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Abstract

An approach to bound states based on unitary transformations of Hamiltonians is pre-
sented. The method is applied to study the interaction between electrons in a BCS s-wave
superconductor and a quantum spin. It is shown that known results from the t-matrix
method and numerical studies are reproduced by this new method. As a main advan-
tage, the method can straightforwardly be extended to study the topological properties
of combined bound states in chains of many magnetic impurities. It also provides a uni-
form picture of the interplay between the Yu-Shiba-Rusinov (YSR) bound states and the
Kondo singlet state.

Copyright S. Sykora and T. Meng.

This work is licensed under the Creative Commons

Attribution 4.0 International License.
Published by the SciPost Foundation.

Received 30-09-2021 ,')
Accepted 01-07-2022 ek
Published 12-08-2022 updates

doi:10.21468/SciPostPhys.13.2.016

Contents

A

B

Introduction

Theoretical approach

2.1 Renormalized Hamiltonian
2.2 Bound states

2.3 Expectation values

Numerical results

3.1 YSR state energy and Kondo resonance
3.2 Spectral function

3.3 Influence of temperature and spin size

Conclusion
Classical spin

Non-magnetic impurity

References

\V]

= O h~h W

16
17
17

18

20

23

27


https://scipost.org
https://scipost.org/SciPostPhys.13.2.016
mailto:steffen.sykora@tu-dresden.de
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21468/SciPostPhys.13.2.016&amp;domain=pdf&amp;date_stamp=2022-08-12
https://doi.org/10.21468/SciPostPhys.13.2.016

Scil SciPost Phys. 13, 016 (2022)

1 Introduction

The study of individual impurity bound states in electronic systems has become an important
experimental and theoretical tool for the characterization of correlated quantum materials. A
prominent example is a system in which a magnetic impurity interacts with a superconducting
condensate, leading to the formation of Yu-Shiba-Rusinov (YSR) bound states [ 1-3], but also
to Kondo physics [4-6]. Depending on the strength of the exchange coupling, a transition from
a regime dominated by weakly coupled YSR states to a more Kondo-like state is found [7-9].
This physics has at least in parts be visualized by scanning tunneling spectroscopy experiments
[10-12].

In addition, the controlled extension to more than one local moment has recently become
an important theme. This gives rise to models of molecules [13-16] and spin chains [17,18].
The interest in these systems has prominently been fueled by predictions of topological super-
conductivity and Majorana zero modes [19,20]. In the discussion of this intriguing physics,
however, the influence of the quantum nature of the impurity spins, and the resulting Kondo
physics has not been explored extensively. This is in parts due to the fact that the correspond-
ing theoretical treatment requires true many-body approaches that properly take into account
the quantum nature of an entire collection of local moments.

In recent years, some powerful theoretical methods like mean field calculations [7, 21],
perturbation theory [22,23], self-consistent approaches [24-26] and the numerical renormal-
ization group (NRG) approach [27-29] have been applied to study the formation of bound
states in correlated systems. Many of these methods are restricted to only a very small num-
ber of quantum impurities, or to very small system sizes. In particular, powerful analytical
approaches which are able to tackle a collection of quantum impurities in an environment of
a condensate in the thermodynamic limit are not available so far. Such an approach would
allow for a deeper understanding of the underlying physical processes and the structure of the
quasiparticle which is responsible for the bound state. In addition, the quantum nature of the
local impurity is often important for the properties of the spectral function.

Motivated by these open questions, we have developed a new renormalization scheme for
Hamiltonians describing a local moment interacting with a superconducting condensate. Our
diagonalization method shares some basic concepts with the known flow equation approaches
[30-32]. The method is technically organized in such a way that the formation of bound states
is highlighted. A schematic picture of the method is shown in Fig. 1. As we discuss below,
bound states lead to singularities in the unitary transformation on which our method builds.
These singularities in turn lead to additional local contributions to the quasiparticle operators
(the bound state), and to a significant energy renormalization (the bound state energy). The
quantum nature of the impurity spin is taken into account on an approximate level, but we
show that this approximation is sufficiently refined to allow access to Kondo physics. Due to
the readily generalizable unitary transformations used to diagonalize the Hamiltonian, also
more than one impurity can in principle be implemented (for normal state electronic Kondo
lattices, this has already been worked out in Ref. [33]).

The rest of the paper is organized as follows. In Sec. 2, we introduce the model Hamilto-
nian. Sec. 2.1 is devoted to a detailled discussion of our renormalization method. In particular,
we explain the method of integrating out the electron-impurity spin interaction, and show how
the corresponding renormalization equations are derived. Then, in Sec. 2.2, we explain the
appearance of bound states in our theory, and how the bound states are related to singularities
in the unitary transformation. In Sec. 2.3, we discuss the access to expectation values within
our approach. We apply the developed concepts to renormalize single-particle operators and
present two examples of expectation values, the occupation number and the single-particle
spectral function. Sec. 3 is devoted to numerical results for the YSR bound state energy and
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Figure 1: Schematic picture of our theoretical approach to bound states. The scatter-
ing term ~ J in the original Hamiltonian is eliminated by a unitary transformation
eX. This technique diagonalizes the Hamiltonian and generates a bound state with
quantum number k, (red dot), which is renormalized in energy. Excitations split into
a coherent part and a local excitation.

the single-particle spectral function in the weak and strong coupling regimes, which we relate
to the nature of the excitations to highlight the coexistence and competition of YSR and Kondo
physics. We furthermore show that our methods compared very well with other methods, in
particular by benchmarking with numerical renormalization group (NRG) studies. Finally, a
conclusion is given in Sec. 4.

2 Theoretical approach

Our starting point is a basic BCS-type s-wave superconductor coupled to a single magnetic
impurity. Denoting the spin by an index o =T, |, this system is modelled by the Hamiltonian

imp ?
¢))
where S and Sty AIC the local impurity spin and the electron spin at the impurity site rypy,
respectively. Here, ¢y is the bare electronic dispersion, which is a function of the momentum
vector k, and A is the superconducting gap. The lattice consists of N sites. We consider the
case of a single local magnetic impurity represented by a quantum spin of arbitrary size that is
described by an angular momentum operator S. This impurity is coupled to the electrons via
a Heisenberg exchange coupling J, and the coordinate origin is chosen to coincide with the
impurity position.
Before dealing with the magnetic impurity, our approach requires to diagonalize the purely
electronic Hamiltonian H,. This is achieved by introducing the usual Bogoliubov quasiparti-

H=Ho+H,, with Hy= Z skciockg + AZ:(C;ETCL(l +c k) and Hy=JS-s,
ko k
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cles,
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with
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The electronic Hamiltonian #,, is thus brought to the diagonal form

Ho = ZEk (afou+ BLBx) +Z(€k—Ek) , )
K K

with the quasiparticle energy Ey = 4/ sﬁ + A2, Next, we turn to the electron-impurity coupling.
In the original basis, it reads

ZZS .i. Ck/ . (5)

kk’aﬁ

Replacing the conduction electron operators with the ones of Bogoliubov quasiparticles using
Eq. (2), and introducing the shorthands

+ +
Cl,kk’ = UkUy/ =+ VK » C2,kk’ = UkVi/ =+ VikUy » (6)

for combinations of Bogoliubov coefficients (coherence factors), the electron-impurity-
coupling takes the form

J = - _ -
H] = ﬁ {C;—kk’( ak/SZ - ﬂllﬂk/sz + al'(/jk/S + ﬁll’ akS+)
N 7)

- 1
+ C‘2_,kk’ I:(alﬁll’ + ﬂk’ak) SZ + E (ﬂk’ﬁk k k/)S + - (ﬂkﬁk/ ak/ak)S i| }

Here, ST (S7) is the spin raising (lowering) operator, while S, denotes the z-component of
the spin operator S. At this point, all we demand of these operators is that they satisfy the
commutation relations [ST,57] = 25,,[S,,S~]=—S",and [S,,ST] = S*. In the following, we
show that the Hamiltonian #; can be diagonalized by a unitary transformation in combination
with a factorization scheme. As we discuss, this approach is able to describe the presence of
the Yu-Shiba-Rusinov (YSR) bound states [ 1-3], but also of Kondo physics.

2.1 Renormalized Hamiltonian

Unlike the case of a classical spin in a superconductor, or the even simpler case of a poten-
tial impurity in a spinless electron bath, the case of a quantum spin immersed into an s-wave
superconductor constitutes an interacting quantum problem, and therefore cannot be solved
exactly. Our approach is built to tackle this interaction on a refined approximate level. The
power of our approach can be gauged from the fact that a variant of our approximation scheme
has already been used to successfully describe the Kondo effect of a quantum spin coupled to a
normal-state electron system [33]. It can therefore be expected to also yield excellent results
when applied to a superconducting system. After discussing technical details of the transfor-
mation we use to tackle the problem, we will first compare our results with recent experimental
and numerical studies, and then show original results for the k-resolved spectral function. We
furthermore discuss that our approach clearly illustrates how Kondo physics appears. The lat-
ter is associated with an energy scale kg Ty (with kg being the Boltzmann constant and Ty the
Kondo temperature), and competes with the singlet state of the superconductor [34].

4
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The diagonalization method to be used here is reviewed in Ref. [35]. Following the spirit
of this approach, we subject the Hamiltonian (1) to a mapping that brings the Hamiltonian
to a diagonal form 7, which in turn can be used to calculate physical observables. Accord-
ing to Ref. [35], in a general situation of an interacting many-body problem the diagonaliza-
tion procedure of the Hamiltonian needs to be carried out in a stepwise way. In the present
case, we show that this multiple-step procedure can be constructed such that the coupling
term in the Hamiltonian is continuously reduced until it is finally fully eliminated. At each
step, the unitary transformation can be limited to the lowest order with respect to a small
variable which accounts for the difference between the control parameter values of two subse-
quent transformation steps. This allows the controlled derivation of renormalization equations
for the parameters of the transformed Hamiltonian, which in practice are solved numerically.
Eventually, we end up with an effectively free system of Bogoliubov quasiparticles, 7, whose
renormalized energies account for the effects of the magnetic impurity.

The mapping between the original Hamiltonian H and an arbitrary intermediate Hamil-
tonian H, appearing during the transformation process is implemented by a unitary transfor-
mation,

M, = He ™, (8)

where the hermiticity of 7, requires Xi = —X,. The dimensionless control parameter A
describes the progress of the diagonalization. It is defined such that its initial value A = 1 marks
the starting point where H,_; = H, and its final value A = 0 describes the fully diagonalized
effective Hamiltonian 7, _o = 7, with

7%=Zﬂ"k(alak+ﬂli[5k)+]§, (9)
k

where finding the renormalized dispersion Ej and the energy constant £ is the aim of the di-
agonalization process. Note that since 7 is related to 7 by a unitary transformation (and a
factorization scheme, see below), the energy values Ej correspond (to a very good approxima-
tion) to the eigenvalues of the original Hamiltonian, including the binding energies of possible
bound states. Using the introduced definition of A, we define the transformed Hamiltonian
for an arbitrary A as

Hy = Z Ea (a;;ak + /311_/3k) +E;
K

+)\J

T > e dhaes, — BBwS, + alps™ + Bl ans") (10)

Ik
P 1 1, &
+ G e [(a}(ﬁ;; + Proax) S + 3 (BuBi—afal,)s™ + 5 (BB, — ak/ak)SJ“] } .

Up to the parameter A, the second and third lines correspond to the original interaction part
H;.

The renormalization equations for Ey ; and E, are found from a small transformation step
which maps H, to the corresponding effective Hamiltonian H,_x, referring to a somewhat
smaller parameter (A — AA) with AA < 1. Thereby we demand that both H, and H; a3
fulfill Eq. (10) and are related to each other via a unitary transformation,

Ha_np = € ror Py e Xrar, (11)

where the generator X; A, has to be constructed such that #;_,, keeps the structure of
Eq. (10) but has a slightly reduced coupling term. It in that sense is closer to a diagonal-
ized Hamiltonian than H,. For the generator X, 5, satisfying these requirements, we make
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the following ansatz

AL C;_kk’ +

X?L,Al - (Jk,l +Jk’,l) —_— (a ak/ ﬂkﬂk/S + akﬂk/S + ﬂk,akS )
kK , ,

Co e

Ek,l + Ek’,?L

P 1 P 1 -
((al'(ﬁ],(, - ﬁk/ak) SZ - 5 (ﬁk’ﬁk + al'(al'(,)S_ + 5 (ﬂllﬁll’ + ak/ak) S+):|

+

Ek)L_Ek’A

C e
(af e + B B ) — 2’—kk(a1'(/51i/—/3k/ak)]} :

— (vk,l + Vk’,l) |: Ek,l n Ek,,k

(12)

Importantly, this generator is proportional to the small parameter AA. It consists of two types
of terms. The first two lines contain terms that occur in the original interaction part #;, and
that are composed of products of fermionic and spin operators. The third line, on the contrary,
contains only terms independent of the spin and quadratic in the fermionic operators. As we
will show below, terms of this form are generated during the diagonalization process, and must
therefore also be included in the generator. The unknown coefficients Jy 4 and Vy ;, finally,
will be determined in such a way that after evaluating the right-hand side of Eq. (11) using
the ansatz (12), the form of Eq. (10) is exactly reproduced, except that the parameter A is
replaced by (A — AA). The step width AA < 1 can be chosen arbitrarily small. We can thus
approximate the unitary transformation in Eq. (11) by

Ho—ar ® Hy + [ X3 anHal. (13)

In order to find the equations for Ji ; and Vy ,, as well as for Ey ; and E;, we have to
compute the commutator between X, A, and H,. To facilitate the discussion of the various
resulting terms, let us first formally decompose the renormalized Hamiltonian into its diagonal
and non-diagonal parts, H; = H 3 + H; 5, with

Hop = Z Ey . (of o + B Pi) + Ea (14)
K
and

Hq A= AE Z {Cl kk,(alak/ ﬁk/jk/S + akﬁk/S + ﬂk,ak8+)
k#K’ (15)

+ Couae| (0Bl + Bean) S, + 5 (Bob— )5~ + 5 (BLBL — )™ |}
The commutator between X A; and H, can now be written in the form

(X320 Hal =X an Hoal + [ Xaan Hial (16)

Since H, , is diagonal in the fermion operators, the first part [X; o2, Ho 2] is found directly
from Eq. (12) by cancellation of the fermion energies Ej ; in the denominators. We obtain

AL ) ) X
[Xa,a0 Hoal=——+ (Jier +Ji,2) | C e (2@ieSz — By BieS: + oy reS™ + o auS™)
N >
P

+C2_kk’ ((akﬂk, + ﬁk/ak)S - = ( —PBr Br + al'(al’{,)S_ + % (ﬂliﬂli’ — ak’ak) S+) ]

- (Vk,l + Vk’,l) [C;:kk’ (alak/ + ﬁkﬁk/) - CZ_,kk’ (alT([jkr, + ﬁk/ak)]} .
17)
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The second part of the commutator (16) gives rise to an additional internal summation, and
generates new contributions to an effective electron-impurity scattering. We distinguish three
types of terms,

XaanHipl=XaanHiali + Xaan Hiale + [ XaanHials- (18)

The part [X a5, H1 1 arises from commutators involving Bogoliobov quasiparticle operators
from the first and second lines in Eq. (12). Initially, these terms contain products of spin
operators. Due to spin rotation invariance, however, the spin operators combine to form (5-5),
and can be replaced by the number S(S + 1). The term [X; x;,H1 1]; is therefore merely a
bilinear of fermionic operators. We obtain

[XoanHiad =
JAAA T (19
- —S(S 1) Z (Ag(l) Ag(ll))t) [ 1,kK/ (a Qe + ﬁkﬂk’) 2 kk/ (al’(ﬁkr/ + ﬂk’ak)] 5
where we introduced the short-hand notation
Ja+Jga
m_1 kA -
Ak,x N Z E2 [Ekfl T (CZ,qq Cl,qq) E(M] : (20)
q(#k) “q.4 k A

Note that according to Egs. (3) and (6), the coherence factors with respect to equal quantum
number q have the solutions C, A 2qq = = A/Eq and C aq = fa €q/Eq- It is seen that the operator
structure of [X, oz, Hialh is different from H,,, since this commutator part only contains
scattering of fermions without a coupling to the spin operator. The natural appearance of such
terms is the reason why we have to take into account such decoupled fermion scatterings in
the ansatz of the generator in Eq. (12) (third line).

The bilinear terms in the generator give rise to a second type of terms which we denote as
[X3.a2, H1,2]2- It describes the commutator between the third line of Eq. (12) and all of H ;.
We find

JAAA i B .
s Pl = = > (A2 + AP )t e[ al s, — Bl BuS. + ol s + Bl ars*]

+CZ_kk’|:(ak/3k/+/5k/ak)S + - (ﬂk’/jk_ k k’)S + = (ﬁkﬁk’ ak/ak)8+]},

(21)

where we have introduced
1 Vicr + Vga _
Af; -N Z E2 E2 [Ek At (C;,qq - Cl,qq) E‘M] : (22)
q(#k) “q.4

It is seen that the structure of the original scattering interaction is maintained.

The remaining contributions, summarised in the term [X; A3,7%; 213, contain all terms in
which commutators between the spin operators are taken. These new terms would be absent
in the case of a classical spin. They describe additional many-body interactions, and are a
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crucial new ingredient in our approach. Concretely, we find the following operator structure

JAAA Jiatdea  Jeatda)
[XaanHials = Z Z {( + o Crig i

2N? 4= i, \Fa =B Blga—FBa

x [(ai';ak/ —BiBe) (/3;:,1 a, St +af fy s—) —20{Be], aklsz]

Jk,)L +Jk’,7L 4 Jkl,l +‘]k/1,l
ExatEwa  ExatEa

- o
2,1 2k, K

X [(012/511/ — Bty (ﬂk’l B, ST+ al'(l "‘1235 ) 3 (BB + O‘L/flli) (/511/1 /51((1 —Qy, ak’l)sz]

Jr e Jaatiga Jrtdea  Jaatdga\
+ + + 1 kk’C KK
Exp—Ewa  ExatExa T Lhalg

X [(aliak’ — By Br) (ﬁk; B, ST+ oy 0‘11/15 ) 3 (ay B + By o) (/5]1/1 By, — %, ak’l)sz] :
(23)

Expt+Ewa  Exa—Exa

It is at this step that our method requires an approximation to be made. Namely, we apply
a factorization approximation [35] that replaces a product of four fermionic operators by a
bilinear times an expectation value. Concretely, the factorization is carried out as follows.
Each time a transformation yields a term with four Bogoliubov quasiparticle operators of the
form a'af B, we make the approximation

a'af’f~a’a(BTB), +(a'a) BT —(a'a),(BTB)s, 24)
where the A-dependent expectation value is given by

B Tr (Ae‘ﬁHl)

Tr (e 770) @)
for an arbitrary operator .A. The factor f = 1/(kgT) contains the temperature T and the Boltz-
mann constant kg. A similar replacement is done for terms with four Bogoliubov operators of
the same type (a' or 1) by taking into account normal ordering. Since the factorization is car-
ried out within the transformation step from A to A—AA, the expectation value is formed with
respect to H,. This factorization restores an operator structure that is quadratic in fermionic
operators, and therefore allows us to derive renormalization equations for Jy ; and Ay ;. The
price to pay is that these renormalization equations contain expectation values that have to be
calculated self-consistently.

The above factorization approximation looks somewhat similar to a mean field approxi-
mation. However, it differs from such a treatment since the factorization is applied at each
order of the unitary transformation. The resulting series is summed up to infinite order since
all orders have a similar structure. Our approach is thus different from a simple mean field
approximation in which a single factorization is applied. As discussed in Ref. [33], our factor-
ization approach has already been employed successfully for a treatment of the Kondo effect
in a normal-state metal, which illustrates its non-perturbative power. Moreover, this approx-
imation scheme is the standard technique to treat many-body interactions in common flow
equation approaches [31,32]. Applying the factorization approximation to [X; a3, #1213, we
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obtain

[XA,AA: /HLA:IB factorized —

JAAA . L
W ; (A(S) +A§3))L) {C1+kk’ |: ak/SZ — ﬁllﬂk/SZ + al'(/J’k/S + ﬂll,ak5+] (26)

+ 2kk/[(ak/5k/+/3k/ak)5 +5 (ﬂk/ﬁk aa L)S_Jr%(ﬂiﬂi,—ak/ak)f]},

where we have introduced
Jia+J
= > ‘“[(+ ) Far = (Clqe * Crg) Bz
A —|(C +C E C +C E
kA 2 _ 2 1,qK’ 2,qk’ ) “a,A T\ M2,qKk 1,qk' ) “kA
N AN B~ Ex 27)
< Aq k/ ﬁ ﬂk’ +/5q K + ak’ﬂq)l'

The effective scattering in Eq. (26), which was obtained after the factorization, has the same
operator structure as the scattering part proportional to A in Eq. (10). This property allows us

to find equations for the coefficients Jy ; and Ay , by adding together all the four commutator
parts from Egs. (17), (19), (21), and (26). From Eq. (13), we find

Hoar = Ha + X an Hoxl+ [ Xaan Hiadh + [ Xaan Hiala + X2 a0 H1215 factorized - (28)

Using Eq. (10) and the calculated commutators, we compare both sides of the Eq. (28) and
obtain the following set of renormalization equations,

J _ JA (@, 40
5=t 2 (A2 +4D)). (29)
0=V + —S(S + 1AL . (30)

This set of linear equations determines the coefficients Jy 5 and Vi, as a function of A. In
addition, we find the renormalization equation for Ey ;,

JkAA Ji +Jq,

[Ek at (CZ aq Cl_,qq) Eq’l] : (31)

Ey p—ax = Ex,
q q?L kA

A detailled account of how we solve these equations in practice is given further below. Before
turning to implementations, however, let us dwell on the above equations to show how bound
states emerge in our approach.

2.2 Bound states

From the renormalization equation (31), one finds that in the thermodynamic limit a signifi-
cant change from Ey , to Ey 3, only occurs if the coefficient Jy ; is singular at a particular
k, i. e. if Jy , o< N. The reason is the factor 1/N 2 which suppresses any renormalization in
the thermodynamic limit if Jy , is non-singular. Let us in the following explicitly consider the
renormalization equations at such a singular point k, and therefore set k = k,. Specializing
to a system with only a single bound state, we expect that no other energy is renormalized
significantly, and therefore set Eq a = Eq in the internal summations in AL 3) . This assumption
has been checked to be valid in our exp11c1t implementations. Egs. (30) and (20) imply that
also AE(O)’ , and Vi, become singular at ky. Moreover, we can neglect Jg 3 and Vg 3 with q #kg
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compared to Jig, 2 and Vig 2+ Taking into account all these simplifications, Egs. (29) and (30)
at ky become

——=—Jg it — (32)
kO’)' 2
N G Ei—Ein
— + p—
JA Tk 0 (C1 qk’+C2qk’)E (C2qk’+cl qk')Eko,l
2 __
2 N mw B~ Ei,p
( Aq k’ ﬁ /‘J’k’+/3 k/+ak’ﬂq>l’
q
E )L+A—€
Y =— (s 4 1) S et 9 (33)
’ 2 N 152—132
a(Fky) ko,

Let us now consider at first the renormalization in the very first renormalization step from
A=1to A=1—AA (AA K 1), where we can set the A factor equal to 1. Combining the two
equations by elimination of Vj, ; and solving the resulting equation for Jy ;, we obtain

2
J J1 Expa=11tA—¢q
Jko’l:lza[l—s(5+1)(§— > k°2 ! )
N e Ea—Eigam

+ Cyq0) Ea= (Gl Crge) Bio.am1 (34)
— 2
N (Frw E¢—E¢ 34

-1
(aq K ﬂ rﬂk’ + ﬁq K + ak’ﬁq)] .

+ %l Z (Cl ak’

Note that the expectation value now also refers to A = 1, i. e. according to Eq. (25) it is
taken with the full Hamiltonian 7{. We therefore omitted the index A in the expectation value.
According to Eq. (34), a singularity of Jy 3—;, which in turn implies a finite renormalization
of Ey -1, is found if the equation

2
J 1 Ex =1 +tA—¢
1=5(5+1) P 1 (35)
2 N E2 E?
q(#ko) kg,A=1
+ - + -
J1 (Cl,qk’ + C2 qk’) (CZ qk’ + Cl qk’) Ekoﬂ 1
+§ﬁ Z E2_E < Aq k/ ﬁ ﬁk’+ﬁq k/+ak’ﬂq>
q(#ko),K q ko,/1=1

is fulfilled. The solution Ej 3—; of this equation is the renormalized energy value due to the
singularity. Note that the summation over the expectation values in the second line in general
prevents an analytical solution. Therefore, this equation must be solved self-consistently. Only
in the special case of a classical spin, where the second line is absent, is an analytical solution
possible and yields the well-known YSR states (see Appendix A). In general, one finds two
solutions of Eq. (35), where the first solution is a part of the quasiparticle band, i.e. By = A,
and the second solution lies inside the gap, Ey 3 < A. It follows that the renormalization
starts at this particular solution E; and ends up with the second solution Ey_; at some finite
value of A. All other states at q # k, are unaffected and the corresponding energies remain
unchanged, Eg ; = Eq.

In summary, at the starting point A = 1, a particular state with quantum number k; from
the quasiparticle band experiences a finite renormalization as the corresponding transforma-
tion coefficients Jy 3, Vi, » become singular, i. e. they take values proportional to N. Finally,

10
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we emphasise that the formation of a bound state as described here is a general property of
an impurity which is embedded in a bath of fermions. This is shown in Appendix B for a toy
model of a non-magnetic impurity which is coupled to spinless fermions.

2.3 Expectation values

In addition to the energy parameters considered so far also a renormalization equation for
the A-dependent expectation value in Eq. (27) has to be found. In this expectation value, the
quantum numbers k’ and q may also be equal (the expectation value then describes an occu-
pation number of the Bogoliubov quasiparticles). Let us begin by considering the expectation
value (aliaq) , for the a-type of the two quasiparticles (the corresponding expectation value of
the 3 type can be found analogously). To derive the A dependence for this expectation value,
we use that the trace of any operator is invariant under a unitary transformation. According
to Eq. (25), we can thus write

(a;aq)g _ (eXl,AK air(e_Xl’MEXA’M aqe_Xl’Mh—AA ) (36)

where Eq. (11) was used. The transformed single-particle operator up to linear order in the
small parameter AA < 1 is found from the expression (12) of X Aj,

+
;AL Clik

X T X A~ = o emR _ +

eXran a,e LAA Ay al'( + N ; {(Jk,l + Jk’,?L) |:Ek/ B, (Ctl'(,SZ ﬁll,akS )

’ ’ (37)
_Come (BieS, — awS™) | + (Via + Vi 2) Cre a Coue B
- WSz — Oy k2 T Viea )= w |-

Eya + Ew a # Exp—Ews ¥ Exa+Ewa

Plugging this expression into Eq. (36) we find the following relation between the expectation
values at A and the ones at the reduced parameter A — AA,

(a;;aq)/x A (aiiaqh—m

+ —
AL C] qk’ N Cz qK/ -
+ — Vo 4+ Vi —— {a' oV ny ———————{a B,
N ;( q,A k ,l) (Eq,l _ Ek’,)\ ( k%K >A AL Eq,l + Ek’,?L ( k/jk )A AL (38)
+ —
AL Clww ' Coxw
+— Via +Vier )| =————(apaq)rar — =————(Brwag)aan | -
N %: ( ) Ex,—FEg, ¥4 Exa+Ew 4

Similar equations describe the A-dependence of the anomalous expectation values (ai’l[}g) 2
(Bqax) - The above set of linear equations provides a system of renormalization equations for
the A-dependent expectation values. The A-dependence becomes particularly significant if one
of the transformation coefficients Jy ; and Vj ; becomes singular (o< N), which is the case for
the bound state k; (see previous section). The numerical evaluation of the renormalization
equations is carried out in parallel to the equations (29)-(31) starting from A = 1 down to
A = 0. The starting value (a;iaq) =1 = (a:;aq) is the scattering probability with respect to
the original Hamiltonian. This quantitiy has to be calculated self-consistently as explained in
Sec. 3.

In addition to appearing in the renormalization equations, expectation values are also
central for physical observables. We therefore conclude this technical section by detailing the
general procedure of calculating expectation values in our approach. We are interested in
the expectation value of some operator .A formed with respect to the original Hamiltonian.
Formally, this corresponds to Eq. (25) at A =1,

B Tr (Ae_m")

(A) = (A)p=1 = m. (39)

11
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To evaluate Eq. (39), we use the invariance of the trace with respect to unitary transformations
and rewrite Eq. (39) introducing the stepwise unitary transformations down to A = 0, where
the effective Hamiltonian H,_, = H is diagonal, see Eq. (9). We find

Tr (.,Zle_fm)
EEECUN

(40)

The practical calculation of observables therefore requires the transformation of the associated
operator A using the same procedure as carried out to find . To simplify the discussion, let us
discuss this method using the example of the occupation number (alak), which is the quantity

entering all renormalization equations. Eq. (40) then reads
Tr (di‘;dke_ﬁﬁ)
Tr (e=PH)

(o 0n0) = 41)
Similar expressions can be derived for any other expectation value. The main task is therefore
to find the transformed operators dl'( by applying the same series of unitary transformation
that was used to transform the Hamiltonian. As for the latter, this results in A-dependent
renormalizations of &, . Eq. (37) suggests the ansatz

C+
T T, YA LKk T gt
al'd = xklal'( + N Z {(Jk,l + Jk’,k) |:E T _E (al'(,SZ - /31;,5 )
K/ (#k) K',A k,A
C_ C+ C_ (42)
2,kK 1.kK 5 2 KK’
_— ﬁk/S _ak/S+ - Vkl_i_vkll ¢ a"/ + > ﬁk/ >
Ex + Ew s ( ? ) ( ’ ’ ) Ewy—Exs ¥ Exa+Ewa

where the initial conditions at A = 1 are x;—; = 1 and Yy;—; = 0. The renormalization
equations for the A-dependent coefficients xi; and yy, in Eq. (42) can be found by evaluating
a similar equation as Eq. (11) but for the renormalized single particle operator,

Oy _pp €y, e, (43)
where Eq. (12) must be used for X, 1;. Evaluating again the right hand side up to the linear
T

1> we find

order in AA < 1 and using the above ansatz for a

AL
Xia—a2 = Xa = Yia 2 Z [S(S +1) (Jia +Jq,/1)2 + (Viga + Vq,x)z]
q(#k)

+ 2 — 2
Cl,kq i C'Z,kq
Eyy—Eqa Exa+ Ega

The corresponding equation for yy , is found from a sum rule which must be fulfilled at each
A,

(44)

1
L=+ Yz 2, [S6+D Uia+Jaa) + (M +Vaa)']
q(#1)

+ 2 — 2
N Cl,kq n CZ,kq
Exa—Eqa Exa+ Eqa
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Ay ]+ = 1 holds. We find

This sum rule results from the requirement that [akx,

1
Yerar= (1—x2,_n5) /ﬁ Z [5(5 +1) (i pman + Jq,;\—m)z +(Vigrean + Vq,l—Al)z]
q(#k)

2 — 2
cr C
o 1,kq 4 2,kq
Exa—ar—Eqa—an Exa—ar T Ega—an

To calculate expectation values, the set of renormalization equations (44) and (46) has to be
solved simultaneous with the corresponding equations for the Hamiltonian up to A = 0. This
yields the fully renormalized single-particle operator at A = 0 as obtained from Eq. (42),

(46)

y ct cr
st o 7, Yk O 1,k’k 2,kKk/
al = xal += J+Ji )| = = S, — To+H)— == /S, — St
T Nk;q{( ‘ k)[Ek'—Ek( e Pes™)= Ey + Ey (P § )]

47
o+ - (47)

_ (vkwk,)[ﬁliga-r +2_kk',5k/]} |
k/

—E ¥ B +E

Note that a possible bound state k, may be also included in the summation. If we consider a
state with k # k,, we find

. . cr, C_
OLT = xkak + % Z {(Jk +Jk/) |:Ek’1i{ zk (Ctl'(,SZ - [311,S+) — E+Eo (ﬂk/ — oS ):|

K (#Fk ko)
Clhaw - Cowe
_(Vk+‘7k’) Lk (XL,+ 2Nk ﬂk’
Ep —Ey Ey + Ep
N kaok (jaTS —j/g’J"SJr—\N/aJ") Cz_—kkO(J/j S, —Jap St +Vﬂ )
—Eko_Ek ko% ko ko Ey + Ey, o™ o “

(48)

where the parameters J and V are the renormalized coupling parameters of the bound state.
They fulfil the relations jko =NJ and Vko = NV. It is seen that the renormalized quasiparticle
operator consists of three contributions. The first part, proportional to ¥y, describes a coherent
excitation reminiscent of the original superconducting quasiparticles. As we show in Eq. (54)
below, this part of the renormalized quasiparticle operator also lives at the energy Ej. This
implies that the quantum number k can then still be interpreted as a momentum (after all, we
consider a system with a single impurity, such that the breaking of translational invariance by
the localized impurity does not dramatically impact many of the states in our bulk system).
The second part, proportional to j,, results from the scattering of an incoming quasiparticle
at k into an outgoing state k’ # k, k. This part describes a continuum of excitations which is
governed by the renormalized exchange coupling Jy. Its operator strucutre, e.g. a S ﬂk,S +
is well-known in the context of Kondo physics [39], where operators of this form describe
composite fermion excitations. As we further explain below, these terms indeed correspond
to a Kondo resonance. The remaining terms, finally, are associated with k;, and therefore
describe the formation of a YSR bound state appearing at the (renormalized) energy Eko inside
the superconducting gap.

To illustrate this general scheme, let us consider two specific examples of expectation values
which are needed for our discussions. First, we consider the static occupation number of the

13
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superconducting quasiparticles. Using Egs. (41) and (48), the occupation number reads

(a;,;ak> = iﬁf(ﬁk) + 5’1%1% Z [S(S +1) (jk +jq)2 + (Vk + Vq)z]

a(#k k)
C’lkq ’ C2kq
(Ek— )f( “H( (1 —f(E) (49)
C+ 2 C_ 2
+[S(S+ 1)J2+ V2] (1—“‘0) f(Ek0)+(—) (1-fE))|
Ex—E ko Ex+E ko

where f(E) =1/(1 + ePF) is the Fermi function with respect to an energy E.

As a second example, we turn to the single-particle spectral function of the original elec-
trons as a function of k. In the absence of a coupling to the quantum spin, J = 0, this quantum
number corresponds to the electron’s momentum. The presence of the impurity spin breaks
translational invariance, such that k strictly speaking cannot be interpreted as a momentum
anymore. However, as argued above and illustrated by Egs. (48) and (54), most of the states
in the considered bulk system are not affected by the presence of a single impurity. We can
therefore in practice understand k as a quantum number that for most states corresponds to
momentum. The single-particle spectral function as a function of k in that sense still allows to
visualize the excitation structure in momentum space. It is defined via the imaginary part of
the single-particle Green’s function,

oo

1 - .

3G(k,k, w) = o J ([efy (1), cio Ji et tdrt . (50)
—0Q

The time-dependence and the expectation value is calculated using the original Hamiltonian

‘H, i. e. the expectation value is defined as in Eq. (39). Using the Mori-Zwanzig formalism

[37,38], the anticommutator correlation function can be at first rewritten to the form

3G(k,k, ) = ([cp, S(L— w)c] 14), (51)

where LA = [H, A] is the Liouville operator. For occupied states k, this correlation function
can be probed by angle resolved photo emission (ARPES). Our method to calculate this quan-
tity is by using the invariance of the trace under the unitary transformation as explained above
in the context of Egs. (40) and (41). This yields

3G(k,k, w) = ([é,, 6(L— )&l 14). (52)

We evaluate the Liouville operator and the expectation value by replacing the electron opera-
tors with the Bogoliubov quasiparticles using Eq. (2) and obtain

3Gk, k, ) = ([wdy + by, 6(L— 0)wea! + Bl (53)

where for the sake of concreteness, we have here considered the spin-up case. Finally, it
remains to replace the fully renormalized single-particle operators @&; with Eq. (48) and the
corresponding equation for [gk (not explicitly given). Since the effective Hamiltonian  which
is used to calculate the expectation value is diagonal with respect to the a and 8 operators,
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one can simply replace the Liouville operator with the corresponding eigenenergy. We obtain

3Gk k, w) = % [ukﬁ(Ek w)+ vﬁS(—Ek - w)]

2 — 2
32 L L. u C kC .
+ X [S(S+1)(Jk+Jq)2+(Vk+Vq)2] (_“‘q) +(_21“1) 5(Eq + )
N2 S E— £, Ey + Eq

— 2 + 2
ukC k VkC k N

29 | 2] | 6(—Fq+ @)
Ey + Eq Ex— Eq

The first line describes the usual coherent dispersive excitation of a superconducting quasipar-
ticle. The summation over q in the second and third line describes a continuum of excitations
associated with scattering off the impurity, and the Kondo effect. It also contains the YSR
bound state at kg, for which the coefficients jq and Vq are singular (proportional N). In this
case a dispersiqnless excitation appears at energies +Ey . Moreover, the renormalized ex-
change energy J4 may become very large around the Fermi level due to the contributions from

(54)

the expectation values in the term AE;? in the renormalization equation (29). These contribu-
tions are assigned to the Kondo resonance [33].

3 Numerical results

We conclude by using the above-described self-consistent scheme to calculate a number of
physical observables. The numerical calculation is carried out in the thermodynamic limit,
N — oo. Thus, all summations over vectors q # Kk are calculated by replacing the sum with
an energy integral using the BCS density of states,

|E]
— Z —>v0f O(IE|~A) == dE, (55)
q(#ko)

where v is the density of states in the normal state near the Fermi level and W is the bandwidth
of the conduction electron band. This description in the continuum limit is possible because for
q # k, the quasiparticle energy remains unchanged. The introduced density of states fulfills
the sum rule condition
! IE] dE 56
N VoJA O(|E| A)m . (56)
The renormalization process starts with a guess for the expectation values (aj;ak/). Using
these values, the bound state quantum number k;, and the corresponding energy E; are found
by evaluating Eq. (35). Next, the renormalization equations (29) and (30) as well as Egs. (38),
(44), and (46) are evaluated stepwisely starting from A = 1 down to A = 0. The step width is
chosen to be AA = 1073, The starting values are Eyx =1 = Ex, Xkp=1 = 1, and yy ;-1 =0. In
each A-step, Egs. (29) and (30) are solved self-consistently for Jy 5 and Vi Py respectlvely At
the end of this procedure, we arrive with the fully renormalized values Eko, Ji, Vi, X, and Fy.
With all these quantities, we calculate the renormalized quasiparticle operator using Eq. (48),
and, correspondingly, we are able to recalculate the expectation values (a kak/) using Eq. (41).
Next, we restart the entire renormalization process using these improved expectation val-
ues, and again solve all renormalization equations down to A = 0. We conclude the iteration
by recalculating the expectation values. This procedure is repeated until self-consistency is
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Figure 2: (a) Energy of the YSR state as a function of the Kondo temperature. (b)
Calculated density of states at larger values of the Kondo temperature. A strong
enhancement of the spectral intensity around the normal state Fermi level is found,
which marks the crossover into a Kondo resonance regime. The inset shows the spec-
tral weight of the YSR bound state around the values of kg Tx/A where the bound
state crossed zero energy. In agreement with literature results [28], a jump-like be-
haviour is found.

obtained. We define self-consistency to be fulfilled if the relative difference between the ex-
pectation values in two subsequent procedures is less than 10~ for all k.

For the evaluation of the spectral function which is given by Eq. (54) we describe the &-
functions with Lorentzian functions with a manually-imposed broadening of ) = 0.03A. This
value is taken in all figures showing spectral functions. Finally, all energy values in the figures
are given in units of A unless it is stated otherwise.

3.1 YSR state energy and Kondo resonance

In Fig. 2(a), we show the result of the self-consistent solution for the energy Eko atT=0asa
function of the Kondo temperature kg Tx. Here, the Kondo temperature is varied by changing
the exchange coupling parameter J. The relationship between Ty and J is

1
kBTK = W'\/ JVO exp (—F) . (57)

0

The energy of the second YSR excitation at _Eko is also shown (red line). One clearly rec-
ognizes the behavior known from former numerical studies [6, 28] including the crossing at
Eko = 0 (dashed line) which marks the transition from a weak coupling regime at low Ty to a
strong coupling regime at larger Ty where the Kondo physics becomes significant. This regime
is shown in Fig. 2(b) where the integrated spectral function from Eq. (54) is shown for three
larger values of the Kondo temperature. It is seen that the spectral intensity is strongly en-
hanced around the superconducting gap edge. The width of this resonance peak scales with
the Kondo temperature, which is a typical behavior of the Kondo resonance. The YSR states
are pinned to the gap edges since the exchange coupling is already relatively large. In agree-
ment with early numerical studies [28], our calculations also show that the spectral weight of
the YSR state within the gap (shown in the inset) also increases with the Kondo temperature,
and exhibits a characteristic jump when crossing zero energy.
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3.2 Spectral function

To illustrate the behavior of the YSR state in the spectral function in more detail, we consid-
ered three further values of J/A corresponding to a rather weak coupling in the YSR regime,
J/A =20 (kgTx ~ 0.003), an intermediate coupling J/A = 55 (kzTx ~ 0.120), and a large
value J/A =120 (kg Tx ~ 0.476) in the Kondo regime.

@ J =20, YSR regime (b) J = 55, intermediate regime (©) J =120, Kondo regime
50
__ Coherent
a0 L | state L
_ ___ Bound
| L L state L
4 30
~
8
Q 20 F - L
10 - -
0 1 1 1 1 1 1 1 1 1 1 1 1 L L L L 1 1
-10 -5 0 5 10 -5 0 5 10 -5 0 5 10
wl/A wl/A wl/A

Figure 3: Total density of states for three different values of J in an energy region
around the Fermi level. These results where obtained by k-summation of both parts
k =k, and k # k; of the spectral function. The superconducting gap is clearly seen.
The bound state inside the gap is shown in a different color.

First, we turn to the k-integrated spectral function including the bound state quantum
number k. Fig. 3 shows the spectral density in a narrow region around the Fermi level. The
superconducting gap and the density of states of the conduction electrons are not found to
vary noticeably with J. The excitation peak of the YSR state (shown in red color), on the other
hand, moves in energy as J changes. Furthermore, the spectral intensity of the YSR state
changes, in particular, once the Kondo regime is entered (compare also the inset in Fig. 2(b)).
As a crosscheck, we verified that the energy integral over the total density of states yields the
total number of states N, where in the continuum limit considered here N is given by the
integral over the density of states in Eq. (56).

More interesting is the k-resolved spectral function, which for k # k; is shown in Fig. 4.
In the weak coupling YSR regime at J/A = 20, the spectrum is composed of a dispersive
excitation and a YSR bound state located close to the gap edge. The dispersive excitation
loses spectral weight once the peak approaches ky, while the spectral weight of the YSR state
increases.

A larger value of J is considered in Fig. 4(b). The two YSR peaks move closer together,
and become somewhat more intense. At the same time, the coherent excitation weakens. The
YSR state now also has a somewhat larger extent in k, but still remains relatively close to k.

If, finally, the exchange coupling is increased even more, the YSR states cross zero energy.
As shown in Fig. 4(c), the bound state spectral weight coming from momenta k # k; is now
much larger than that in the weak coupling YSR regime.

3.3 Influence of temperature and spin size

To further benchmark our approach against purely numerical methods, we now turn to the
dependence of the bound state on temperature and spin size. Fig. 5 shows results of the
YSR bound state energy and weight as a function of the temperature T and the size S of the
local spin. Panel (a) shows the influence of the temperature T in the two different regimes
at J/A = 20 and J/A = 120. In agreement with the numerical results from Ref. [6], we
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Figure 4: Spectral functions for the same parameters as in Fig. 3 but only for k # k.
The bound state at Ek(, becomes extended in k, and the distribution of the spectral
weight gets inverted when the Kondo regime is entered.

find that the YSR bound state energy is shifted to smaller values at small exchange couplings.
This effect becomes inverted in the Kondo regime, where the shift is smaller but the energy
increases with temperature. This is seen even more clearly in the panels (b,d) where we have
directly calculated the k-integrated spectral function in a region inside the superconducting
gap. If we compare the zero temperature result (blue line) with the one at the somewhat
higher temperature kgyT = 0.35 below T,, we see that the pair of YSR peaks comes closer
together at higher temperature in the weak coupling case, while the opposite is the case at
strong coupling. This is exactly the behavior found in Ref. [6]. Even the slight change of the
intensity with respect to temperature agrees with the mentioned numerical study.

Fig. 5(c) finally depicts the dependence of the YSR state energy on the size of the quantum
spin at fixed T (below the critical temperature T,). We observe a strong reduction of Eko with
S in all regimes. As expected, the most significant effect of quantum fluctuations is obtained
at small values of S where the energy Eko deviates most strongly from the classical spin limit
(dashed lines). In the YSR regime, however, the effect of the quantum nature of the spin is
indeed rather weak, but it extends over a wider range of S than in the Kondo regime.

4 Conclusion

In this manuscript, we have presented a new approach to solve the paradigmatic Hamilto-
nian describing a local quantum spin coupled to a superconducting substrate. The basic idea
of our approach is to eliminate the interaction between electrons and the impurity by uni-
tary transformations that yields a diagonal renormalized Hamiltonian. In this process, bound
states manifest themselves as singularities in the unitary transformation. Postponing a de-
tailed derivation to a subsequent publication, we stress that our method can straightforwardly
be extended to larger numbers of impurities. This has been worked out already for the Kondo
lattice model in the normal state [33].

We first illustrated how the spin-fermion exchange interaction is integrated out using a
stepwise unitary transformation. Performing the transformation in small steps allowed us con-
sider the lowest order commutators in a well-controlled way. We have derived renormalization
equations for the quasiparticle energy as well as operators. We have shown that our method
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Figure 5: Dependence of the YSR bound state energy of a quantum spin on tem-
perature and spin size. (a) Variation of the temperature. In agreement with former
numerical studies [6], the YSR state energy decreases with temperature while in
the Kondo regime it slightly increases. (b,d) k-integrated spectral function showing
the pair of YSR bound states in a narrow energy region inside the superconducting
gap. Shown are the spectra at two temperatures (blue and red line) and two dif-
ferent Kondo temperatures (upper/lower panel). Again a very good agreement with
Ref. [6] is found. (c) Variation of the spin for the three different values of J discussed
above. The corresponding results for the classical spin are also shown (dashed lines).
Eko approaches the value of the classical spin case in the limit of large S in all cases.

fully captures Yu-Shiba-Rusinov bound states and the Kondo resonance within one uniform
theoretical framework. While the YSR state is a 6 peak inside the superconducting gap, the
Kondo resonance appears outside the gap as a peak of finite width which is proportional to the
Kondo temperature. Our approach hence draws a clear picture of the physics in the supercon-
ducting Kondo model by capturing on equal footing both the classical scattering problem of a
magnetic impurity, and also the complex many-body effect leading to the Kondo resonance. In
addition, we showed that our approach also yields access to effectively momentum-resolved
observables, which for example are important in the context of ARPES-experiments.

In contrast to purely numerical approaches, our method also allows for detailed analytical
insights. This power of our approach is rooted in the fact that bound states manifest them-
selves as singularities, and that it is therefore sufficient to extract this singular behavior from
the full picture to investigate bound state physics. This for example allows us to explicitely
construct bound state quasiparticle operators, which in turn reveals how increasing quantum
fluctuations of the local spin pushes the bound state from a YSR-like form to a Kondo-like
expression.
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A Classical spin

Here we show that the specific case of a classical spin leads to an exactly solvable scattering
problem which gives rise to the well known YSR bound states in the absence of the Kondo
resonance. To describe a classical spin, the spin operator S is replaced by a constant vector.
We choose the spin to be oriented along z and thus set S = S e, (e, being the unit vector along
2). The electron-impurity Hamiltonian then takes the form

Hi == Z [((wovie — o) (aiiﬂli, + B o) + (Wil + vie i) (alak/ —BiB)]-  (58)

Because a classical spin has no quantum fluctuations, the Hamiltonian is entirely quadratic in
operators.

Applying our approach described above to the scattering problem of the classical spin sim-
ply means that the last part in Eq. (28) is omitted since it arises from the commutator between
spin operators, which is zero in the classical spin case. Furthermore, the number S(S + 1) is
replaced with S2 according to the convention in Eq. (58). Thus, due to A(s) = 0 the renormal-
ization equations (29) and (30) simplify to

J JA 1 Viga + Vg A—ce
—5 =Jkat = 2 z Exa + YEqs |, (59)
2 2N E E ’ E g
q(aék) ar~ kA q
JA Jk7L+J A A—e¢
0="Vi— —S>= Z =L Y E,+ ‘115(M ) (60)
2 N E?. —FE2 g E g
q#k) “gA T kA q

The renormalization equations (32) and (33) for the YSR bound state read for the classical
spin case

JAVROZ Z EkOA+A_€

—_—— = _Jko 2t B (61)
2
2 N Gy B
JA L J Ex »t+A—c¢
Viga == S22t 7 o2 e, (62)
2 N 132—152
a(#ko) koA

Since we consider the renormalization in the very first renormalization step we can set the A
factor equal to 1. Then, combining the two equations by elimination of Vi ; and solving the
resulting equation for Ji, ; we obtain

J/2

1 _ ii Z Ek() }_+A—8 2’
2N £q(#ko)  E2— Elfol

Jipr = (63)
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It is clearly seen that a singularity of J », which is the condition for a renormalization of Ey_;,
is found if the equation

1 J S Ekol+A_E
_ - 2—
2N (@ Ea—Ein

is fulfilled. The solution Ey_ , of this equation is the renormalized energy value due to the
singularity. To explicitly calculate Ey ;, we use the BCS density of states,

(64)

|E|
Y(E) = vO(|E| - A)——, (65)
E2 — A2
where v, is the density of states at the Fermi level in the normal state. We also express the sum-
mation in terms of an energy integration and calculate the corresponding integral analytically.
The result is

E +A—¢ A+E
—Z k” 9= o Kot (66)

a(Fko) Bz VA - B2,

Thus, the renormalized energy Ey , is given by the solution of the equation

JS A+ E
1_?1’07'5—1{0)t =0. (67)

This equation has solutions for Ey ; only in the superconducting state, i. e. if A # 0. As
described in Sec. 2.2 there are two solutions of Eq. (67) where one lies in the conduction
band, E, > A, which is the starting value of the bound state renormalization, and the other
one, Fy 3 <A, is inside the gap. The latter reads

(%)

ko, A ko P
1—+(1i?ﬁ)

which is the final value of the renormalization and therefore it corresponds to the bound state
energy. This solution exactly agrees with the original result obtained by Shiba [2]. Thus, the
particular state ky where the singularity appears has to be identified with the well-known YSR
state appearing in the spectral function as a pair of peaks inside the superconducting gap.

In summary, the whole renormalization process occurs as follows. At the starting point
A =1 of the renormalization process the particular state ky where Ey, = A becomes a singular
point for the transformation coefficient Ji , (and also V; 1), i. e. it takes a value proportional
to N. Thus, the solution for the bound state is described by J'kO NJ and Vko = —SJkO due to
Egs. (62) and (64). The corresponding equation for J is found from Eq. (31) by taking into
account again Eq. (64),

A—E
J= u

28

Using this expression and Eq. (48) we obtain the explicit form of the quasiparticle operator
with respect to k # kK, in the classical spin case,

(69)

I Vi (jk+jk’)5_(‘7k+‘7k’) N _ (jk+jk’)'s+(‘7k+‘7k’)
a;{ = xkaIL + N Z Ik’k Fu —E al’(, —_ CZ,kk/ .+ E 1%
K (#k k) k’ k k k/
—E
+ (U + 1) ) aio .
k — Ex,
(70)
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It is seen that the quasiparticle in the classical spin case consists of three basic contributions.
The first part proportional to Xy describes the coherent excitation which follows the original
dispersion of the superconducting quasiparticle. The second part in the first line which is
proportional to j; contains the scattering to all other states except k itself and k,. Since
in contrast to the quantum spin case the renormalization of the exchange coupling, Jy, is
always very small (absence of the Kondo resonance) this term only produces a very small
spectral weight (o< 1/N) in the single-particle spectral function. Finally, the third term in the
second line is the creation of the YSR bound state k, appearing at an energy Eko inside the
superconducting gap. Thus, the expression for the single-particle spectral function for k # k,
given by Eq. (54) simplifies in the classical spin case to

<2
3Gk k, o) = % [(1 + %) (B — )+ (1 _ %) 5(—Fy — co)}
k k
(71)

1( A—Ey ‘. .
+§(ﬁ) [5(Ek0—co)+5(—Eko—co):| .

In addition to the usual dispersive states (first line), there appears in the second line a pair
of dispersionless excitations which are attributed to the YSR bound states. Those have the
k-independent energy :I:Eko above and below the Fermi level, but inside the superconducting
gap. Since all excitations appear as 6 peaks without broadening the Kondo resonance arising
from many-particle excitations is absent here.

@) (b)

Kk SGKk, Kk, w)
Lo Lo 0 ' \ 1
H B DU = Coherent state below Fermi level
DY DU W L — = = = Coherent state above Fermi level , - * =7
P o . S = YSR state
—— =l
A A AN £
AN AN 3
b A A A A 2 05
W A A S
NA DU ko
: P c 0.25
- S
1\ jl i
0
-A _Ek(, Eko A [

(IK| = k)/(0.017)

Figure 6: (a) Single-particle Green’s function for a classical spin for k # k, near the
Fermi surface. The chosen parameters are J = A = 0.004W, Eko = 0.002W, and
S =1/2 (W: band width). In this figure the level broadening was fixed manually
to the value n = 2-107*W. (b) Energy-integrated spectral weight of the different
excitations in the spectral function of panel (a) as a function of k.

The behavior of the YSR state in the spectral function is visualized in Fig. 6(a) where the
spectral function from Eq. (71) is plotted explicitly for a specific set of parameters, and for a
number of momenta k # ky. One finds the typical dispersionless double-peak structure of the
YSR state inside the superconducting gap where the intensity is strongest in the vicinity of the
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gap edge. Furthermore, one clearly recognizes the two distinct branches of the superconduct-
ing quasiparticles below and above the Fermi level. The spectral weight of the corresponding
excitations which are shown in Fig. 6(b) reveals an intensity maximum of the YSR state near
the Fermi momentum of the normal state. The k dependence of the coherent excitation inten-
sity, however, is mainly influenced by the Bugoliubov coefficients |u|? and |vy|?.

B Non-magnetic impurity

Here we explain our approach to bound states by applying it to the perhaps most simple case of
a local potential impurity embedded into a spinless, normal-state electron system. Concretely,
we consider a toy-model Hamiltonian H;, composed of an electron-part H, and the electron-
impurity-part H, , proportional to the coupling strength V,

— ; _ ] _ f f
Hy =Ho+Hiy, with Hy= Ek exc . and Hyy = N k;k/ (ckck, + ck,ck) - ((72)

Here, ¢ is the bare electronic dispersion, which is a function of the one-dimensional momen-
tum k, and the lattice consists of N sites.

Following the idea of Sec. 2.1, we subject the Hamiltonian (72) to an exact mapping that
brings the Hamiltonian to a new form 7. The mapping between the original Hamiltonian
Hy and #y is implemented by a unitary transformation of the form given in Eq. (8). The
transformed Hamiltonian should not only be quadratic in the original fermionic operators el
but also have the diagonal form

Hy = Z Brcpck (73)

k

with a renormalized dispersion &,. This treatment is technically slightly different (but equiv-
alent in the way explained in the main text) from the usual diagonalization in which the
quasiparticle operators in the Hamiltonian are rotated in the operator subspace. For technical
convenience, our approach keeps the single-particle operators in their original basis while the
Hamiltonian is renormalized. Therefore, #, differs in its form from 7, but has the same
eigenvalue spectrum as the original model.

As explained above in the context of the spin impurity the unitary transformation to obtain
1, is not carried out in one single step but within a process of steps which are described by a
parameter A. The A-dependent Hamiltonian for the present problem is defined as follows

. Vv . .
;L[V,)L == 7‘[0‘/’14‘7‘[1‘/@ , with HOV,X = Z 8k’ACZCk, HlV,?L = AE Z (C;Ck, + Cli,Ck) . (74)
k k#k!

The unitary transformation combining two subsequent parameter values A and A — AA is
constructed such that applying the transformation as in Eq. (11) the structure of Hy, is kept
for any value of A. A convenient ansatz for Xy ; 4 is

AL A .
Xyipan=— kA (ckck, — c;,ck) . (75)
w N &5 eka— kv a

T

The real coefficients A 5 will again turn out to be key in the description of bound states. To
determine their renormalization equations, we plug the ansatz (75) into Eq. (11), which allows
to determine equations for Ay ; from an expansion as in Eq. (13) in terms of commutators up
to the lowest order in AA. Up to first order in the generator Xy, the commutators of X, with
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Ho and H, v as defined in Eq. (72) read,

[XV)L AA:HOVA] l— ZAk A C Ck, + ck,ck)
k;ék’

[(Xva,an Hival = N—PLAAZZ —
ki q(Zk) kAT Ean

6
A +Ag 2 (76)

( rck, + ck,ck) .

Comparing again the both sides of Eq. (13) after plugging in the two above commutators we
find the following renormalization equations,

AL, +A
_EZ_AM+ AZ L (77)
doh ERA T Ean
A +Aga
Ekk Ax—skl'f‘]V—)LAlZ —q (78)

aFk) oA Fa

Again A ; can become singular at a specific value of k = k,, which indicates the formation
of a bound state. Furthermore, since Ay ; o< N such a singularity entails a renormalization
of the single-particle energy from the bare value ¢, to a new value - but only at the k, for
which A, is singular, i. e. for all g # k, we can set g, 3 = ;. The renormalization at k, will
again be related to the binding energy of the bound state. Thus, for the singular state k, we
can solve Eq. (77) for Ay 2o

V/2

14]{0,)L == (79)

\4 1 :
1- Aﬁ Zq(;ﬁko) Ekg,A—Eq

In the beginning of the renormalization process we can set A = 1. Thus, a singularity is found

if the equation

1= K ; (80)

N Gy Eror=1"%q

is fulfilled. The solution € ;—; of this equation is the renormalized energy value due to the
singularity. In general one finds two solutions, where the first solution ¢ in general is a part
of the quasiparticle band and the second solution lies below or above this band depending on
the sign of V. It follows that the first solution ¢, changes to the renormalized value & ;3—;
and remains at this value down to A =0, i. e. g 31 = &,. All other q # k, are unaffected
and the corresponding energies remain unchanged, ¢, ; = ¢,

The fully renormalized energy value &, which is a solution of Eq. (80) exactly agrees with
the result of the well known t-matrix approach to bound states [36]. The bound state energy is
calculated by evaluating the sum using the density of states of the free system and solving the
resulting equation for & . Usually the energy value &, lies below the bottom of the conduction
electron band and it only exists if V < 0, i. e. in the case of an attractive scattering potential.

The whole renormalization process occurs similar to the spin impurity problem as follows.
At the starting point A = 1 of the renormalization process a particular state k, from the quasi-
particle band becomes a singular point for the corresponding transformation coefficient Ay ;,
i. e. it takes a value proportional to N. Thus, the solution for the coefficient at the bound state
can be written in the form Ako = NA. The corresponding equation for A is found from Eq. (78),

§k0 - Eko
2
For all other k # k, the coefficients A, , are found by self consistent solution of Eq. (77).

A= (81)
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Let us again visualize the bound state by studying the spectral function, which is defined
via the imaginary part of the single-particle Green’s function,

o0
Sahkwﬁrif {[cl(=t), ey )e dt . (82)
21 J_ o
The time dependence and the expectation value are now formed with the Hamiltonian Hy .
Correspondingly, the expectation value of an operator A is defined as in Eq. (39) but now
formed with #, . Using the Mori-Zwanzig formalism [37,38], the anticommutator correlation
function can be rewritten to the form

3G(k,k, ) = ([cx, 5(Ly — w)er 1), (83)

where Ly A = [Hy, A] is the Liouville operator. Our method to calculate this quantity is again
by using the invariance of the trace under a unitary transformation. This yields

3G(k,k, ) = ([&, 5(Ly — )& 1) - (84)

To find the transformed operators ¢, we use the same procedure that we used above to
determine the fully renormalized Hamiltonian #, from the original Hamiltonian. We start
with an ansatz for the renormalized single-particle operator where the transformation is al-
ready carried out until an arbitrary A. This ansatz can be suggested by forming the first order
commutator of the single-particle operator and Xy, A, where we use the same operator form
but with A-dependent prefactors,

.~ ,_ 1
I T
¢, 2, = X1 AC, + Yir—
kA k,2.%k kA Z _
N (@0 far kA

AgatAga .

L (85)
q

where the initial conditions at A =1 are x; 3—; = 1 and y; 3= = 0. Now we find the renor-

malization equations for the A-dependent coefficients x; 5 and y » in Eq. (85) by evaluating

a similar equation as Eq. (11) but for the renormalized single particle operator,

= eXvaan C;: Ae—Xv,A,M , (86)

i
Cka—An i
where the operator expression as given by Eq. (75) must be used for Xy ; »,. Evaluating again
the right hand side up to the linear order in AA and using the above ansatz for c,I , we find

the following set of renormalization equations for the A-dependent coefficients,

2
B AL Aga tAga
X A—Ar = XA — J’k,A—NZ Z —8q —ea )

q(#k)

2
) ) 1 A p—ar T Ag—an
1=x +y — .
kA—a2 T Vioa—a 2 E : c — ¢
q(;ék) q,l—Al k,l—Al

This set of renormalization equations is solved simultaneously with the corresponding equa-
tions for the Hamiltonian until A = 0 is obtained. Then the Hamiltonian is diagonal and the
fully renormalized single-particle operator at A = 0 is obtained from Eq. (85),

(87)

A +A,
L b (88)
Eq—Sk

- 1

S N

Cp = Xy +ykN Z
q(#k)

Note that a possible bound state k, may be also included in the summation. If we consider a
state k # ky we find

A +A,
g q

R 1 T
k:Xka+yk— Cq+2~
E,— € &, —E&
q(#kke) “9 Tk ko k

r

1 €k — €kq CJ'.
kO :

(89)

25


https://scipost.org
https://scipost.org/SciPostPhys.13.2.016

Scil SciPost Phys. 13, 016 (2022)

, SGk k)
k JA\
1
)
— A =
PR WA 5
— 2 075
A VA I
/AN B
k 8 — Coherent state
J',&UAT\EL § 05 I —— Bound state
AT £
AV 2
A VAN I | A e 025
L U] 2
i JU N
. AN
j 0 | | |
eko Eko @ -10 -5 0 5 10

k/(0.017)

Figure 7: (a) single-particle Green’s function for k # k, of a non-magnetic impurity.
The level broadening is introduced by hand and the broadening value is fixed to
n =0.1¢;,. (b) Energy-integrated spectral weights of the spectral function according
to Eq. (90). The black line shows the coherent excitation and the red line shows the
bound state excitation as a function k.

Inserting Eq. (89) into the correlation function (84), we can directly evaluate the operator
5(Ly — w) by simply replacing the transformed Liouville operator L,, with an eigenvalue of
the corresponding single-particle operator it acts on. This is possible because it refers to the
diagonalized Hamiltonian #,. Thus, we obtain for k # k,

~2 ~ ~ (2 ~ 2
3Gk, k, @) = £26(5 — ) + 2k (A" +Aq) 5(e,—w) + (1M) 58, — ).
N2 €, — € 2 & — & 0
q#kko) N 1 0
(90)
As in the case of a spin impurity we find the spectral function to exhibit a state at energy
€, In addition to the bare energies ¢ of the free system. The energy &, of this state is k-
independent, indicating the state to be local in space — the hallmark of a bound state. Note
that the intensity of the bound state (and also the other excitations) depends on k. Note that
the continuum of states in the second term in Eq. (90) vanishes in the thermodynamic limit
due to the factor 1/N?2. Thus, all excitations exhibit §-like behavior in the spectral function.
These properties are shown in Fig. 7(a) where the spectral function was calculated using
Eq. (90) for a quadratic dispersion €. Furthermore, the spectral weights of the bound state
and the dispersive states as calculated from the prefactors in Eq. (90) is shown in Fig. 7(b). We
find that the spectral weight of the bound state increases (at the cost of the dispersive states)
if it comes closer to the conduction band.
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