconductor with mixed s-wave and p-
wave states reads

— T
Hy = hZ/dkghkchkaréchkar;
m
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A ; :
) Z /dk(ﬁ_hkﬁh/khchkm—l/ZCh’7k7m+l/2

hi'm

+He), ©)

with &y = & + h\/A2k2+v2 and ¥, = 1/4%° [kdkd; in
the derivation. In the presence of RSOC, both the spin and
orbital angular momentum are not good quantum numbers,
while the total angular momentum j = m+ & is a conserved
quantity.[*643-391 Here, the pairing is s-wave pairing when
h = —H, and p-wave pairing when h = i’.1>1-54 Then the hy-
bridization term can be rewritten as

Hy =Y / dk\?(h*-/*1/2ﬁsign(j>hkc,ikjd¢+H.c.), (10)
hj

where V = \/gV, and sign(j) = £1 for j = +1/2. We as-
sume the short range scattering such that only the m = 0 elec-
trons are directly coupled to the magnetic impurity.
Introducing the Nambu representation (k) =
(Clk%>CI_k_%7CT_1_k_%7C71k%)T’ and considering only the
j = £1/2 terms, the Bogoliubov—de Gennes (BdG) Hamilto-
nian Hy can be rewritten as Hy = [ dky" (k)ho(k)w(k), where

Elk 0 —A 0
. 0 —& 0 A
IOE BN R B (11)

0 A 0 E_1k

By diagonalizing % (k), one can easily obtain four eigenvalues

as £1/A2k2 +vZ £ /A2 + 2. We label the excitation ener-
gies in an increasing order as Eyy, Ey3, Fy4, Ey1, such that Hy in
its diagonal basis reads

Hy = / dk(Exy + E3) + / dk(Ex1 Y0 Youko
— Eio¥p Yot — Eia ngl YBr1 + Ek47;3k07’[3k0)' (12)
The corresponding eigenstate operators are given by
(k) = Uy k), (13)

where (k) = {yako,y;kl,ygkl,yﬁkO}T. U is a unitary matrix
formed from the eigenvectors, and the matrix elements are
given in Appendix A.

Then, the hybridization part is given by
2

Hy = /de[(Aly;k0+A27ak1 +A3}’ﬁk1+A47’gko)d1

+ (ASYakO +A6}’2k1 +A7’}’2;k1 +A87ﬁk0) di% -i-H.C.} ,
(14)
with
A1 = Bue®Pi1 + P15k Pa1,
Az = B @13 + B 1k Pa3,

Az = B Pria + B 11 Pa2,
Ay = B Pia+ P14 D4,
As =B 1P — BuPs1, As = B1x P2 — Pru P2,
A7 =B 1k D@3 — Pu P33, As = B1xPos — BrxP3a. (15)

Note that spin is not a good quantum number, so we rewrite
the impurity operators as dy — d1,d), —d_.
2

Nl

3. The self-consistent calculation

To investigate the eigenstate property, we utilize a trial
wavefunction approach. The Coulomb repulsion U is assumed
to be large enough, and &y is below the Fermi energy, so that
the impurity site is always singly occupied by a local moment.
When a magnetic impurity is coupled to an s-wave supercon-
ductor, the ground state will be a Kondo singlet if 7x > A, oth-
erwise the ground state will be a magnetic doublet if Tx < A,
where A is the superconducting gap. The ground state is de-
termined by the competition between Tx and A. However,
quite distinctly, magnetic impurities in an intrinsic p-wave su-
perconductor always form a magnetic doublet ground state.
When the s- and p-wave pairings coexist, the ground state be-
comes very interesting, and a quantum phase transition from
a magnetic doublet to a singlet ground state takes place as
the RSOC increases.[2°! In our calculations, we consider very
large RSOC (1) and hybridization strength (V) in comparison
to the superconducting gap, and assume that the ground state

is a Kondo singlet. The trial wavefunction is given by 3031

IS) = {ao+ Z[aka(dl-ﬂygkl - dil/zygzko)
%

+ag(d] Y =) Yo HG),  (16)

where ag, arq, arg are the variational parameters to be deter-
mined through self-consistent calculations. |G) is the ground
state of the superconductor, and Yui|G) = Y1i|G) = 0 (i =
0,1). In fact, virtual excitations to the doubly occupied inter-
mediate state can affect the spin exchange process in the An-
derson model. Using the Schrieffer—Wolff transformation and
to the lowest order of hybridization V, the Anderson model in
the ng = 1 subspace turns to be equivalent to the s—d exchange
model with the effective couplings containing both the dou-
bly occupied intermediate state and the singly occupied states.
However, in strong repulsion limit, U — oo, the contribution
of the doubly occupied intermediate state becomes negligible.
Hence in the trial wavefuncion, we assume a singlet ground
state with two terms: the first term describes the amplitude
for the filled Fermi sea with an empty impurity site, and the
second term with the summation over k describes the superpo-
sition of states with a singly occupied impurity level.

The energy Eg of the total Hamiltonian in the singlet state
|S) is

Es (8]S) = (S|HIS)

= 7/dk/(Ekll+Ek/4)

1 1
X (a(2)+ Tﬂ/kza%adk—i— R/kzaiﬁ dk)

1 2 2 2
-I—Tn_z/k dk(Eklaka—f—EMakﬁ)

107101-3
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&4
+ ﬁ/kz(a,%a +apg)dk
1 /-
+= / Vao[(As — As)axe
+(A3 —Ag)akﬁ]kdk. (17)

According to the variational principle dEs/day =
JEs/dayq = JEs/daig = 0, we obtain

Eg —/dk(Ek1+Ek4)

1 - 1
+E/V[(A2—AS)aka+(A3—A8)akﬁ];0kdkv (18)

o = — V(A2 — As)mag (19)
’ k[Ex — [ dK'(Eyy + Eys) + €4 — Es|’
V(A3 — Ag)may

B T k[Exa— J K (Epy + Ega) + €1 — Es]

(20)
Then the self-consistent equation is given by
Es — —/dk(Ekl 4 E)
+ % /\“/[(A2 —As)aga + (A3 — Ag)ayglkdk. (21)

We define the binding energy as Ay, = — [ dk(Eg +
Ey4) + €4 — Es, then the self-consistent equation is given by
(A3 —Ag)?

Eiy + Ay

5, A2
v [(Az 4s) dk. (22)

g1 — Ay = — —
d—7b 2 ) | Eq+a4

In all our calculations, Ayg = W /2500 indicates a typical
superconducting gap size, and W is the bandwidth far from the
Fermi surface, such that the energy cutoff has minor impact
on the low-energy physics. The chemical potential is fixed
as 4 =0, and the impurity energy level is slightly below the
Fermi surface that &g — 4 = —Ag/20.

In Fig. 1 we show the self-consistent results of the bind-
ing energy of a superconductor with mixed s-wave and p-wave
pairing states. The results are obtained by numerically solv-
ing Eq. (22). In Fig. 1(a) we show the self-consistent results
of the binding energy A, with respect to hybridization V for
A = Ay for various combinations of parameters A and v,. We
can see that with the increase of A, the binding energy Ay, also
increases, indicating that Kondo singlet is favored for large
RSOC. The Kondo screening of a magnetic impurity in an
otherwise clean 2DEG with RSOC has been studied in pre-
vious works using various methods, and it was shown that in
general, the RSOC has weak influence on the Kondo temper-
ature. The Kondo temperature displays a quasilinear depen-
dence on the square of the RSOC with a slope that is positive
for €4+ U /2 > 0, and negative for g4 + U /2 < 0.146:48:49,55]
There also exists another scenario for an isolated system with
a constant band filling and a Fermi energy that varies with the
RSOC, once the RSOC exceeds a critical value proportional to
bottom of the bands in the absence of the RSOC, the system

enters the helical metal regime and T rises rapidly.!*®! How-
ever, the binding energy Ay, decreases for larger Zeeman field
v,. In general, for all the cases, Ay increases monotonically
with respect to V, indicating that the Kondo singlet states are
more easily formed with larger hybridizations. This behavior
is in general consistent with the results given in the s-wave su-
perconductor. The formation of the ground state is determined
by the competition between the Kondo temperature 7Tk and the
superconducting gap A, and larger Tk corresponds to larger V.
If the hybridization is strong enough, the ground state is al-
ways a Kondo singlet, while weak hybridization corresponds
to the magnetic doublet ground state where the impurity re-
mains partially screened. Figure 1(b) is the self-consistent re-
sults of the binding energy Ay with respect to superconducting
gap A for V. =27.5Ap. As we can see, A, grows monotoni-
cally with A, but decreases if v, becomes larger. Furthermore,
the binding energy Ay, reduces as the superconducting gap A
increases, indicating that the larger the superconducting gap
is, the more difficult it is for the impurity electrons to break

the superconducting pair and form a Kondo singlet.

8.40

— A =504¢,v,=0 ./' /' (a‘) )
—-= X =1004p, v, =0 ; a
= - A=15040,0:=0 ) )
T A=504, v, =254 -
~ _ 7
S seof AT v=504 -
;.
L Ly
<) 17
E ./:/'
~ e
) x4 !
4 a2s0f 4 |
Ky
w N
/7';'/
.{l’
0 z ) .
0 4 8
V/ Ao
4.00 v T T '
()
"\ —— A =504p,v.=0
. —-— A=50.054p,v,=0
: N —--=A=50.2540,v,=0
D?\ \ N — = A=504¢,v. =54
5 .
Ll
g 3.98
>
N

Fig. 1. Self-consistent results of the binding energy Ay, (a) with respect to hy-
bridization V for A = A and (b) with respect to superconducting gap A for
V =27.5A). The results are given for various combinations of parameters
A, vz, A. In all the calculations, Ag = W /2500 indicates a typical super-
conducting gap size, and the bandwidth and chemical potential are fixed at
W = 250040 > Ag and pu = 0.
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4. The spin—spin correlation

In this section, we study the spatial spin—spin correlation
between the magnetic impurity and the conduction electrons
in the mixed s-wave and p-wave superconducting states. The
spin operators of the magnetic impurity and conduction elec-
trons in the superconductor are defined as Sq = %d%ad and
S. = %c*(r)ac(r), respectively. Here, o is the Pauli matrix,
andd = {dT,di}T and ¢(r) = {CT(T),Q(T)}T are the annihi-
lation operators at the impurity site and in the superconductors.

The spatial spin—spin correlation function is given by

Tuv(r) = (Sc(r)S4(0)) (23)

with u,v = x,y,z, and (---) means the ground state average.
When the Kondo effect occurs, the magnetic impurity spin
is completely dissolved by quantum fluctuations below the
Kondo temperature, and this process is accompanied by the
formation of Kondo cloud, which can be characterized by the
spin—spin correlation function. This Kondo screening cloud in
an s-wave superconductor has been studied before,!**! and the
integration of this spin—spin correlation in the D-dimensional
coordinate space can be used to measure the strength of the
Kondo screening. The spatial patterns of the spin—spin cor-
relations are mainly determined by the symmetry of the host
materials, so we start with the symmetry analysis of the su-
perconducting states. Hy, which describes the superconductor
with mixed s- and p-wave pairings, is given in Eqgs. (1)-(4),
and one can easily find that Hy is rotational symmetric about
the z-axis. Considering this rotational symmetry, we have
Juy (1) = T () i 6 = RE()u, v/ = RE()V, v/ = RE (),
where R?(n) is a rotation operator of angle 1 along the z-
axis. Hence the various components of the spin—spin correla-
tion shall obey Jix (1) = J,, (R¥(5)7), Jeo (1) = Sy (R¥ (5 )r),
Jue(r) = Jzy(Rz(%)r)-
time-reversal symmetry (TRS, 7), whereas finite v, breaks the

When v, = 0, the system preserves

TRS. However, the system is still invariant under combined
operations 7R*(x) and TR”(rm). Due to these symmetries,
the off-diagonal terms have following properties along the x-
and y-axes: Jy(x,0) = Jy(0,y) = Jy:(x,0) = J,(0,y). The
RSOC breaks the SU(2) symmetry, so the off-diagonal terms
are in general nonzero in the x—y plane and Jy,(r) = Jy(r),
Jie(r) = —Jex(7), Jyz(r) = _Jzy(r> ifv,=0.

In the orbital angular momentum representation, we only
consider the total angular momentum j =m+ ¢ = £1/2, so
only the orbits of quantum number m = 0, 1 are relevant to
the Anderson impurity scattering. The spin—spin correlations
are given by

Ju(r) = Z[Cll (r,m,n)+ Cia(r,m,n)

mn

+C13(r,m,n) +Cra(r,m,n)]e 1 m9=1®)
Jyy(r) = =Y [Ci1(r,m,n) — Cia(r,m,n)

mn

—C13(r,m,n) + Cra(r,m,n)]e 1 mP—19),

JZZ(’I”) = Z[C41 (r,m,n) — C42(’I",I’I’l,l’l)

mn

—Caz(r,m,n) + Caa(1,m,n) e~ 1"07"9),

ny(’l") = —iZ[C”(r,m,n) —C]z(’l“,m,l’l)

mn

+Ci3(r,m,n) — Cia(r,m,n)]e 1 "0="9),

JyX(T) = 7iZ[C1 1 (Tﬂmﬂn) +C12(7’,m,n)

—Cy3(r,m,n) —Cia(r,m,n)] e*i(’"‘l’*”(l’)7

Je(r) = Y [Co1(r,m,n) — Cop(7,m,n)

mn
+C23(T,m,n) —C24('r',m,n)]e*i<’"¢*n¢)’
JZX(T’) = Z[C31(T7m7n)+C32(7',m’n)

mn

—C33(r,m,n) — Cs4(r,m,n)| e (m07n0),

Jy(r) = —iZ[Czl (r,m,n) — Cyp(r,m,n)

mn

—Co3(r,m,n) + Cog(r,m,n)] e—i(m(p—n(o)’

Joy(1) = =i} [C31(r,m,n) — C3z(7,m,n)

mn

—C33(r,m,n) + C34(r,m,n)] e_i(""p—"q’), (24)

where m and n are the orbital angular momentum quantum
number, ¢ is the polar angle of spatial coordinate r, that
is, ¢ = arctan(ry/ry). The parameters Cy(r,m,n) (i,i’ =
1,2,3,4) are defined in Appendix B. If v, = 0, it is easy to
obtain Bi; = B_1k, and then Cya(r,m,n) = Ci3(r,m,n) such
that J,, (1) = Jyx(r). In all the results of spin—spin correla-
tion function we present below, the binding energy is fixed as
Ay, = 5A¢. Actually the magnitude of the binding energy de-
pends on various parameters of the Hamiltonian. However,
the spatial patterns of the spin—spin correlation function are
not much affected by the values of Ay except the magnitudes.

In Fig. 2 we show the diagonal and off-diagonal terms of
the spin—spin correlation between the magnetic impurity and
the conduction electrons in the coordinate space. Here we fix
V =27.5A0, A = 504y, A = Ay, and v, = 0, and k. is the
momentum cutoff chosen with respect to the energy cutoff W.
One can see that Jy (1) and Jy(r) are anisotropic, while J_; (1)
is isotropic for the diagonal term. In addition, Jy,(r) can be
obtained by rotating /2 by Jy(r). For off-diagonal terms,
Jyx (1) = Ty (1), Jox(r) = —Ji;(7), and Joy(7) = —Jy(7), and
J:() can be obtained with rotating 7/2 angle by Jy(r).
These results agree well with those of our symmetry analysis.

In Fig. 3 we show the decay of J.(r) along the x-axis
with different parameters of A, Ay and v, for V = 27.5A.
J.(7) is rotational symmetric in the x—y plane. When v, =0,
Jyy(r) = J-(7) along the x-axis and J, () = J.(r) along the
y-axis. One can see that J,,(7) decays faster with the increase

of A, energy gap A and magnetic field v,. Numerical renor-
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malization group study shows that in an s-wave superconduc-

tor, the Kondo screening cloud is formed in both the screened

vicinity of the magnetic impurity, and the decay rate in larger

distances depends on the magnitude of the superconducting

and unscreened phases, and decays with respect to 1/r in the ~ gap.[?’!
[ | [ |
—0.018 —0.051 —0.085 —0.018 —0.051 —0.085 —0.018 —0.051 —0.085
60 60 60

Jyy(r)

30 30

key
o

—30 —30

J oo (1)

30

—30F

—60= 0550250 o 30 60 %60 30 o 30 60
kex kex
_:—
0.0044 —0.0044 0 030 —0.030  0.030 —0.030
60 0 60
zy(r) a:z('r) JyZ(T)
300 ' ‘ 301 30}
@ -e
e | . 0
—-30f ‘ ‘ -30t ' —30}
—60 55 60 %60 —s0 30 60 %60 30 0 30 60
kca; kex kex

Fig. 2. Terms of the spin-spin correlation J,y (v)(u, v = x,y,z) in coordinate space for V = 27.5A¢, A = 5040, A = Ao, and v, = 0, where k is

the momentum cutoff chosen with respect to the energy cutoff W. The off-diagonal terms not shown here have the relations Jy(r)

Jo(r) = =iz (7), and Jpy (1) = —Jy (7).

/
—0.033

J.(7)

A =504, A= Ay, v

.= 2.5,
— - —-A=1004y, A = Ag, v. =2.54,
— o= A=1504), A = Ap, v, =2.54, |

—0.066 |
— - = A =504, A =104, v, =254
..... A =504¢, A = Ay, v, =2.54¢
1 1 1
0 200 400 600

kex
Fig. 3. Spatial decay behavior of J.;(r) along the x-axis with different
parameters of A, Ay and v, for V =27.5A.

In Fig. 4 we show the off-diagonal terms corresponding
to different parameters. In Fig. 4(a) (the left column) we
use A = 1004y, A = Ay and in Fig. 4(b) (the right column)
A =504A0, A = 5A. The hybridization is V = 27.5A¢ and the
Zeeman field is v, = 0. In comparison with Fig. 2, we can see
thatif A or A increases, the off-diagonal terms become weaker,
and the spatial patterns are qualitatively the same since A and
A do not break any symmetries. We still have Jy () = Jy, (1),

=Jyy(7),

Jox (1) = —Ji (1), and Joy (1) = —Jy(7), and Jy(7) can be ob-
tained by rotating J,.(7) by angle /2 about the z-axis.

In Fig. 5, we mainly investigate the effect of the Zeeman
field on the spatial patterns of the spin—spin correlation func-
tion. We show J,(r) and off-diagonal terms corresponding
to different v,, in which A = 504¢, A = Ag and V = 27.5A,.
In Figs. 5(a) and 5(b) we choose v, = 2.54¢ and v, = 50A,
respectively. Compared with Fig. 2, when the Zeeman field v,
becomes finite, the spin—spin correlation components become
weaker. Moreover, the finite Zeeman field removes the spin
degeneracy of the quasiparticles excited in the triplet states,
and induces extra asymmetries to the off-diagonal terms. Very
distinctly from the v, = 0 case, we now have J,; (1) # —J ()
and Jy(r) # —J;,(r) for the two off-diagonal terms. This be-
havior is even more pronounced when the Zeeman field be-
comes stronger. However, the system remains invariant un-
der the rotation about the z-axis and the combined operations
TRY(m), TR (x). Thus, the symmetry for the spin-spin cor-
relation of the diagonal terms is unchanged and we still have
Ju(r) = Jyy (R¥(5)7). The same holds for off-diagonal terms
that Jo (1) = Jy(R¥(5)71), Jox (1) = Ty (R¥(5)7).
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60 A= 10040, A = Ay
my(r 0.0011
30t
N
< of : 0
30' ’
—0.0011
_60 L
60
60
Tl 0.012
30f
D
< of 0
N ‘
, . —0.012
—605%0 2 0 30 60

kex

(b) A=504, A=5A,

00 w)

0.0021

30

[en]

—30F

T
'o

—0.0021
—60
—60

60
kcm

60

0.011

301

o

—30+

—0.011

—60755 0 30
kex

30 60

Fig. 4. Off-diagonal terms of spin—spin correlation for (a) A = 1004y, A = A (the left column) and (b) A = 504¢, A = 5A (the right column).

The hybridization is V = 27.5A, and Zeeman field is v, = 0. Jy.(r) = J,-(R*(n/2)r), so it is not shown here.
(a) v, =2.54 (b) v, =504,
| __ | |
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Fig. 5. The change of J,y () when v, # 0, with A = 504¢, A = Ay, V = 27.5A¢. The Zeeman field is (a) v; = 2.5A¢ and (b) v; = 504,.

5. Discussion and conclusion

In summary, we have utilized the variational wave-
function method to study the binding energy and the spatial
anisotropy of the Kondo screening cloud in a superconductor
The host

system is constructed from a combination of an s-wave su-

with coexisting s-wave and p-wave pairing states.

perconductor, a ferromagnet which produces a Zeeman field,
and a semiconductor with RSOC. The ground state of a mag-
netic impurity in a conventional s-wave superconductor or a
intrinsic p-wave is a well-studied problem. When the two pair-
ings are mixed, the Kondo screenings show interesting fea-
tures. We concentrate on the binding energy and the spin—
spin correlation function which describes the so-called Kondo
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screening cloud, and systematically study the effects of the
RSOC, Zeeman field, and superconducting gap size on the
Kondo screening. From the results of the binding energy cal-
culations, we find that Kondo screening is favored for strong
RSOC and weak Zeeman field cases. In general, the binding
energy grows monotonically with the hybridization strength,
and decreases when the superconducting gap increases, which
is in consistence with the picture that the ground state is de-
termined by the competition between Tx and A. Due to the
RSOC, the diagonal components become anisotropic, and var-
ious off-diagonal components emerge. The spin—spin corre-
lation decays fast in the real space, and Zeeman field induces
extra asymmetry to the off-diagonal components. So far, we
assume a singlet ground state, which is reasonable if V > A. If
we fix other parameters and gradually increase V, the ground
is expected to experience a transition from a magnetic doublet
to a Kondo singlet. In the binding energy calculations, this
transition can be detected by comparing the binding energy in
the two ground states, and will be investigated in our future
work.

Appendix A

By diagonalizing the Hamiltonian in Eq. (11), one can
obtain the band structure

Eki:i\/z2k2+v§i\/A2+s,§. (A1)

We label the excitation energies in an increasing order as
E2,Ex3, Exa, Ex

For Eyy = \/A?k? +v2 + (/A% + €2, the corresponding

eigen-vector components are

& +1/A2+ €

b =— )
\/(sk+,/A2+s,§)2+A2
A
D31 = )
\/(ek+,/A2+e,§)2+A2
Dy = Py =0. (A2)

For Ejp = —\/A2k> +v2 — /A% + €}, the eigen-vector com-

Appendix B

ponents are

&+ /A% + g}
Dy = — 5 = Pii,
\/(ekJr\/AZJrs,f)ZJrA

A
@42: :(1)317

\/(ek+1/A2+£,f)2+A2

@]2 - ¢’§2 = 0

(A3)

We always have Ey3 + Exq = 0, but the signs of Ej3 and Ej4 de-
pend on the parameters and momentum k. If —/A%k? +v2 +

\/A2+8/g <0, then E3 = —\/lzkz-l—v%—&-\/Az—&-S,f, Ewy =
V/AZkZ+v2 — /A% + €7 and then the corresponding eigen-

vector components are
& — /A2 + €}
\/(sk \/A2+€2)? 4 A?

A

\/(ek,/A2+e,§)2+A2

D3 =P335 = Py = Py = 0.

Otherwise, E = /A2k2+v? — (JA2+¢€}, Eu =
—/AZZ I+ A2+ €,

D3 = Py = —

Dyz = D3y =

(A4)

& — /A2 + €}
\/(sk—\/A2+s,§)2+A2

A

\/(ek—«/A2+s,§)2+A2

Py =Py3 = Py = P3y = 0.

D3 =Py =—

D33 = Pyy =

(A5)

Finally, the unitary transformation used in Eq. (13) is
given by

D 0 D3 Dy
0 D Dz Dy
D31 0 Pz Dy
0 Dy Pz Py

U= (A6)

One of the diagonal components of the spin—spin correlation, Jy(7) is given by

Tulr) = (83(r)53(0)) = 1 (€ P)er(r) +](r)ey () (d]d, +ddr))

= % <c$(r)c¢(r)d¥d¢ + ci(r)ci(r)dIdT + CI(’I‘)CTO")d%-di + CI(T)CT(’I")dIdT>

1
T 3273N

2
/ /kk/dkdk// T 46y dek/zefi[krcosﬂklfk’rcos 015] Z efi(meklfnﬂku) efi(m(pfngo)
0 mn
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mt n

X <cka' cz/ld;dl + CZ%TCdeIdT + ckmch,Tdidi +cr, Ck/TdIdT>

:Z[Cn(r,m,n)+C12(r,m,n)—|—C13(r,m,n)+C14(r,m7n)]e_i(’"¢_”(p), (B1)
o
with
Cii(r,m,n) = ﬁ / Vkk' dkdk' /0 2”dekldek/ze—i[kmekl—k’f“’sek'z]e—i('"*’kl—"ek'z> <c;1§cg, ¢d%'d¢>
= Aype B0 (it dd ) (B2)
Cualr,mm) = 3N / Vi dkdk / A6y d By ¢~ kreos B —Kreos 6y ] o —i(mB —nysy) <cZ’TTcZ,¢dId¢>
:Ak,e_‘(’"e’“_"ek’z) (cifepdidr), (B3)
Cis(r,m,m) = 2 3N / VK dkdk / 404 d e lreostu—Kreosdyal e =inb—no) (i fa, )
— Age (M8 —n8;) <c;c"ch,TdT‘d¢> : (B4)
Cra(r,m,n) = ﬁ / Vi dkdk /0 64y d By ¢~ kreos B —Kreos 6y, ] o =i (B —nysy) <c;"jcg,dedT>
_ Akre—i(n19k1—n6k/2) o~ i(mBy —nby) <Crkn¢’ CZ/TdIdT> , (B5)
and
Ay = 35— 3N / VK dkdk / A6y d Gy e ~ilkreos b —Kreostysy], (B6)
ZC” (r,m,n)e” i(mo—ng)

mn

_ ZAkr e~ i1 (mO—nby;) efi(m(pfn(p) <C;?TTCZ’ d;'dw

mn

Akr _i(mo, i
_ Akr  — k1 —10,15) o —i(me—no@) i . _ T
*;{ 5 © ¥2le <(ﬁ1kﬁ71k/clkm+%c1k/n,1+% ﬁlkﬁlk’clkm+%c—lk’n71+%
T - i N Il
+ﬁ—lkﬁflk/glkm%Clk/n,pr% ﬁ—lkﬁw{lkw%c,wn,H%)d¢d¢>~ (B7)

To ensure that j = 1/2, we only consider the coupling between m = 0,—1 and n = 0,1 for Cy1(r,m,n). Similarly, the rest
components of the spin—spin correlation can be calculated, with

1 2 . ) ’ ) .
G (r,m7n) _ m/ /kk’dkdk// dey dek/ze—l[krcos Ok1 —K'rcos O, ] o —i(mb —nby,) <CZ1TTCZ’¢d%LdT>
— Ay e i (MO b)) <CZ$CZ/¢d§d¢>, (B8)
1 . , .
Co(r.mn) = o5y / Vkk' dkdk’ / A6y d By e 1kreosba—kreosbol g ~ilmbi —ny) <cg’§cz, iazjc@
_ Ak,e—umekl—nek,z) (cifepdid,), (BY)

Cns (’I’ m n) / /kk/dkdkl/ dey deklze—l[krcos 01 —K'rcos 0,\/2] —i(mBy —nby,) <CZT.C;:’Td%LdT>

641 3N
=Ap e i(mB —nby,) <CkL Ck’Td dT> (B10)
1 —i[krcos 6 —K' rcos B,] . —i (6 —nby t gt
Coa(r,m,n) = m/\/kk’dkdk’/o A6y, Ay ¢ 1 kreos b —K'reos 8] ¢ ~i(mbyy —nyry) <c;'1 cZ,Td¢d¢>
:Akre—i(n16k1—n6k/2) e—i(mekl—nek/z) <CZTCZ/TdId¢>a (B11)
1 2 —ilk 6,1 —k 0,/ —1(m6y—nb,,
Cs1(r,m,n) = m/\/kk’dkdk’/ 01 Gy e 1kreos fa —K'reos Bz] o =i (B —ny,) <ckT ] d¢>
:Akre—i(meklfnek/z) <CkT Ck’Td di> (B12)
1 —i[krcos B —K'rcos 8,1y] . —i(myy —nby t T
Caalrymn) = / Vi dkdk /0 A6, Gy e 1 1kreos Ba —k'reos Byz] o —i (i —nyy) <cz; cZ,¢d¢d¢>
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= Ay e 1mBa—nO) <ckT Ck’Td d¢>

(B13)

1 . , )
C33(7’,m,n) _ m/ /kk/dkdk// de, deklzefl[krcos()klfk rcos Bys,] efl(meklfnek/z) <CZ1TCZ/¢d;d¢>

:Akreii(meklineklz) <Cki Ck’id d¢>

(B14)

1 ; / ; -
C34(7',m7n) — m/ /kk/dkdk//o dekl dek/ze—l[krcosekl—k }’COSGk/z] e—l(mekl—ﬂeklz) <Cz’1‘ CZ/¢dldT>

= Aype 00 —10) o —i(mb —nOyr;) <ck¢ cpd| d¢> (B15)

1 2n . , .
Car(rym,n) = 5 / V! dkd k! / 641 dGpy e~ kreos b —Kreos ] ¢ =ilmby —nyry) <c;"§cz,Td;d¢>

= Akre—i(mle—nGk/z) <CkT Ck’Td dT>

(B16)

1 . . o eos .
C42(r,m,n) _ m/ /kk’dkdkl/ dey deklze—l[krcosek]—k 7c0s Op15] @ —i(mb—nbys,) <CZ1TTCZ’led¢>

= Agre 1m0 —16) <CZTTCZ/szd¢> ,

B17)

1 g : . , .
Cas(r,m,n) = oms / ViK' dkdk’ / A6y d By e 1kreosa—kreosbyol g ~ilméa —ny) <c;"jcz, id;c@

— Agy e im0 —n6y) <ckL c df d¢>

(B18)

1 2n . . , .
C44(7‘,m,n) _ m/ /kk/dkdkl/o A6y, deklze—l[krcosek]—k rc0s O3] o —i(mbi —nbyy) <CZ1TCZ’¢dId$>

= Ao im0 1602) e ZiBa—nBin) (e, dl ). (B19)

Acknowledgements

The computation is performed in the Supercomputer Cen-
ter of Ningbo University.

Project supported by the Zhejiang Provincial Natural Sci-
ence Foundation of China (Grant No. LY 19A040003).

References

[1] Kondo J 1964 Prog. Theor. Phys. 32 37
[2] Anderson P W 1961 Phys. Rev. 124 41
[3] Wilson K G 1975 Rev. Mod. Phys. 47 773
[4] YuL 1965 Acta Phys. Sin. 21 75 (in Chinese)
[5] Shiba H 1968 Prog. Theor. Phys. 40 435
[6] Rusinov A 11969 Sov. Phys. JETP 29 1101
[7] Hudson E W, Lang K M, Madhavan V, Pan S H, Eisaki H, Uchida S
and Davis J C 2001 Nature 411 920
[8] Yazdani A, Howald C M, Lutz C P, KapitulniA k and Eigler D M 1999
Phys. Rev. Lett. 83 176
[9] Hudson E W, Pan S H, Gupta A K, Ng KW and Davis J C 1999 Science
285 88
[10] Pan S H, Hudson E W, Lang K M, Eisaki H, Uchida S and Davis J C
2000 Nature 403 746
[11] Tsai W F, Zhang Y Y, Fang C and Hu J P 2009 Phys. Rev. B 80 064513
[12] Bang Y K, Choi H'Y and Won H 2009 Phys. Rev. B 79 054529
[13] Akbari A, Eremin I and Thalmeier P 2010 Phys. Rev. B 81 014524
[14] Zha G Q and Jin Y Y 2017 Europhys. Lett. 120 27002
[15] GuoY Wu, Li W and Chen Y 2017 Front. Phys. 12 1
[16] SauJ D and Demler E 2013 Phys. Rev. B 88 205402
[17] FuZ G, Zhang P, WangZ G and Li S S 2012 J. Phys.: Condens. Matter
24 145502
[18] Chen L, Zhang Y L and Han R S 2019 J. Phys.: Condens. Matter 31
505603
[19] Chen R, Zhou B and Xu D H 2018 Phys. Rev. B 97 155152
[20] Ishii H 1978 J. Low Temp. Phys. 32 457
[21] Barzykin V and Affleck I 1998 Phys. Rev. B 57 432
[22] Borda L 2007 Phys. Rev. B 75 041307
[23] Moca C P, Weymann I, Werner M A and Zarand G 2021 Phys. Rev.
Lett. 127 186804
[24] Borzenets IV, Shim J, Chen J C H, Ludwig A, Wieck A D, Tarucha S,
Sim H S and Yamamoto M 2020 Nature 579 210
[25] Wang Rui, Su W, Zhu J X, Ting C S, Li H, Chen C F, Wang B and
Wang X Q 2019 Phys. Rev. Lett. 122 087001

[26]

[27]
[28]
[29]
[30]

(31]
[32]

[33]
[34]
(35]

[36]
[37]
(38]
[39]
[40]
[41]

[42]
[43]

[44]
[45]
[46]

[47]

[48]
[49]
[50]
[51]
[52]

[53]
[54]
[55]

107101-10

LiL, SunJH, Su W, Wang Z H, Xu D H, Luo H G and Chen W Q 2021
Phys. Rev. B 103 125144

Varma C M and Yafet Y 1976 Phys. Rev. B 13 2950

Gunnarsson O and Schonhammer K 1983 Phys. Rev. Lett. 50 604

Aji V, Varma C M and Vekhter 1 2008 Phys. Rev. B 77 224426

Feng X Y, Chen W Q, Gao J H, Wang Q H and Zhang F C 2010 Phys.
Rev. B 81235411

SunJ H, Xu D H, Zhang F C and Zhou Y 2015 Phys. Rev. B 92 195124
Sun J H, Wang L J, Hu X T, Li L and Xu D H 2018 Phys. Rev. B 97
035130

Wang LJ, Hu X T, Li L, Xu D H, Sun J H and Chen W Q 2019 Phys.
Rev. B99 235108

Yang X R, Huang Z Z, Wang W S and Sun J H 2021 Chin. Phys. B 30
067103

Deng Y H,Li HF, K S S, Guo Y and Zhang H W 2018 J. Phys.:
Condens. Matter 30 435602

Hone D 1967 Solid State Commun. 5 705

Simonin J and Allub R 1995 Phys. Rev. Lett. 74 466

Simon M E and Varma C M 1999 Phys. Rev. B 60 9744

Rozhkov A V and Arovas D P 2000 Phys. Rev. B 62 6687

Gor’kov L P and Rashba E 12001 Phys. Rev. Lett. 87 037004

Frigeri P A, Agterberg D F, Koga A and Sigrist M 2004 Phys. Rev. Lett.
92 097001

Frigeri P A, Agterberg D F, Koga A and Sigrist M 2004 Phys. Rev. Lett.
93 099903

Sau J D, Lutchyn R M, Tewari S and Sarma S D 2010 Phys. Rev. Lett.
104 040502

Lutchyn R M, SauJ D and Sarma S D 2010 Phys. Rev. Lett. 105 077001
Ojanen T and Kitagawa T 2012 Phys. Rev. B 85 161202

Wong A, Ulloa S E, Sandler N and Ingersent K 2016 Phys. Rev. B 93
075148

Allison G, Fujita T, Morimoto K, Teraoka S, Larsson M, Kiyama H,
Oiwa A, Haffouz S, Austing D G, Ludwig D G, Wieck A D and Tarucha
S 2014 Phys. Rev. B 90 235310

Zitko R and Bon&a J 2011 Phys. Rev. B 84 193411

Zarea M, Ulloa S E and Sandler N 2012 Phys. Rev. Lett. 108 046601
Isaev L, Agterberg D F and Vekhter I 2012 Phys. Rev. B 85 081107
Fujimoto S 2008 Phys. Rev. B 77 220501

Zhang C W, Tewari S, Lutchyn R M and Sarma S D 2008 Phys. Rev.
Lett. 101 160401

Alicea J 2010 Phys. Rev. B 81 125318

Alicea J 2012 Rep. Prog. Phys. 75 076501

Malecki J 2007 J. Statist. Phys. 129 741


http://dx.doi.org/10.1143/PTP.32.37
http://dx.doi.org/10.1103/PhysRev.124.41
http://dx.doi.org/10.1103/RevModPhys.47.773
http://dx.doi.org/10.7498/aps.21.75
http://dx.doi.org/10.1143/PTP.40.435
http://www.jetp.ras.ru/cgi-bin/dn/e_029_06_1101.pdf
http://dx.doi.org/10.1038/35082019
http://dx.doi.org/10.1103/PhysRevLett.83.176
http://dx.doi.org/10.1103/PhysRevLett.83.176
http://dx.doi.org/10.1126/science.285.5424.88
http://dx.doi.org/10.1126/science.285.5424.88
http://dx.doi.org/10.1038/35001534
http://dx.doi.org/10.1103/PhysRevB.80.064513
http://dx.doi.org/10.1103/PhysRevB.79.054529
http://dx.doi.org/10.1103/PhysRevB.81.014524
http://dx.doi.org/10.1209/0295-5075/120/27002
https://link.springer.com/article/10.1007/s11467-017-0683-9#citeas
http://dx.doi.org/10.1103/PhysRevB.88.205402
http://dx.doi.org/10.1088/0953-8984/24/14/145502
http://dx.doi.org/10.1088/0953-8984/24/14/145502
http://dx.doi.org/10.1088/1361-648X/ab41c7
http://dx.doi.org/10.1088/1361-648X/ab41c7
http://dx.doi.org/10.1103/PhysRevB.97.155152
http://dx.doi.org/10.1007/BF00117963
http://dx.doi.org/10.1103/PhysRevB.57.432
http://dx.doi.org/10.1103/PhysRevB.75.041307
http://dx.doi.org/10.1103/PhysRevLett.127.186804
http://dx.doi.org/10.1103/PhysRevLett.127.186804
http://dx.doi.org/10.1038/s41586-020-2058-6
http://dx.doi.org/10.1103/PhysRevLett.122.087001
http://dx.doi.org/10.1103/PhysRevB.103.125144
http://dx.doi.org/10.1103/PhysRevB.103.125144
http://dx.doi.org/10.1103/PhysRevB.13.2950
http://dx.doi.org/10.1103/PhysRevLett.50.604
http://dx.doi.org/10.1103/PhysRevB.77.224426
http://dx.doi.org/10.1103/PhysRevB.81.235411
http://dx.doi.org/10.1103/PhysRevB.81.235411
http://dx.doi.org/10.1103/PhysRevB.92.195124
http://dx.doi.org/10.1103/PhysRevB.97.035130
http://dx.doi.org/10.1103/PhysRevB.97.035130
http://dx.doi.org/10.1103/PhysRevB.99.235108
http://dx.doi.org/10.1103/PhysRevB.99.235108
http://dx.doi.org/10.1088/1674-1056/abfa02
http://dx.doi.org/10.1088/1674-1056/abfa02
http://dx.doi.org/10.1088/1361-648X/aae21d
http://dx.doi.org/10.1088/1361-648X/aae21d
http://dx.doi.org/10.1016/0038-1098(67)90354-7
http://dx.doi.org/10.1103/PhysRevLett.74.466
http://dx.doi.org/10.1103/PhysRevB.60.9744
http://dx.doi.org/10.1103/PhysRevB.62.6687
http://dx.doi.org/10.1103/PhysRevLett.87.037004
http://dx.doi.org/10.1103/PhysRevLett.92.097001
http://dx.doi.org/10.1103/PhysRevLett.92.097001
http://dx.doi.org/10.1103/PhysRevLett.93.099903
http://dx.doi.org/10.1103/PhysRevLett.93.099903
http://dx.doi.org/10.1103/PhysRevLett.104.040502
http://dx.doi.org/10.1103/PhysRevLett.104.040502
http://dx.doi.org/10.1103/PhysRevLett.105.077001
http://dx.doi.org/10.1103/PhysRevB.85.161202
http://dx.doi.org/10.1103/PhysRevB.93.075148
http://dx.doi.org/10.1103/PhysRevB.93.075148
http://dx.doi.org/10.1103/PhysRevB.90.235310
http://dx.doi.org/10.1103/PhysRevB.84.193411
http://dx.doi.org/10.1103/PhysRevLett.108.046601
http://dx.doi.org/10.1103/PhysRevB.85.081107
https://link.aps.org/doi/10.1103/PhysRevB.77.220501
https://link.aps.org/doi/10.1103/PhysRevLett.101.160401
https://link.aps.org/doi/10.1103/PhysRevLett.101.160401
https://link.aps.org/doi/10.1103/PhysRevB.81.125318
https://doi.org/10.1088/0034-4885/75/7/076501
https://link.springer.com/article/10.1007/s10955-007-9414-x

	1. Introduction
	2. Anderson model Hamiltonian
	3. The self-consistent calculation 
	4. The spin–spin correlation
	5. Discussion and conclusion
	References

