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Abstract

The numerical renormalization group (NRG) and the density matrix renormalization group (DMRG)
are yet two very successful numerical methods, for computing the properties in one-dimensional
correlated quantum systems. Nevertheless, both methods have drawbacks and weaknesses. NRG is
based on a logarithmic discretization of the non-interacting bath degrees of freedom, which results in
the energy-scale separation, allowing iterative diagonalization. However a Bardeen—Cooper—Schrieffer
(BCS) s-wave superconducting bath breaks the energy-scale separation [1], which amounts in reduced
resolution of the spectral function at gap edge and below. Sharp features in this frequency range can
often not be resolved accurately. This downside of NRG is not restricted to an Anderson impurity
in an s-wave superconductor, but applies to impurity models with a gapped hybridization and sharp
features at the gap edge. One of the other options to compute the spectral function is to obtain the
ground state of the system using DMRG and perform a real-time evolution by the time-evolving block
decimation (TEBD) [2, 3, 4] or other real-time evolution methods like the time-dependent variational
principle [5, 6]. However, a sharp resolution over the full range of energy scales, using a linear grid,
requires exponentially many time steps and very long chains, which is from an numerical point of view
is hardly feasible. To resolve these complications we present a hybrid NRG-DMRG approach for the
calculation of the spectral function of an Anderson impurity embedded in a BCS superconducting bath
at T'= 0. Based on the technique developed by Refs. [7, 8] a low energy Hamiltonian is generated
by NRG. Using DMRG the ground state in a low energy subspace is found and the spectral function
calculated via TEBD. To obtain the full spectrum function, the low-energy spectral part obtained by
DMRG is patched together with the high-energy NRG spectral part.
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1. Introduction

Roughly 60 years after the introduction of the first quantum impurity model by J.Kondo [9], they
are still in the focus of scientific interest. During this time, these type of models have lead to the
novel concepts and frameworks in the field of condensed matter, just because of their enormously
rich and complex behavior, which is usually unfeasible within a weak coupling methodology. One of
the most prominent examples is the development of renormalization group ideas with contribution
from P. W. Anderson, by his poor man’s-scaling approach [10] or by K. Wilson’s numerically exact
solution of the Kondo model by NRG [9]. Although, quantum impurity models can describe a rich
variety of physical situations their structure is relatively simple. Many different variations exist,
but their main structure can be characterized by a small number of (strongly) interacting quantum
degrees of freedom coupled to a bath of non-interacting fermions or bosons. They also have prepared
the ground for our current understanding of what is known as strongly correlated quantum systems,
which includes for example Mott insulators or high-Tc superconductivity. This connection has been
first revealed in the early 1990s. Based on works by D. Vollhardt and W. Metzner [11], G. Kotliar, A.
Georges and others [12, 13] founded what it today known as dynamical mean-field theory (DMFT). In
this context, the strongly interacting many-body system is mapped onto a quantum impurity model,
imposing an additional self-consistency condition on the non-interacting bath. Here the importance
of quantum impurity models beyond their specific physical setting becomes obvious. To obtain such a
self-consistent solution, the quantum impurity problem has to be solved with high accuracy. Several so-
called impurity solvers have been developed to access the local spectral function of the impurity model.
For example the continuous-time quantum Monte Carlo method [14, 15], exact diagonalization [16] or
the here further considered NRG and DMRG based algorithms. Yet, there are types of systems, where
the basic concept of NRG fails at some point, limiting the resolution by violating one of the supporting
pillars. One of these systems is an Anderson impurity embedded in a s-wave superconductor, which
we study in this thesis. The goal of this thesis is twofold, on the one hand an Anderson impurity
coupled to a BCS superconducting bath is a interesting problem in its own right. Furthermore, the
model introduced in the next section shows near-gap peaks and strong subgap resonances, which
currently cannot be resolved accurately enough. We try to make a balance act of on the one hand
conveying the physics of the Anderson impurity embedded in a BCS superconductor in detail and on
the other hand developing a new numerical approach to capture both, the Kondo effect and arising
near-gap resonances and sharp subgap states, which requires sharp resolution at the gap edge and
below. This thesis is therefore structured into a model part, where we define our quantities of interest,
reveal the relation to a quantum dot system, access the hybridization function, which is of interest
for the numerical implementation, and discuss some of the features of the non-interacting model to
get familiar to characteristics. In the second part we describe in detail our numerical approach to the

interacting problem. Here we also present results for selected cases and benchmark our method against



analytical and numerical results. In the last chapter of this thesis we study the spectral properties of

the interacting model using our in chapter two developed hybrid NRG-DMRG approch in two cases.



2. Model

We study an Anderson impurity [17] described by

A

Himp = €q(Nay + 1qy) + Ultgringy, (2.1)

which is coupled to a bath of non-interacting spinful fermions in an s-wave Bardeen—Cooper—Schrieffer

superconducting state [18] modeled by the two terms

ﬁbath + ﬁA = Z(ek — ,u)é;r{aékg — Z A*é—k¢ékT + AéLTéiki' (2.2)
k,o k
For simplicity, we assume a time-reversal invariant and particle-hole symmetric dispersion relation
€ko — I = €k _g — [l = L — €_x . The coupling of the bath to the impurity is described by the
Hamiltonian

Hyyp = el tre + 17 eas, (2.3)

1
W
where t denotes a complex valued hopping amplitude. The full Hamiltonian of interest is therefore
given by

H = Hinp + Hygp, + Hoaon + Ha (2.4)

As in previous publications [19, 20], we assume that the bath has a bandwidth ranging from [—D, D]
and the order parameter A is nonzero in the same energy range. If not stated otherwise, D sets our
energy scale and energies are taken with respect to the chemical potential u. From an experimentalist’s
point of view the absolute value of the gap parameter A can be inferred by experiments [21, 22]. Since

we set 1" = 0 throughout this study, we therefore consider A as a constant external complex parameter.

2.1. Spectral functions - the quantities of interest

To eliminate the redundant phases in the complex coupling matrix elements ¢ and the gap parameter

A we use a canonical transformations to map the Hamiltonian (2.4) to a real valued one.

We represent the coupling matrix element as t = |t| exp(i¢;), the gap parameter as A = |A| exp(ipa)

and perform the following canonical transformations

édo — édo €xp (l(¢t + ?))7 éka — ékU €xp (ZQSQA) . (25)

This renders the pair potential A and the hopping matrix ¢ elements real, positive quantities.

Up to constant shifts we can represent the Hamiltonian in terms of Nambu spinors, which are



2.2. Relation to an Anderson model with two identical superconducting leads

By = <Cf> Uy = (f;kT > . (2.6)
C C
dl —K

The Hamiltonian in terms of the Nambu spinors reads:

defined as

R U U, s - R e
H=(eq+ 2)\11d02\11d+ (Uh6,0,) (Ulo b+ 0f6.09) + Y 0] (6. — A6,) T (2.7)

\f 2 -
It describes an (interacting) impurity embedded in a non-interacting bath of a Bardeen—Cooper—
Schrieffer s-wave superconductor. As we will shortly see, it is closely related to a model which can be
interpreted as a quantum dot with two superconducting leads. But not only the relation to such a
mesoscopic system makes the model interesting. It could also serve as an effective impurity model in
the context of DMFT [12, 11, 23], which by construction includes superconductivity.

In either perspective one is usually interested in the dynamical response functions of the system.
In our case the functions of interest are the following retarded impurity correlators, which in the real

time representation are given as

Cy cT

, 2.8
Cd¢(t)v CdT}+ 29

af

where «, 3 are indices for the Nambu spinor components. These expressions can be Fourier-transformed

to frequency space,

w) = /_O:o dt@fﬁ(t) exp(iwt). (2.9)

By the Kramers—Kronig relations this complex function can be uniquely represented by a (matrix-

valued) spectral function

Aap(@) = =5 |GBy(w) - G ). (2.10)

2mi

The spectral function is not only useful for the efficient representation of the retarded Green’s function
by causality, but for example the (1,1)-component and the (2,2)-component are also directly related to
the inelastic scattering cross section [24], a quantity that can be inferred by photoemission spectroscopy
[25, chapter 14].

Before we elaborate the calculation of the spectral function of the model in the non-interacting
and interacting case in more detail, let us now discuss the relation of the considered impurity model

to the mesoscopic system of a quantum dot coupled to a superconducting lead [1, 26, 27].

2.2. Relation to an Anderson model with two identical superconducting

leads

Progress in nanotechnology and fabrication over the last years made it possible to realize single
electron transitors coupled to leads and study their properties in an experimental setup. Theory
[28] predicted the existence of the Kondo effect in such quantum dot devices and finally Goldhaber-

Gordon [29] confirmed the effect experimentally in 1998. At the same time interest also arose in



2. Model

the effect of superconducting electrodes on the dot properties and single-electron transistors coupled
to superconducting leads were experimentally studied [30, 31, 32]. The Anderson model with two
identical superconducting leads can be viewed as an minimal interacting model for this situation.
‘Identical’ in this context means that the magnitude of the order parameters in the two leads is equal
A = |A,| , as well as the normal conducting density of states p,(€) = p(€) in the two leads. The
complex hopping matrix elements t,x = t are set equal and constant for convenience. This also
includes the case where the coupling of the two leads is different [33]. What remains are two phase

degrees of freedom. The quantum dot is described by
Haor = €a(far + fgy) + Udarivay, (2.11)

which is the same term as in the case of an interacting impurity in a superconducting bath defined

above. In contrast to that, we have two superconducting leads, modeled by bath terms of the form
f{l%gds + ﬁiL = Z [Z(ea,k - Ma)élkgéaka] - lz AaéTakTéLfki + Azéa—kiéakT . (2.12)
ac{1,2} Lk,o k
The hopping of the electrons from either lead to the dot and vice versa is described by
ag o=y théLéakU + t*éLkaég] : (2.13)
ac{1,2} Lk,o
Therefore, the full Hamiltonian is given by

O = Hao, + HES o+ Hih + HA. (2.14)

In order to obtain a real valued Hamitonian we parametrize the order parameter as A, = |Ale!® and

employ the canonical transformations

~ i o ~ i P1102
Coke — €2 Cokerand Ege — €' T Cyps (2.15)

which does not affect the terms I:Idot and H'lead. The pairing term and the hopping term change

according to

IAJKL — Z A Z éToszéL—k¢ + éafkiéakT . (2.16)
ac{l,2} k
P P IS N IV E-IC N
Hﬁfpp — H}%(I;pp = Zte“ czlgclka +te 1 CIIUCQkO- + h.c., (2.17)
k,o

where we defined ¢ = ¢1 — ¢2. Once more doing a unitary transformation,

~ 2 . N TN
Clkoc —7 € ‘1 Clkos and Coko — €Z462k0-, (218)



2.3. Matsubara representation and the hybridization function

renders the hopping part real and changes the pairing term to

@

N = 1) oty (=1%
ol =- > [ZA ‘ TkT el k¢+Ae 2 Cam kicakT] (2.19)
ae{l,2}

which shows that only the phase difference ¢ enters the transformed Hamiltonian. Following [1] we
perform a rotation of the lead operators

Cok 1 671% ! Clk
eko o

= — ) . , 2.20
(éoka> \/i —'L.e_l% e <62k0> ( )

where the operators C.xy, Coke act on the even and odd channel and are therefore called even and odd

S
NI

operators. After doing so, the hopping part of the Hamiltonian reads
A2 Z V2teh [ cos Ceko — SIN ¢ Coko| +hec. . (2.21)
opp dO’ eko 4 oko

Rewriting the complex hopping amplitudes in the form ¢ = [t|e’?, and using again a transformation

¢ao — €'%t¢4,, we obtain the real valued expression
A2 — V2l Z [ cos éekg —sin(? éoko] +huc. . (2.22)
opp — 4

Again, ﬁleads remains unaffected by this transformation, while the pairing term in the Hamiltonian

after the mapping is transformed into
g Alel el o —el el +he (2.23)
kT e—k| ~ CoktCo—k| -C. :

We conclude that for a phase difference ¢ a multiple of 47 the odd channel decouples completely from
the dot. In this case the Hamiltonian simplifies to the one of an Anderson impurity embedded in a

s-wave superconducting non-interacting bath. In this thesis we consider the case ¢ = 0.

2.3. Matsubara representation and the hybridization function

We start the discussion by accessing the hybridization function of the problem, which will be used
later in the numerical implementation. This will be done by employing the Matsubara formalism
and an analytic continuation to obtain the real frequency correlation and spectral functions (for
introductory textbooks see [24, 34]). Then we turn to the non-interacting model and consider the
effect of the hybridization on the local density of states. In the so-called large gap limit the Matsubara
representation gives rise to an effective Hamiltonian, whose eigenstates and spectrum will be considered

afterwards. At the end of this section we consider a mean-field treatment of the impurity interaction.
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Matsubara representation

By subsequently introducing resolution of identities in terms of fermionic coherent states |¥y,) and
|W4o) for the bath and the impurity degrees of freedom, we can write the partition function of the

problem in the form

Z = /D[E,w] exp(—~S[w, v]) (2.24)
with the action
8 _ _ _ _
s= [ ar [ S T Vo + 3 Uiy Uiy + H[T g, Uty T, wka]} , (2.25)
0 o k,o

where V4, ¥4, Uy, and ¥y, are Grassmann valued functions of imaginary time 7. The Nambu

spinors of the Grassmann variables are defined by

— v, v — v v
\I]d = ( dT) I \I/d = <dT> ) \I]k = ( kT ) ) \Ijk = ( kT ) * (226)
P, Pa, Uk Yokl

After doing a partial integration of the imaginary time derivative in the spin down sector, we can

represent the action as

B _
S = / AT 4[0:60 + (ea+ £)6.] Wy + L [0u6.0,]°
0

13 = = = N N N

= WbV + Uyeb. Vg + Y Uy [0,:60 + &b — Abo] Uy, (2.27)
vV k k

where 6, 6,6, denote the usual Pauli - matrices acting on Nambu space. We now make use of the

antiperiodicity of the Grassmann-Nambu spinors by representing the action in Fourier space, where

we choose the convention

U (r) = \/13 ; U (o) exp(—iwnt), Tg(r) = % ;@d(wn) expliwn), (2.28)
k() = . Tu(r) = =

Z Uy (wp) exp(—iw,T), Wi (7) Z@k(wn) exp(iwy,T). (2.29)

VB VB

Here, w, = (2n + 1)/ with n € Z denote the fermionic Matsubara frequencies and 5 = 1/7T the
inverse temperature.

Using this representation for the action we find

S =" Uy(iwy)[ — iwnbo + (€2 + §)6:] Vq(iwy)

Wn

t — R — ~
+ W %1 W g(wn)G. Vi (wn) + Wi (wn)o-¥q(wn)

+ Z @k@un) [ - Z.Wn60 + Ekﬁz - Aa—z]q/k<wn)

k,wn,
T QUB Y [Walwn +n)d-Ya(wn)] [Ya(vn — 42)6:Va(vn)] - (2.30)
WnyVn,gn

10



2.3. Matsubara representation and the hybridization function

Note that the transformation into Fourier spaces is a unitary mapping, which leaves the measure of the
functional integral invariant. For later convenience we define the bare Matsubara impurity propagator
GO by

imp

N —1
{Giomp} (wn) = iwp 0o — (ed + %)627 (2.31)

and the bare bath propagator G’g by
anq—1

Since we are interested in the properties of the impurity, we integrate out the bath degrees of freedom.
To this end we decouple the bath and the impurity degrees of freedom by shifting the bath spinors

according to

Ty (wn) = Ty (wn) + —=Tg(wn)8.GY (wn, k), (2.33)

_t
VvV
\/tvég<wnvk)&z\lld(wn)' (2‘34)

Afterwards we perform an integration over the bath degrees of freedom. The arising constant will be

\Ilk(wn) — \I/k(wn) +

absorbed in the impurity measure. Finally we get an effective action for the impurity given by

_ o Lt~ A .
Seff = Z Ua(wp) [ — twn0o + (Ed + %)Uz + v Z Ung(Wna k)az} Wg(wn)

“n k
+ Z %[@d(wn + %)‘ATz‘I/d(wn)} [@d(yn — qn>6'Z\I/d(l/n)] (2.35)

Bath self-energy contribution and hybridization function

From this we can readily read off the self-energy contribution from the bath to the impurity Matsubara

Green’s function as
Sh(wn) = 7 > 6.6 (wn, k)5 (2.36)

Following [35] we define the hybridization function @(w), which by causality completely captures the
effect of the bath degrees of freedom on the impurity, by

P(w) = —% [Sh(w +i0%) — 5w + i0+). (2.37)

This function will be discretized in the subsequent numerical treatment of the model. To compute
ﬁ(w) we will first evaluate f)b(wn) and then perform the analytic continuation to the real frequency
axis. Recall that the bath Green’s function is defined by Eq. (2.32), by inversion this yields

A 1

GV (wn, k) = Sy s Sy [iwnbo + kG2 — AGL). (2.38)

11



2. Model

Now we perform the momentum sum in the continuum limit approximating the normal-state density

of states pg as constant over the bandwidth from —D to D to get

A 12 oA . d% iwnbo + €6, + AG
Y (wn) =V ZozG%(wn,k)az = t2/ 2ny asz(wn, k)6, ~ pot* d iw% — 6;_ N e
wndo + Ad, 21 w69 + A, D
=pot? / de—— = t : 2.39
— —w? — e — A2 T Jw? + A2 aran Vws + A? (2:39)
Here, we defined the hybridization strength T’ = t2mpy.
Note that the pole structure of the self-energy is solely determined by the function
2T D

Wp) = ———atan| —— |. 2.40

This is of importance, as we now perform an analytic continuation to the real frequency axis by
continuing the Matsubara frequencies iw, — w + i0*. This will come up again in the solution of the
non-interacting model. Therefore the continuation is worth studying in more detail. We have three
different regions of analyticity, which we have to investigate individually: |w,| < A,

A < |wy| < D? + A? and |w,| > D? + A2

Case a): |w| < A

We consider here the relevant parts of the hybridization function and their corresponding analytical

continuations. For the individual parts one finds:
jwn — w + 0T .
w? Ln DWW, W - isgn(w)0t,

Jw2 + A2 dwon > w 0T, \/Az — w? —isgn(w)0t = VAZ — w2,

iwn — w40t 2r D
Clon) =2 1) = atan( e ). (241)

Here we already neglected infinitesimals in the denominators, by realizing that v/A2 — w? has no zero
crossings in the considered region, and therefore (; no poles in the considered frequency range. This
means that the self-energy contribution of the bath is purely real in these parameters. This is expected
to be the case as the formation of Cooper pairs gaps out fermionic degrees of freedom in the bath in
a range A around the Fermi level p, i.e. there are no fermionic degrees of freedom to couple to in the
bath. However as we will see later there is a mechanism which leads to subgap density of states at

specific energies in the impurity spectrum.

Case b): A < |w| < VAZ+ D?

This frequency range is more complicated, due to the branchcuts of the square root- and of the atan-

function. Analogously to the first case we continue the individual parts as

w? don 2w OT, 2 isgn(w)0™, (2.42)

12



2.3. Matsubara representation and the hybridization function

Vw2 + A? on 2w 0T, \/—(w2 — A?) —isgn(w)0t = —isgn(w)Vw? — A2, (2.43)

C(wn) M) G(w) = isgn(w)ﬂ_ 22F ~ atan(f;%). (2.44)

w —_—
We can rewrite the atan-function, by factoring out the imaginary unit and using

atan(iz) = atanh(z). Furthermore we make use of the relation atanh(z) = 3 In(1+z) — 3 In(1 — z).

Since the complex logarithm satisfies In(—z) = In(x) + i, the factoring out of sgn(w), requires a case

distinction. After doing so we find the expression

sgn(w)2Tl _1 ( sgn(w)D
o) = - S ™ ()
_ r 1n<D+m> v I'sgn(w)
mw? — A2 D —Vw? — A2 w? — A2

(2.45)

We see that in this frequency range the imaginary part of the self-energy is finite. For v D2 + A2 > |w| > A
the impurity can exchange electrons with the bath, which means that electrons can hop onto the
impurity states and back into the bath. This hopping leads to a finite lifetime of the impurity degrees
of freedom and therefore to a finite imaginary part of the self-energy. Above or below the bandwidth

this simple hopping process is not possible, as the consideration of the next case shows.

Case c): (VA2 + D? < |wl|)

Here we can do the same steps as within b) up to the point where we rewrite the inverse hyperbolic
tangent. In this case the inverse hyperbolic tangent becomes purely real valued. This means we can

factor out the sign of the frequency to obtain

Gw) =— 2L atanh<D), (2.46)

TV — A? Ja? — A?

which is purely real again. This is a consequence of the fact that there are no states for hybridization
with the bath available above or below the energy £/ A2 + D2

By combining all the three cases, the hybridization function of the problem can be written

. 1 (e , A .
Dw) = - 5~ [S(w +i0") = Sf(w +i0")]

=0(D? + A — w)O(w? —

AQ)F(|W|6O + sgn(w)Ady)
e By A

which is consistent with [35]. We see that the appearence of the gap leads to a new effective bandwidth
Deg = v D? + AZ

For w > A the hybridization function D shows a nearly constant diagonal coupling &y of the

(2.47)

bath and the impurity, indicating a constant finite lifetime of the impurity electrons. We furthermore
observe a diverging behaviour close to the gap edge, |w| ~ A, indicating a strong coupling between
the bath and the impurity. Related to this we can also see a diverging structure in the off-diagonal
components &, of the self-energy $,. This behavior can be understood by remembering that the

elementary excitation of a BCS mean-field superconductor are Bogoliubov quasi-particles present in

13



2. Model

A/D=001 —D,

Do_’m(w) . %

-10 -9 0 ) 10
w/A

Figure 2.1.: 69 and & components of the hybridization function D(w) for A = 0.01. Observe that for
energy scales far above or below the pair potential A the hybridization function is close to a box type
of hybridization function. Closer to the energy scale of the gap, we observe a gapped hybridization
ranging from —A to A and diverging behavior in the diagonal and off-diagonal components, reflecting
the superconducting bath.

the bath (compare Fig. (2.1)).

Let us summarize what we obtained by the discussion of the self-energy contribution of the bath
and the hybridization function. Due to the fact that the bath is superconducting, a condensate of
Cooper pairs forms in an energy range A around the Fermi—energy, leaving no states available for the
hybridization of the impurity with the bath. Therefore, the self-energy contribution from the bath
below the gap is purely real. In contrast to that, above the gap, the impurity has a continuum of states
to couple to, which is reflected by a finite imaginary part of the self-energy. As we consider further
higher or equivalently lower energies we run out of bandwidth, which again leads to impossibility of

hybridization, but a renormalization of the impurity degrees of freedom.

2.4. The non-interacting model and beyond

Now, after we have discussed the hybridization of the bath with the impurity, let us elaborate on the
effect of this hybridization on the local density of states, by solving the non-interacting model U = 0.
The diagonal components in the D — oo limit have been discussed in the literature in Refs.[1, 19] by
involving the equations of motion technique. To also get direct access to the off diagonal correlation
functions we employ the effective action, similar to what has been done in [36]. Again we start from
the effective action Eq. (2.35), where we can readily read off the Matsubara impurity Green’s function

as

_dwn[l + ((wn)]G0 + €ads — Af(wn)F2)

WL+ Clwn))? + & + A2 (w2 (2.48)

A . N N & —1
Gimp(wn) = [anUO — €40z — Z:b(Wn)] =

14



2.4. The non-interacting model and beyond

Here, we identified the function ¢(w,) = —2— atan| —2— ) from our previous discussion.
’ C( n) my/wi+A2 w2+A2 b

In full analogy we perform an analytic continuation iw, — w+i0" to access the retarded impurity
Green’s function as done before to obtain the retarded self-energy. We can use some of the results from
above, since the only branch cuts can come from the non-analyticity of the function (. We consider

the cases:

Case 1: [w| <A
By analyticity of the functions under consideration we find for the retarded Green’s function

W+ GW)]do + €ads — AG(w)Fa)
€2+ A2 (w)? — w?(1 + ¢ (w))? — isgn(w)0t

G (W) =

imp

(2.49)

As before, we observe that the function (; is purely real in this limit, however the continuation of
. y

2 LonDwti0T, )2 isgn(w)0™ will produce an infinitesimal offset in the denominator of the retarded

impurity Green’s function, which we treat by making use of the Sokhotski—Plemelj theorem. After

inserting this into the definition of the spectral function A = — [C?i]fnp(w) - [C?ffnp]T(w)} we obtain:

A= [|wl[1+ ¢ (w)] 60 + sgn(w)eqd — sgn(w)AG (w)ds|d(ed + A% (W) = (1 + G(w))?), (2.50)

with (3 (w) given by Eq. (2.41).

We see that the system hosts a discrete spectral weight inside the gap if the argument of the J -
function has roots in the frequency range under consideration. This spectral weight corresponds to the
first excited states of the Hamiltonian, which are usually called Yu-Shiba-Rusinov states [37, 38, 39].
As the argument of the delta-function is symmetric, we observe that the Yu-Shiba-Rusinov excitations
lie symmetrically with respect to u, and in the case ¢; = 0 they contribute the same spectral weight.
The position w4+ and the spectral weight .ﬁaﬁ (w4 ) of the subgap states can be computed numerically,
by employing Eq. (2.50). A comparison of their position wy /A and their spectral weight ‘Awﬁ
for different parameters is displayed in Fig. (2.2). For this set of parameters we find two subgap
excitations.

For fixed I, |e4| > A has the tendency to shift the subgap states closer to the edge of the continuum
and decreases also the spectral weight of the subgap excitations (for positive and negative €4) .

As mentioned in [40] in the context of finite temperature and interaction and in [41], in the regime
A <« T, the Yu-Shiba-Rusinov bound state energy tends towards the gap edge. The bound states
transfer more and more spectral weight to the continuum. We observe the same type of behavior for
the considered parameters.

Furthermore the presence of the superconducting bath leads to off-diagonal pair correlations on
the impurity and therefore induces symmetry breaking at the dot. This effect is called proximity
effect [19]. The proximity effect is the appearance of superconducting-like properties, for example
anomalous expectation values, of a non-superconducting material in contact with a superconducting
one [42]. Since the superconducting bath depletes fermionic degrees of freedom in an energy range
of A around the Fermi level, single-particle states below the gap are forbidden [42], while many-

body processes are allowed. One of the many-particle processes contributing to the proximity effect
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Figure 2.2.: Position wy (by symmetry w_ can be extracted as well) and spectral weight A@¢5T (wq)

of the subgap excitation vs. I' for several values of €¢;. We observe that the spectral weight of the
subgap states have a maximum at I"' = €5 and have the largest distance from the band edge at A.
With increasing hybridization strength I', the weight of the subgap states decrease for all considered
parameters and tend towards the gap edge. During this evolution they transfer spectral weight to the
continuum.

and the formation of the Yu-Shiba-Rusinov states is the Andreev reflection [43, 44]. The Andreev
reflection is the momentum, spin and energy conserving reflection of an electron at the boundary of
a normal metal to a superconductor into a hole in the normal conducting region and a Cooper pair
in the superconducting medium [45] as illustrated in Fig. (2.3 a)). A coherent superposition of these
Andreev reflections can lead to a non- propagating solution, a bound state [46]. The Yu-Shiba-Rusinov
states can be interpreted as these bound states. This situation is visualized in Fig.( 2.3 b)). Connected
to this, the proximity effect leads to an effective pairing amplitude at the impurity, i.e. we obtain
an inhomogeneity of the pair potential A(r) in real space around the impurity [47]. In the case of
U = eq = 0, Ref. [41] found an exact formula for the representation of these first excited states in

terms of their creation operators

arf =ty [UkékT + Ukélu + éqp + ézw (2.51)
k

Oé’yI = tz [UkékT - ukéLJ + édT — éLJﬂ (2.52)
k

A r
2_ 2 A—w
A wi +

(ex—p)+A+wy _ (ac—p)+A—wy

(ex—p)2+A2—w3 Uk = (ex—p)?+A2—wF

Here w, is the bound state energy, a? = 2[1 + } ensures the canonical commutation

relations of the y-operators, and uy = determine the weight of
the bath in this many particle state.

It is instructive to see what happens at small ¢, where we can neglect the bath contribution and
can write down the ground state, as it is annihilated by the 7’s, as |GS) = (1 — é%éi) |0). Even for
small hybridization, the ground state has a BCS like structure. As we will see later, this behavior will
change, if we include a strong enough repulsive interaction U.

Let us for a moment conclude the discussion of the subgap spectral density and consider the
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2.4. The non-interacting model and beyond

Figure 2.3.:

a): Andreev reflection at a normal - superconductor interface (schematic). An electron in the normal
conducting medium (n) with spin o is retroreflected to a hole with spin —o in the n-region and a
Cooper pair in the superconductor s. This process is reversable and dissipationless [45].

b): Formation of Yu-Shiba-Rusinov bound states as a concatenation of multiple Andreev reflections
(schematic), between an impurity i and a surrounding superconductor s. The superposition of Andreev
reflections leads to a static solution, a bound state [45].

continuum part of the spectral function.

Case 2: A < |w| < vVD?+ A?

As in the calculation of the hybridization function D, the function ¢ has two branch cuts in this region
from the square root function along the negative real axis and the complex logarithm in the same
region.

Using the analytic continuation of ( already derived above we can write down an expression for
the retarded Green’s function from Eq. (2.48) using the analytic continuation from Eq. (2.45), we

find the expression

or oy I+ G0 + et — AG(w)6)

) = T NG - AT G 25

with (o(w) given by Eq. (2.45). Here we already neglected infinitesimal offsets, since the function (,
has a finite imaginary part.

As in the case of |w| < A we observe off-diagonal correlations, a consequence of the proximity
effect. To compare with formulas in previous publications [1, 19] we take a closer look at the limit

D — oo
D oo . I'sgn(w)

C VI =AY

After simplifying this expression and considering the individual components we find for the (1,1)-

Co(w)

(2.54)
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component of the spectral function

Dl(w + e0)? + Tpa

1
1 , 2.55
T (w? — €3 —T?2)2 + (2Twpp )? (2:55)

“4(%4 (W) =

||

Vw2 —A2’

where we introduced pa = in accordance with [1, 19]. Thus, this limit reproduces the known
formulas.

Let us discuss some apparent features of the spectral function flc ot We can see in Fig. (2.4) that
for A < ¢4,I" an atomic resonance at w =~ ¢4 broadens more and more due to the hybridization I'.
This corresponds to the atomic level in the decoupled case, I' = 0, which hybridizes with the bath and
gets broadened by fluctuations. Furthermore, we recognize a spectral gap in the continuum part of the
spectral density ranging from —A to A, as a consequence of superconductivity in the bath elaborated

earlier in the discussion. We also observe very narrow resonances at the gap edge.

20 : :
U=0,A=0.005e;/A = 10 —TI =0.025
—T =0.05
—T=0.1
15} -+ —T'=02 |
3
210l 1 |
<
Q
5L 1 J
0 T L I L
—10° —107t —1072 —107% 1073 1072 101 100
w/D w/D

Figure 2.4.: Continuum contribution of the spectral function AéTéT for A < |w| < VD?+ A? for
T

negative and positive frequencies. Observe the atomic resonance at ~ ¢4 and the sharp near-gap peak,
displaying a Bogoliubov quasi-particle peak inherited from the bath. An increase of the hybridization
strength I' leads to a stronger broadening of the atomic level. With an increased spectral weight of
the Yu-Shiba-Rusinov subgap states for positive frequencies (as €5 > A) we observe also a increased
spectral density in the continuum part close to A compared to the situation for negative frequencies.

By reducing the onsite energy e; below the gap the situation changes, if the hybridization strength
is small enough. The Yu-Shiba-Rusinov excitations move away from the gap edge and carry more
spectral weight as depicted in Fig. (2.2). Furthermore with this behavior the sharp resonance at the
edge of the gap is transformed into an intermediate broader peak close to the gap edge, for this compare
Fig. (2.5), which then narrows again by further reducing the hybridization strength I". Nevertheless,
after this transition the shoulder at intermediate energies is gone. A change can also be see in the
off-diagonal components of the spectral functions, which are visualized in Fig. (2.6). For an increasing

A, the off-diagonal spectral function A not only shows a broadening of the peak close to the gap

edge, but also eventually undergoes a phase shift of 7 of the local order parameter Aeg oc (¢ é4) at

the impurity site for I' < A.
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Figure 2.5.: Continuum contribution of the spectral function AéTé’[ for A < w < VD% + AZ. We
T

observe a transformation of the narrow quasi-particle peak at the gap edge connected to a shoulder
(up to w &~ I') at higher frequencies into a broader peak without the shoulder as one decreases the
hybridization. By further reducing I" the peak narrows again, however the bump at intermediate
energies does not show up again.This behavior is related to a phase change of 7 in the local order
parameter.

Let us summarize the behaviour of the continuum part of the spectral function
A < w < VD2 + A2, The local spectral functions show a gap in a frequency range from —A to A, as

in the bath a condensate of Cooper pairs is present.

If the atomic level at €, lies outside of the gap we observe an atomic resonance with width ~ T,
otherwise the spectral function ACT@ is slightly asymmetric (not in the Figures). But it shows for
positive and negative frequencies qualitatively similar behavior to the ¢4 = 0 case illustrated in Fig.
(2.5).

Furthermore, Yu-Shiba-Rusinov subgap states close to the gap edge are intimately connected with
the appearance of narrow near-gap resonances. For low enough hybridization the local order parameter

Ao undergoes a phase shift of .

Case 3: VD? + A? < |w|

The last case under consideration is the case at energies above the scale set by the bandwidth D. In
analogy to what was done in Case 1 we can write the Green’s function, since the continuation of ( is

purely real, as
_ w[l + C3(w)]5'0 + €40, — ACg(w)ﬁx)
2+ A%G(w)? — w2(1 + G())? — isgn(@)0T

GE () =

imp

(2.56)
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Figure 2.6.: Continuum contribution of the spectral function A@Tgi for —vD?+ A2 < w < —A.
Comparison between the off-diagonal components for vanishing a) and finite[b) on-site energy ¢,

a): Model without gate voltage €4. The reduction of the hybridization leads to a phase change of 7 of
the local order parameter Aeg o< (¢¢é), which is the integral of the depicted curve. We observe the
broadening of a narrow near-gap peak followed by a sign change.

b): The phase jump is prohibited by a finite gate voltage €; in the considered parameterregime. The
narrow resonance remains until small hybridization strength. Observe also the change of sign at —eq

We find that the denominator has no roots up to the regime |eg| > v/D? + A2, i.e. no bound states
appear. Above this scale the renormalized atomic level is shifted out of the band and will then give a
d-type contribution to the spectral function. We are interested in the limit D > ¢4 and therefore do
not consider this case any further.

Now we consider the opposite perspective of the non-interacting model, which fully includes the
hybridization of the bath to the dot, but lacks of impurity interaction and consider some kind of
atomic limit, where we include the interaction in full strength, but take the limit of a very large gap
A.

The infinite gap limit and the singlet-doublet transition

This approach has been studied by previous authors [19, 48, 49, 50] within different variations of the
model. Within this approach one constructs an effective Hamiltonian in the so-called large-gap limit
accounting for some of the features of the continuum model [51]. Especially the ground state level
crossing (quantum phase transition) from a singlet ground state to a spin % doublet is contained in
this approximation.

The basic idea is to consider the bath self-energy contribution 3y, given by Eq. (2.39) in the limit
D — 0o and A — oco. When taking the limits it is important to take the bandwidth limit first, since
otherwise superconducting correlations are gone and we are left with an isolated impurity without any

reference to the superconducting bath. Taking this order renders the self-energy to be a constant, i.e.

A D — 00,A = o0
e

S (wn) —I'6, = 3¢, (2.57)

Because the self-energy contribution from the bath is static, we are able to switch back to the
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2.4. The non-interacting model and beyond

Hamiltonian description of the impurity problem. The Hamiltonian of this reduced problem is only
four-dimensional, and can be diagonalized exactly. From the effective action we can read off the
effective Hamiltonian
Heg =Y eatio + Unyiny — T[] +2y¢4]. (2.58)
o

Note that this effective Hamiltonian accounts for the proximity effect, as we have pairing with
amplitude I" present. As we took A — oo all states of this effective Hamiltonian are now subgap

states. We can readily diagonalize the Hamiltonian, by representing H.g w.r.t. the basisstates

10), 1), 14, [14) = élél Jo):
Hegr = eq|1) (1] + ea]4) (| = D1 (0] = D[0) (1] + (2eq + U) [14) (14 (2.59)

We see that the single occupied states |T) and |]) are already eigenstates of the Hamiltonian with

energies €5 . We rotate the empty and doubly occupied state to diagonalize the Hamiltonian:

E_10)+T 1l EL0)+T |14
L) = E_10) +T11) E_) = EL|0) +T 1M (2.60)
B2 +T7? VE3 +1?
where the energies are
EL =€d+gﬂ:\/(g+€d)2+r2- (2-61)

For a repulsive interaction U, |F.) always lies above [1) and ||). Furthermore |E_) is the ground
state of the system, if ¢, > E_. This means that the ground state of the system is a singlet state if
6(21 +Ueq+T? > 0 and in the degenerate spin—% state otherwise. We will later see that the appearance
of this quantum phase transition remains true in the system with finite A and D. A plot of the phase

diagram in this limit can be found in Fig. (2.7).

Let us consider the two cases ¢ = 0 and ¢, = —U/2, which we also study later in the numerical
simulation. The infinite gap limit suggests that in the former case no level crossing between the singlet
ground state and the doublet ground state occurs. By contrast, for the latter case one can expect a
quantum phase transition.

This concludes our discussion of the infinite gap limit.

Hartree Fock approximation in the impurity interaction

In the previous subsections we have considered two extreme cases of the problem, either without any

interaction or in the rather unphysical large-gap limit.

By considering a Hartree Fock approximation we are able to include the hybridization to full extent
and the interaction perturbatively. This problem has been addressed previously in different contexts
of this model or the Anderson model with superconducting leads [52, 26, 53, 54]. This is done by

approximating the self-energy from the interaction by

<<71l¢> — ﬁ)) ’ (2.62)
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Figure 2.7.: Phase diagram of the infinite gap model D — co, A — oo, which renders the self energy
correction from the bath to be constant. The boundary between the singlet phase and the doublet
phase is characterized by a level crossing of a non-degenerate singlet state and two degenerate spin
1/2 doublet states.

where we introduced the three mean fields, (74), (7)) and (¢4¢;), which have to be determined self-

consistently. Again, we can write the impurity Green’s function in the Matsubara formalism as

Gilgp(wn) :[iwn&o — €40, — i:IJ(Wn) - EU]il
_ 1 (iwn(l + C(wn)) + €a + U () —C(wn)A = U (&1¢)) ) (2.63)
X (iwy,) —Cwn)A = U (&1¢y) iwn (1 + C(wn)) —€a — U (A)) ) '
Here we have defined the shorthand X (iw,) for the determinant
(i) =w2(1+ C(wn))? = U({f3) — ()1 + C(wn))in + €
+eaU ((r) + () + U2 (g) () + (C(wn) A + U (&12)))% (2.64)

We now proceed in the same manner as before. We first analytically continue the components to
the corresponding frequency range using Eq. (2.41) and Eq. (2.45), to obtain the retarded Green’s
function Gi}gp(w +40™"). Then we compute a self-consistent solution numerically using the following

scheme with the initial values of (74), (7)) and (é;¢}) determined by the non-interacting case:

1) Calculate the spectral function /l(w) for the given parameters A, I', U and €4, i.e. determine the
spectral weight of the bound states and the continuum part analogously to the non-interacting

case.
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2.5. The Kondo effect

2) Compute new estimates for (f4), (7)) and (¢4¢)) using:

ay) =0 i A
/ diod, 1 (@) = AéTéT<w_)+ / dod, () (2.65)
A 7A A
(hy)=1-— <6¢AT T 01— / AAtA Aéiéi(w_> — /_Oo deéIéi(w) (2.66)
A A AT AT T=0 2 —A 2
(&re)) = CT% = / dw.AAf 4 w) = Aéiéi (wo) — / dw.Aéid (w) (2.67)

3) Start again with step 1) until the mean fields are converged.

From this we obtain a numerical solution for the spectral function using the self-consistently determined
mean fields. Though this approach has several shortcomings. Since we only consider the interaction of
the individual degrees of freedom with the mean fields, correlations between the individual components
are not contained. This includes, for example the Kondo effect [52]. Nevertheless, the Hartree Fock

results will serve us as a benchmark for small interactions.

2.5. The Kondo effect

So far we have considered the continuum model only from the perspective, where we have no interaction
or the interaction included on a mean-field level, where correlations are absent. However, it is well
known that interacting (magnetic) impurities in a metallic host can lead to correlation driven behavior,
different from the non-interacting case and clearly not contained within the mean-field treatment. To
explain this, let us for a moment consider the case A = 0. The bath is now featureless and normal
conducting in a range from [—D, D]. This is the Anderson model as introduced in Ref. [17]. Let us
restrict to the symmetric case ¢ = —U/2, in the limit |e4| > ', which fixes the filling of the impurity
and suppresses charge fluctuations as the spread of the atomic level is small compared to the level
spacing [55]. In the spectral functions this leads to resonances at +e, of width I' and constitutes the
high energy behavior of the model. One might think that this is the whole story, but actually the
interaction can lead to the formation of a new type of ground state, the Kondo singlet, which differs
from the resonance scattering limit U = 0. This can be understood by considering a Schrieffer-Wolf
transformation [56] of the Anderson Hamiltonian, which projects out the empty and double occupied
components, and leads to an effective low-energy Hamiltonian, the Kondo model. The Hamiltonian is
given by

Hyx = (e — 1)él, éxo — JShash - Simps (2.68)

k,o

with gimp, gbath the vector-valued spin operators for bath and the impurity and the antiferromagnetic

2 /' 1 1
Joo (1 _ 2.69
p w(ed ed+U>’ ( )

exchange coupling given by

where p = % is the density of states of the bath. The ground state of the Kondo model in the strong
coupling limit Jp — oo is a singlet formed between the impurity and one electron from the bath. In

this situation the Kondo singlet decouples completely from the remaining now free bath electrons. By
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a perturbative renormalization group analysis [10, 55] it can be shown, that the coupling constant
Jp flows to strong coupling as one more and more integrates out high energy modes. This means, as
we approach smaller energy scales the effective coupling becomes large. This also means that there
exist a crossover scale, the Kondo temperature Tk, at which the renormalized impurity degrees of
freedom form a singlet with the renormalized bath, with a binding energy characterized by Tk, which
proportionality is given by

Tk x exp(%p). (2.70)

For energy scales below the Kondo temperature the conduction electrons manage to quench the
magnetic moment by forming a Kondo singlet ground state. For scales above the magnetic moment
remains free.

Let us now come back to the actual problem, where we have a superconducting bath. Although the
bath structure is completely different, with spin sectors connected by the pair potential, it has been
shown by NRG calculations of Kondo- and Anderson impurities embedded in superconducting baths,
that the Kondo effect exists in these type of systems [20, 57, 41, 1, 19]. This raises the interesting
theoretical question on the competition between Kondo screening of a local moment and the BCS
pairing and its effect on the spectral properties of the model. However this requires on the one hand
a non-perturbative treatment of the problem to resolve the Kondo effect and on the other hand sharp
resolution at the gap edge to resolve BCS features, which may arise.

In the following section we will develop a non-perturbative approach, which is able to resolve the

the Kondo effect on the one hand, but also sharp features for energies on the scale of A and below.
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To treat the system numerically, we employ a hybrid NRG-DMRG approach previously used to
compute time-dependent properties or in the non-equilibrium context of quantum impurity problems
[7, 8, 58]. The motivation is to overcome the limited spectral resolution of features at the gap edge or
below for gapped hybridization functions, by only using the numerical renormalization group (NRG)
[9, 59]. The success of NRG is based on the energy-scale separation. In the context of superconducting
baths, the pair potential A sets a scale and breaks the energy-scale separation [1]. The scale set by
the mean-field parameter is different from the scale set by temperature, as the gap parameter is a
model inherent scale, which affects the eigenstates, whereas temperature is a thermodynamic scale
only affecting the density matrix of the system. As a consequence the NRG routine is only able to
resolve spectral features larger or on the order of A reliably. However, it is desirable to have also
sharper spectral resolution, especially in the setting of DMFT [11, 12, 13], where bad resolution in
one of the iteration steps may spoil the self-consistency scheme.

We therefore suggest an extension of the existing hybrid NRG-DMRG scheme, for the computation
of spectral properties at T' = 0. Before elaborating on the method in detail, let us briefly discuss the

symmetries of the model, as these have importance for the numerical implementation of the problem.

3.1. Symmetries of the Hamiltonian

Symmetries usually makes the physicists’ life easier. Continuous symmetries in classical mechanics lead
to conservation laws, which make the equations of motion simpler and underlying physical processes
easier to interpret. However, this is not only true for classical systems.

According to E. Wigner, quantum mechanical symmetries of a given system are realized in Hilbert
space by a set of either unitary or anti-unitary operators, which constitute a representation of a
group in Hilbert space. The generators of symmetries, which commute with the Hamilitonian, can
be simultaneously diagonalized and therefore provide a label for the eigenstates of the Hamiltonian.
This means the Hamiltonian can be brought into block-diagonal form, each block labeled by the
corresponding quantum numbers. This is not only important from an analytical point of view, but
also enables us to reduce the numerical cost for the diagonalization, as the involved blocks, by their
smaller size, can be brought more efficiently into diagonal form. For this thesis we use the QSpace
tensor library [60], developed by A. Weichselbaum. This provides an efficient framework for matrix
product state (MPS) computations, allowing the implementation of discrete, abelian and non-Abelian
symmetries.

This motivates us to take a closer look at the symmetries of the problem under consideration. Let
us first start with symmetries realized by a discrete symmetry group, which will allow us to connect

different components of the spectral function A.
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Time-reversal symmetry

Time reversal symmetry is one of the most simple symmetries one can imagine. It amounts to reversing
the arrow of time on a microscopic basis. It allows us to reduce the numerical cost for the calculation
of the spectral function by a factor two. The time-reversal operator 7, which represents the time
reversal operation in Hilbert space, is anti-unitary. It can be represented in a single-particle Hilbert
space spanned by the states |z, o), where x denotes the position and o the spin-z component of a spin

% particle, by an anti-unitary operator 7 acting on the basis states as [61] :
T |z, 0) =0 |z, —0) (3.1)

From this we concludes the action of the time-reversal operator 7 on the creation and annihilation

operators is given by

Fal 4t At
TelTh=oel . (3.2)
By Fourier transforming to momentum space we obtains the expression
7-éTka7-Jr = Uéikfo” (33)

The Hamiltonian given by Eq. (2.4) commutes with 7. For an explicit calculation see Appendix
(A.2). The time-reversal symmetry connects the diagonal components of the spectral functions in the

following way:
A, (w)=A, i (-w) (3.4)
1 T

This can be shown by employing the Lehmann representation of the spectral function:

~ 1 R R B 3
Ao, @) =5 >l el ly) (] &y o) [e77F — €e™PB]b(w — By + )
x7y

1 A A E N A *
= > (Tal el [Ty) (Ty|e;|Ta)" [e7PF — ge™P]o(w — By + Ex), (3.5)
.y

where the complex conjugation in Eq. (3.5) comes from the antiunitary property of the T operator.
Since the energy of the time-reversed state |z') = |7x) coincides with the state |x), allows to relabel

the summation and to write

1 et am . am
(3:5) =7 > (@1ef )" (| er |2!)" [ 775 — g™ ]b(w — By + Ey)
@'y
1 A ) Can s
=7 2 Wlerla) @|ely) [P — gV ]d(w — By + Bw)
x!' oy’
1 ) R Cap o am
== > Wler|2) (@) ) [e7PP — & P ]6(~w — By + By)
CE/ y/

:/téTé;(—w). (3.6)

Similarly one can show, that
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3.1. Symmetries of the Hamiltonian

holds. For an explicit derivation see Appendix (A.2). These relations allow one to compute all impurity
spectral functions under consideration from the components Aé,réi
Furthermore, time-reversal symmetry gives an explanation for the degeneracy of the spin 1/2 Yu-

and A, ..
CTCT

Shiba-Rusinov subgap states, as by Kramers’ theorem, a half-integer spin eigenstate of a time-reversal
symmetric system is at least twice degenerate.

We have seen that the time reversal symmetry of the problem offers the opportunity to relate
different components of the spectral function. This reduces the numerical effort to obtain all the
components of interest.

Let us now discuss another discrete symmetry of the problem connecting the particle and hole

degrees of freedom.

Particle-hole symmetry

The corresponding symmetry operation is the charge conjugation ¢ , which is defined by:

CeoCh=—él  Co,Ch=0", . (3.8)
As before, one has to show that the Hamiltonian commutes with C. This is the case for €q = —%.

For a detailed computation see Appendix (A.2). From this symmetry follows that the filling of the

impurity in the particle-hole symmetric case is fixed to one:

(i) = (CiyCh) = (A=) =1 - (), (3.9)
= (fy) + () = 1. (3.10)

In the case of a spin symmetric ground state or a thermal superposition with spin symmetry this
simplifies to (R4+) = (R;) = 1. Beyond that, one can show in a similar fashion as before that the

diagonal components are related, through

AT(i(—w), (3.11)
where the last equal sign is due to the time-reversal symmetry. This means that the diagonal spectral
functions coincide in this case and are symmetric. By the same reasoning the off-diagonal components
are also identical.

Apart from these discrete symmetries of the Hamiltonian, which enabled us to relate different
spectral function and expectation values, we now take a closer look to continuous abelian and non-

Abelian symmetries of the Hamiltonian.

SU(2)-Spin symmetry

Although the Hamiltonian looks promising to exhibit a rotational symmetry in spin space by a
representation of the group SU(2), it is not the case. The operator S? = 52 + Sg + 82 = 52 4
%(SJFS’, + 5_54) does not commute with the Hamiltonian for finite A. From an algebraic point of
view the operators Sy and S_ introduce spin flip terms leading to a triplet pairing structure in the

commutator, which is not present in the original Hamiltonian. The actual calculation can be found
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3. Method

in the Appendix (A.2). This also means that rewriting the pairing part of the Hamiltonian in terms
of the SU(2) spin spinors (in the notation of Ref. [60]) used in the numerical implementation is not
possible. However one finds that the S, operator is conserved.

A

S,-symmetry

The Hamiltonian under consideration exhibits a S »-symmetry, since the generator

N N . 1, R 1 R R
Sz = Sz,imp + Sz,bath = i(nT - ni) + 5 Z(nkT - nkJ,) (312)
k
commutes with the Hamiltonian. However, it has been shown [20] and used in previous publications
[57, 41, 19, 1], that a rotation of the operators leads to a numerically more convenient representation
of the Hamiltonian, where one has particle number conservation and at the particle-hole symmetric

point also particle-flavor conservation.

Bogoliubov and particle-hole transformation

To bring the Hamiltonian into this numerically more favorable representation Ref. [20] used a
Bogoliubov-Valatin transformation in combination with a particle-hole transformation, in a Hamiltonian
description. However, we will employ the effective action to arrive at this result. As a first step we

rotate the Grassmann spinors according to

_(®ar(wn)) _ » 11 1) [(Tap(wn)
Palion) = (@d_m)) — Ol = (—1 1) (wd¢<wn>> ’
— (®ar(wn)) < ~or_ (War(wn)) 1 (1 —1
(I)d(wn) - (@d_(wn)> - \I/d(wn)U ! - (‘I’dl,(wn)) ﬂ <1 1 ) ) (313)

which is the functional integral version of the transformations named above. This diagonalizes the
self-energy coming from the bath, 3, (wy). The existence of a frequency independent rotation, which
diagonalizes the self energy is special in the presented case. However more general cases can be tackled
in analogy to the presented using the scheme from [35]. This allows us to rewrite the effective action
as
Ser = Palwn) [ — iwndo + (€2 + §) 50 + Sb(wn)] Pa(wn) + Sine[Pa, ). (3.14)
Wn

Following [35], we reintroduce the bath,
Seff = Z@d(wn) [ — iwnbo + (eq + %)6z]¢>d(wn) + Z / dx®, (wp)(—iwnbo + 0(2)) Py (wy)

+y / 1B 4w )E(@) B (w0n) + B (w0) (@) Bat(m) + Sint [Pty Bl (3.15)

with the bath spinors,

D, () = (‘Dﬂ”*(‘”"))  Ta(wn) = (‘I’”(“”)> (3.16)
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3.2. Discretization

and the diagonal matrices £(x), #(2). The condition that the reintroduced bath should reproduce the

same 3, puts the following constraint on the eigenvalues t+ and vy of £ respectively o

dvy (z)

£ (@) = Delva(e) *2 2,

(3.17)

here Dy denotes the eigenvalues of the hybridization function D. By integrating out the bath and

using Eq. (3.17) we arrive at the same self-energy. The constraint is solved by

vy (z+dy)

t2 (z)dy :/ Dy (x)dz. (3.18)
vi(z)

This resembles the usual one band case as known e.g. from the single-impurity Anderson model. This

representation is suited to switch back to a operator description of the problem. The corresponding

Hamiltonian is given by

A U~ - .U
H=—(eq+ 5)(&&1_ +ddy) + o (i +72) = Ui + el

+ 2 / dzvy (x)el  epg, + 2 / drt, (x)él épe + hc. (3.19)

where dy = (é} +¢&)/vV2and d_ = (& — 6¥)/\/§ as well as Ny = cﬁ,_cﬂr and A_ = d' d_. This
means the Hamiltonian conserves the number of particles, which corresponds in the Nambu spinor
representation to the conservation of spin. In addition at the particle-hole symmetric point ¢4 = —U/2
also the particle flavor is a conserved quantity.

Let us conclude the elaboration of the symmetries by making the following remarks: We have seen
that the discrete symmetries relate different components of the spectral function of interest and give
exact expectation values for the filling of the impurity in the particle-hole symmetric case. These results
will be used in the hybrid NRG-DMRG method developed in the following section. Furthermore, the
model does not have a SU(2) spin symmetry, but after changing the basis it can be brought to a form,
where U(1) particle conservation and in the particle-hole symmetric case also a U(1) particle-flavor

conservation is present. In the actual numerical implementation we will use these symmetries.

3.2. Discretization

A A

After representing the hybridization function D(w) in the rotated basis D(w) = UD(w)U ™!, one can

read off its eigenvalues,

I
Vw2 — A2

We now discretize the system. This is done by defining the so-called guiding function v (z), which

Di(w) = 0(D? + A% — w*)f(w? — A?) (lw| £ Asgn(w)), (3.20)

sets discrete boundaries in Eq. (3.18). Instead of using a purely logarithmic discretization, usually
used for NRG, one employs a lin-log discretization [8]. The reason for this is the structure of the
eigenvalues of the hybridization function (see Fig. (3.1)). To capture the diverging structure around

the energy scale +A, a purely logarithmic grid seems inappropriate. Another approach, previously
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Figure 3.1.: Hybridization function D4 (w) rescaled by I' for A = 0.01. Similar to the non-rotated
case the diagonal components of the hybridization function show a nearly constant hybridization close
to the band edge. Closer to the gap the hybridization on either side of the gap diverges or vanishes,
depending on the considered eigenvalue.

pursued by Ref. [1], is to consider a shifted logarithmic discretization, where one uses the fact that for
frequencies |w| < A the hybridization vanishes. However in the context of DMFT or by considering a
d — wave superconducting bath, where a different gap structure develops, such an approach cannot be
generalized straightforwardly. Following [8], we define the “guiding function” governing the placement
of grid points as:
d : * * *
msmh(ln(A)(az - %)) +D* z>D
v(z) = 4 d x| < D* (3.21)
))-D* w<-D

ln‘é—x) sinh (ln(A)(x + 2;
where A is the discretization parameter for the logarithmic sector, D* is the cutoff parameter specifying
the energy range of pure linear discretization with level spacing d;. For the numerical implementation
we use the parameters A = 1.8, D*/A = 1.15 and d; = (D*—A)/20. Those are chosen such that in the
frequency range |w| > A, where the hybridization function shows nearly scale independent behavior
the bath is logarithmically discretized. Close to the energy scale of the pair potential this goes over
into a linear scaling, with a frequency spacing approximately given by resolution 1072A. We will use
the same guiding function for both particle flavors. Apart from the fixed discretization grid defined in
Eq. (3.21), a modified adaptive frequency discretization, as done for a purely logarithmic scheme [62],
is also a conceivable option for the considered lin-log discretization of the problem. The frequency
axis is partitioned into a set of intervals I, = [v(z),v(x + 1)], where x € {...,—n + dz,....,n + 0z, ...},
n € Ng and 0z € [0, 1) denotes the so-called z-shift [8].

This means we approximate the integration over the variable = in Eq. (3.19) by a summation over

discrete points given by real numbers with integer distance. This results in a discretization error,
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3.2. Discretization

elaborated on more later in the discussion.

By doing this approximation we get some artificial freedom in the definition of the on-site energies,
as the intervals are not infinitesimal anymore. From each interval I, and for each particle flavor one
chooses a representative energy €, + in accordance to [8], which is a modification of Campo’s choice
[63] for the lin-log discretization. We choose the representative energies for both particle flavors to be

equal for the corresponding intervals. The onsite terms are given by

vat+)—v(z) ()], [v(z +1)| > D*
€x,+ = log(y(uz(:;)) ' (322

T(v(x)+v(z+1)) else

By employing a discrete version of Eq. (3.18) we approximate the coupling ¢, + of each particle

flavor coming from an frequency interval I, to the impurity as:

tor = / dwDa (w). (3.23)
Iy
After this discretization procedure the Hamilitonian is given by,

ﬁdisc = Aimp + Z tw,a(é;fg,gcza + Ciléa:,cr) + EI,UéL7Ué$,U7 (324)

z,0

where o € {+,—}.

Mapping to a Wilson chain

One now applies the Lanzcos algorithm [64] for each particle flavor, to map the Hamiltonian given
by Eq. (3.24), which represents the so-called star geometry, to a Hamiltonian in the Wilson chain
representation (see Fig. (3.2) for visualization), which is the impurity Hamiltonian ﬁimp attached to

a tight-binding chain with onsite terms. After this mapping the Hamiltonian reads

Lanczos algorithm
— >

Figure 3.2.: The Lanczos algorithm maps a hermitian matrix in the “star form” to a tridiagonal matrix
by recursively constructing a unitary transformation. The tridiagonal form is also called Wilson chain.
The yellow box corresponds to the impurity site, the green boxes to the hopping matrix elements ¢, ,
and the orange boxes to the representative energies €, , of a specific particle flavor. The result of this
mapping is the same impurity coupled to a tight-binding chain described by hopping matrix elements
fi.o, represented by the blue boxes, and onsite energies given by g; », indicated by the red boxes.
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3. Method

ﬁdisc = ﬁimp + f{on + ﬁhop = ﬁimp + Z gi,oé;o-éi,a + fi,a(é;géifl,a + 617170-62',0')7 (325)

i>0,0

where ¢_1 , = afg. This Hamiltonian will be subsequently treated numerically by NRG in combination
with the DMRG.

Transition criteria

As a last step of discretization we define criteria for the transition from the NRG procedure to the
DMRG treatment of the problem. We use NRG to compute the spectrum for site indices 7, such that
for both particle flavors ¢ the following conditions are fulfilled

itlo 1.2
fir1, > — and | fio| > Algi ol (3.26)

fi,o \/K

The last Wilson chain site for which these conditions are satisfied is denoted by N*. The criteria

are intended to ensure energy-scale separation in the NRG part of the Wilson chain, which makes
it possible to iteratively diagonalize the Hamiltonian. The matrix elements for the NRG part of the

Wilson chain are given by
{fioticne, {Gio}i<n=. (3.27)

Connected with every iteration ¢ there is a typical energy scale

s 1 i=-—1
€ = . , (3.28)
kA2 0<i<N*

NRG

where & is chosen such that min, [f3£¢] = €3.. The scale function €”

is used to rescale the Hamiltonian
after each NRG iteration, since it is numerically desirable to have hopping and onsite elements of order
one. For the same reason, we rescale the hopping and onsite matrix elements in the DMRG part of

the Wilson chain by e%*. These are then given by

{fi,o—/e%* }i>N*’ {giya/e%* }i>N*' (329)

A typical example for the matrix elements along the NRG part and DMRG part for A = 0.005 can
be seen in Fig. (3.3). We observe the intended scaling behavior of the hopping matrix elements in the
NRG part of the chain.

3.3. Matrix product states

Both numerical methods used in this thesis, NRG and DMRG, can be efficiently implemented and
understood by using the framework of matrix product states. These are a class of finitely correlated
quantum states originally introduced for analytical purposes, for example ground state studies of the
isotropic Heisenberg chain [65, 66]. Over the last two decades it was realized that NRG and DMRG
are closely connected to MPS [67] and that these can benefit from a reformulation in terms of MPS.

In this section we present a brief introduction to matrix product states, summarizing the key
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Figure 3.3.: a): Hopping and onsite matrix elements for both particle flavours for the NRG chain.
Observe the scaling of the hopping elements along the Wilson chain. The onsite energy matrix
elements show even-odd oscillations along the Wilson chain, analogous to the analytic discretization
[20]. However, in the analytic discretization the onsite energies are exactly set by the pair potential
A, where in our numerical discretization the matrix elements differ slightly from this value.

b): Rescaled hopping and onsite matrix (absolute value) elements f;, respectively |g; »| for both
particle flavors for the DMRG chain

concepts and why they are of importance in the numerical treatment of the model by considering
our discrete Hamiltonian. We follow here Refs. [68, 69]. In the following, if not stated otherwise,

summation over repeated indices is implied.

Basic notations and definitions

In the Wilson chain representation the model is a finite tight-binding chain with interactions at the
impurity. Connected to each site ¢ there is a local Hilbert space H;, which is spanned by the states
le), € {]0);,]4+);1=);»|+—);}, therefore the Hilbert space of the discretized problem is given by
H=HN®..®H_1. Consequently the set of the product states & = {|oy, ...,on) |o: € {0,+,—,+—}}
forms an orthonormal basis for H. Here we adopted the following notation for the basis states and fix
their ordering as

loN) ® ... ® |og) = |00, ..., ON) - (3.30)

Since £ forms a basis, any state |¥) can be uniquely written as
|¥) = K7°N |gg,..,0N) - (3.31)

with the coefficients K?0°N € C for any combination of oy, ..., oxN.

Instead of representing the state |¥) in terms of each individual factor space H; we can equally
well consider a larger partition of the product space consisting of two factors. Let us call them the
left and right Hilbert space with respect to a bond (0, 0741). This means with two neighboring local
indices (07, 0741) we connect the left Hilbert space H) spanned by the states |y); € {|og,...,01) |o; €
{0,+,—,+—}} and the right H}, spanned by [()p € {|oi41,..,0n) |07 € {0,+,—,+—}}. Here we
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3. Method

introduced the labeling ~ for the left Hilbert space and ( for the right factor space. These run over all
possible basis states in the left and right factor spaces, say n in the left part and m in the right part.

Hence, we can equally well represent the state |¥) as

[0) =C" Q)@ 1), = C ) IO R (3.32)

The state |¥) can be represented by a complex n X m matrix with rank r.

The Schmidt decomposition and matrix product states

SV D - s

>

UOT alT... UZT aHl‘[...aN_lI aN‘[ UOI alI UZT am{ aN_lI UNI

Figure 3.4.: Graphical representation of a Schmidt decomposition.

This formulation of the state |¥) in terms of a complex matrix Cis useful, as we are now able to

perform a Schmidt decomposition (SVD), which means factorization of the matrix €' into

N man . (5 0\ ~
C:USVT=U<‘S ﬁ> T, (3.33)

with a n X n unitary matrix U , Viamxm unitary matrix and § a r x r diagonal semi-positive definite
matrix.

With this in hand we can readily construct the matrix product state representation of the state
|W). As we will see shortly, this representation is not unique, as one can absorb the singular values and
the unitaries to either side of the chain. This amounts to a gauge freedom in the MPS representation
and a classification of the resulting MPS in terms of their normalization condition as left-canonical,
right-canonical and mixed-canonical. The construction for all three cases is analogous, therefore we
restrict to the left-canonical case. Starting again from the expression |¥) = K?0N |g,...,0N), We

perform a Schmidt decomposition in the bond (o, 01). This amounts in a representation of the form
|U) = Ag?° K7 N |ag, ...,oN) (3.34)

where 497, = U, and K{"7"7N = §oB(VT) 702N Tterating this procedure for all the bonds
and splitting off the U to the left and the other two matrices to the right bonds finally gives

0) = Ag? A% 5. ANN |op, ooy o) | (3.35)

where the individual matrices obey »_,. (A;”)TA?" = 1. This is known as the left- canonical matrix
product state representation of |¥). Nothing is special about the left end of the chain, so to obtain
right canonical form we start the singular value decomposition from the rightmost bond and absorbing
U and S to the left. The normalization condition in this case reads > o BYI(BY)T =1 [68]. We get

the bond canonical form w.r.t bond (o7, 0;41), by right normalizing a left normalized representation
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3.3. Matrix product states

up to the considered bond and absorbing U to the left and VT to the right. This shows that we
can write any state |¥) in the Hilbert space H in terms of its matrix product state representation.
However, apart from analytic approaches, for a numerical treatment this representation of a quantum
state is only of practical importance, if the dimension of the considered matrices is small enough to

be numerically processed efficiently.

o o] o]

Figure 3.5.: Graphical representation of left-canonical MPS. The boxes indicate the local tensor A,
whereas connected arrows show a contraction. The left- and rightmost arrows denote dummy indices

Entanglement entropy and area laws

To answer the question why the involved matrices for the representation of ground states are usually
small in size for a certain class of a Hamiltonians, let us reconsider the Schmidt decomposition of a
bond (0, 0741). By defining the rotated basis states |v); = |v), U", and |u)p = [()p (VT)MC we can

absorb the unitary matrices into the basis states arriving at the representation
W) =S ) ) g = sala)p la)g, (3.36)

where s, denotes the singular values, the diagonal entries of §. In terms of these basis states the

density matrix of the state |¥) reads:
p=10) (U] = |sal* ) [) g (] . - (3.37)

By tracing out the left or the right subsystem respectively, we find that the weights of the states
@),k in reduced density matrix i /R = /L(\\I/> (¥|) is solely determined by the square of the
absolute value of the singular values, which by the normalization condition add up to one. Now we

consider the quantity
SLr = —try (97 loga(p1)), (3.38)

which is called the von Neumann entanglement entropy and is a measure for the entanglement between
the subsystems H' and Ml [70]. Apart from the von Neumann entropy other measures for the
entanglement content of two subsystems have been considered and studied, e.g. the entanglement
spectrum [71] or the Rényi entropy [72]. Correlations between the left and the right part of the system
renders the entanglement entropy finite [73]. If this is the case the subsystems are entangled. This
already enables us to reveal the connection between the entanglement entropy Srr and the singular

values s, as one finds after tracing out the left or right environment respectively the relation

Str == |sal’log, (|sal?). (3.39)

«
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This is intriguing, since the singular values s, determine the entanglement content between the two
subsystems. Reading the connection of the entanglement entropy and the singular values of the bond
in reverse suggests that, if one deals with a state with globally small entanglement entropy, this means
the entanglement entropy of any bond describing the state is small, already relatively small matrices
are sufficient to describe the state under consideration approximately. Luckily there are so-called area
laws restricting the entanglement content of ground states and its scaling with system size [74]. This
means for certain types of systems we can likely represent the ground state approximately in terms
of an MPS with numerically processable bond dimension Dj. As the size of the involved matrices is
determined by the number of non-zero singular values, we either truncate the state by setting a cutoff
to the considered kept singular values or set them fixed by a number D,. However, the situation
is different, if one tries to represent an arbitrary state in the exponentially large Hilbert space as
an MPS with a bond dimension Dj. There these area laws do not apply and in general one also
needs exponentially many parameters to specify the state, i.e. the MPS description, which uses only

algebraically many parameters, may fail there.

We have seen that the entanglement structure of ground states allows one to represent the ground
state efficiently as an MPS. We have not yet described, how to actually find a MPS representation of
the eigenstates given a Hamiltonian. For this we will employ NRG and DMRG. On the first glimpse

the two methods seem unrelated, but in fact there are close similarities between both methods [75, 67].

Let us make a final remark: Exploiting physical symmetries in the construction of an MPS
description is highly desirable [76], as it reduces the numerical effort and makes the interpretation
of the numerical results easier. This has been done not only for the DMRG algorithm for abelian and

non-Abelian symmetries [77], but has been successfully applied to NRG [60], which we discuss now.

3.4. NRG - Integrating out high energy modes

The Numerical Renomalization Group [9, 59|, developed by K. Wilson in 1975, has proven to be
a reliable tool to compute the spectral properties of various quantum impurity problems or as a
impurity solver in the context of DMFT [12]. Its success is footed on the iterative diagonalization of
the discretized version of the impurity problem, based on the energy-scale separation of two consecutive
NRG iterations. This naturally leads to a representation in terms of matrix product states, not only

of the ground states, but of all the obtained approximate eigenstates.

Before we start discussing the basic idea of NRG, let us state our route tackling the computation
of the spectral function. From the previous discretization procedure of the problem we have obtained
a discretized Hamiltonian, which shows the scaling of the matrix elements necessary for NRG only for
a part of the Wilson chain. This prohibits the use of NRG for all the chain sites. Nevertheless, we
can use the routine to compute an approximate eigenspectrum of the Hamiltonian, with a resolution
given by the energy scale at the iteration, where the scaling property becomes invalid. This will give
us a good enough resolution at higher and intermediate energy scales, but is expected fail to describe,
e.g. the quasi-particle peak at the gap edge in the non-interacting model accurately enough. For a
more detailed introduction to the NRG method we refer to the review articles in Ref. [78, 79].
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3.4. NRG - Integrating out high energy modes
Basic Idea of NRG
We have seen that the discretized Hamiltonian takes the form:

Haise = Himp + Y, Hon + Hopi = Himp + Y Giolh glir + fio(8l oiot0 + 0]y yeis)  (3.40)
i>0,0 i>0,0

with &1, = d,.

In Wilson chain representation the interacting Hamiltonian seems as hard to solve as as in the star
geometry. However, progress can be made by realizing the recursive structure of the Hamiltonian.
For this purpose one defines a (finite) sequence of Hamiltonians {I—AIZ}Z:_l ~+, which more and more

approximate our discretized Hamiltonian,
Hiy = H;+0H;,, = H; + ﬁon,i—l—l + ﬁhop,iﬂ, (3.41)

with H_; = [:Iimp. Here we already restricted the sequence to N*, as we know that energy-scale
separation will be compromised for iterations N > N* and NRG therefore not further applicable.
Observe that the Hamiltonian H; only acts on the last ¢ + 1 factors of the composite Hilbert space
H=HyN®..%H_; of the full Hamiltonian Hy. = Hy. Therefore the eigenstates |s,e); are of the
form

|s,e); =1s); |e); = U770y, ...04) |0it1,0N) (3.42)

with U some unitary transformation, s a label for the eigenstates of the Hamiltonian acting on the
smaller Hilbert space H;®...@H_1 and e = (041, ..., 0n) a shorthand for the state under consideration
in the remaining factors Hy ® ... ® H;4+1. Mind that the states can be written in matrix product state

N—i1—1

loc to a

form. The states |e), do not contribute to the energy, but they provide a degeneracy of d
state |s);. The key observation is now that, because of the energy-scale separation, 5f[i+1 acts only as
a perturbation to the states |s, e), generated at the former iteration, as the hopping matrix elements
decay exponentially and the onsite energies are well below the considered energy scale. This means

we can compute its action on the states by diagonalizing
Hia(s', ¢ €) = (s &\ Higa [s,0); = B+ {0t ] (/10 |5); o) (3.43)

numerically. This perturbation lifts part of the degeneracy and splits the levels |s,e),. By this
procedure we obtain finer resolved approximate eigenstates |s,e); ;. Iterating this procedure leads
to finer and finer resolved eigenstates. At every iteration the Hamiltonian is rescaled by the scale
of the current interaction ElS and its spectrum is shifted, such that the ground state of the current
iteration has energy zero. However, this is not mandatory, but useful for the numerics. Nevertheless,
due to the exponential growth of the Hilbert spaces along the procedure a complete diagonalization
of Hi11(s',€,s',e) is quickly non amenable and a truncation of the states under consideration is
inevitable. This is done by partitioning at each iteration ¢ the obtained eigenstates {|s,e),} =
{]s, e>z~D FUA{]s, e)iK } into so-called discarded and kept states and only refining the lowest nX energy
eigenstates, to keep the dimension of the considered matrices manageable. The discarded states are

not further refined in the procedure and will be considered as degenerate, as the splitting of the level
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{Is; )1}

1 — i +1—1+2

Figure 3.6.: Splitting of the levels along the iterative diagonalization for dj,. = 2 and nf = 4. Red
indicates the ground state at this iteration, blue the kept states and green the discarded states.

relative to their energy is small. The principle is visualized in Fig. (3.6).

If one is able to use NRG for a complete Wilson chain and one discards all the states at the last
iteration, then it has been shown by Anders and Schiller [80] that the set of the discarded states
{Is, €>iD}iel,..A,N forms a complete basis of the Hilbert space H.

However, since energy-scale separation is compromised from iteration N*+1 on, we have to use the
eigenstates of Hy,, which limits the spectral resolution. Nevertheless, Hy, is a good approximation
to the full Hamiltonian ﬁdisc, when it comes to high and intermediate energy spectral properties
lw| 2 D*, as the coarse resolution of the low energy states does not play a dominant role. For our

implementation we use the parameter n = 4000 throughout this study.

The RG perspective of NRG

So far we have considered NRG as a procedure of iterative diagonalization. Let us now work out the
renormalization group perspective of the method a bit further. Here we follow [9, 59].

The iterative diagonalization in combination with the rescaling procedure can equally well be
interpreted as a renormalization group procedure, where high energy modes (discarded states) are
‘integrated out’ with a cutoff set by the highest energy in the kept sector and the Hamiltonian rescaled.
During this procedure we probe all the energy scales of the model accessible by NRG, each providing
us with an approximate effective low energy Hamiltonian at the considered scale. The evolution of
the rescaled eigenenergies of the Hamiltonian under the iterative diagonalization shows the change of
the energy levels as one takes into account smaller and smaller scales and can therefore be regarded

as an RG flow. Following Wilson, we define the rescaled Hamiltonian at iteration i:

H; = 15 [H; — E?], (3.44)
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3.5. Construction of the renormalized impurity

where EY denotes the ground state energy of the Hamiltonian H;. Furthermore we introduce the

difference of the ground states as §EY = EY — E? ;. Then the recursion relation may be written as

: N o T WP
Hi_i'_l - R[Hz] - eTHZ + €T5Hi+1 - 65 5EZ7 (345)
i+1 i+1 i+1

where R denotes the renormalization group mapping. A fixed point in an RG flow indicates scale
invariance and signals that the physics of the problem at this considered scale may be described by a
simpler effective Hamiltonian. It turns out that R does not have any fixed points, but R? does [59].
We expect this to change, if one chooses a smaller pair potential A. Nevertheless, we can extract some
information from the flow diagram. In the non-interacting case Fig. (3.7, 1 a/b) we observe that for
energy scales w > A that the eigenenergies for the different quantum numbers remain degenerate. At
scales closer to the pair potential A the levels begin to split and A becomes relevant. At even smaller
scales one observes the formation of a gap in the spectrum with the Yu-Shiba-Rusinov states remaining
there. The in Fig. (3.7, 2 a/b) displayed interacting case has a richer structure. We observe that for
high and intermediate scales the ground state switches between the even and odd iterations (doublet
+> singlet) until at scales close to the gap these even odd oscillations disappear and the ground state
for both iterations become a singlet. As we will see later, the system is close to the quantum phase
transition. Furthermore at intermediate scales the levels lie either very close to each other or are
separated in energy. This corresponds to the formation of side peaks in the spectral function. Apart
from that the spectrum of the interacting case follows similar behavior as in the non-interacting case

(formation of gap, no clean fixed point).

3.5. Construction of the renormalized impurity

From the foregoing NRG procedure we have obtained a set of approximate eigenstates of the Hamiltonian
H_ise, which should resolve well the high energy spectrum, but lacks of accuracy in the low energy
sector of the spectrum. To resolve the low energy spectrum more accurately we construct an effective
Hamiltonian and compute its spectral function. This construction has previously been used to compute
time-dependent properties [7] or in the non-equilibrium context of quantum impurity problems [8, 58].
This is done by coupling the lowest energy eigenstates obtained by the incomplete NRG procedure
to the remaining Wilson chain sites, which have not been included before. This amounts in a second
Wilson chain with a ‘fat’ impurity at one end of the chain.
The Hamiltonian

Hrr =Y EN s, ). K(s,el, (3.46)

se

describes the renormalized impurity (RI) and consists of the lowest ngr approximate NRG eigenstates,
which is indicated by the restricted sum. The local Hilbert space connected to the RI is denoted by
Hri. The second step of the construction is to define a projector PRI to the states within the RI by

A /
Pri=Y""s,e)ig- N2 (s.el|. (3.47)
S.,e
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Figure 3.7.: Energy-Flow diagrams for even (denoted by a) and odd iterations (denoted by b) for the
parameters

la/b: U=¢=0,T/D=0.1, A/D =0.001

2a/b: U/D=04,¢e=-U/2,T/D =0.05, A/D = 0.005.

The displayed quantum numbers are with respect to the rotated basis. The first component
corresponds to the spin quantum number in the Nambu basis. For the second component such a
correspondence does not exist.
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1=-1 i=N* 1=N

;H;cp

[T

j=-1 j=N-N*-1

Figure 3.8.: Visualization of the RI approximation. The RI approximation amounts in replacing the
NRG sector of the Wilson chain by its lowest energy eigenstates and coupling them to the DMRG part
of the Wilson chain. The Wilson chain is represented by the boxes with the levels of the local Hilbert
space visualized by the lines in the boxes. The arrows between the Wilson chain sites represent the

hopping.

One now projects the creation and annihilation operators at iteration N* to the RI states to generate

the hopping between the RI and the remaining Wilson chain sites. This is formally done by
éif{la = pRIé-l]-V*UPRb ¢rioc = Prién+oPrr. (3.48)

In analogous way can observables of interest can be projected to this subspace. Therefore the

considered effective low-energy Hamiltonian is given by

ﬁF = }AIRI + }A[C = }AIRI + Z Zgjé;r‘,aéij + fj(é;géjfl,o‘ + é;?l,aéjvo)’ (349)
Jj<0 @

A

with é}:_lﬂ = éELU, Cj=—1,0 = CrIs and g; = gi—nN+—1, fj = fi—n+—1. This means, instead of

considering the problem on the full Hilbert space H, we restrict ourselves to a subspace Hp =
N—N*—

HR[ ®j:0 ! Hj

3.6. DMRG - Ground state search

The NRG procedure has provided us with an approximate ground state of the discretized Hamiltonian,
which is contained in the RI. To compute the spectral function a representation of the ground state is
necessary. The ground state |0); in the subspace, spanned by the RI and the rest of the Wilson chain,
will serve as an approximation to the true ground state |0) of the system. For this purpose DMRG is
employed to find an MPS representation of the lowest eigenstate of Hp.

The basic idea of a ground state DMRG calculation goes back to S. White, who invented the
method in 1992 in the context of the Heisenberg chain [81, 82]. At that time the DMRG was viewed
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3. Method

as a method that sets up a renormalization group flow in the space of reduced density matrices [69, 68].
By contributions of Ostlund, Rommer and Dukelsky [83, 84, 85] and later others, the close connection
to MPS was revealed and later used to reformulate the DMRG method using MPS. This allows one
to view DMRG as a variational method, which optimizes an energy functional in the space of MPS

with maximal bond dimension Dy. To introduce the method we follow Ref. [68].

The aforementioned functional is given by

05 = axgmina,, (@0, Hr|@0,) = (@0, [B5,) ) = 0], (3.50)

where p is a Lagrange parameter fixing the normalization of |[®p,) and giving an estimate for the
energy of the state. In this sense one variationally optimizes the matrices of an MPS representation
of a state |®p,) to be as close to the ground state as possible. The state obtained by this procedure
is denoted by [0}, . The first step of the DMRG procedure is to provide an initial guess of a MPS
of the ground state or with a random MPS state [75]. If one makes use of the symmetries of the
problem, one has to make sure that the initial state lies in the correct symmetry sector, i.e. in the
symmetry sector of the ground state. In our case this is done by using NRG. Although energy-scale
separation is broken along the DMRG part of the Wilson chain it provides an MPS with the right
symmetry labels. After this step, provided a representation of the Hamiltonian in terms of an MPO,
one starts optimizing. This is done in an iterative fashion by optimizing the local matrices of one or
two sites at each step. For this purpose consider a block of two sites (0;, 0;41) and fix the matrices of
the MPS not associated with this block. Since the left and right part of the MPS are fixed, they can
be traced out leaving us with an effective environment for the left (Heg ;) and the right part (Hyigne,i)
of the considered block v; = (0,0441). The optimization problem of the full chain is reduced to an
optimization of the two considered sites in an effective environment. This means we have to find the
optimal p and

(Mioe )X = (Mi)¥% (M3 )E7417, (3.51)

with local tensors M; and M;1 in mixed-canonical form with respect to site ¢, in

(Hieft1) o, (Mo, )X (Hioe,i) ™", (Hright,i)” o, (Mioc,i)awrp = H(Mioei)awys(Mioe,s) %, (3.52)

«
X1

By differentiating with respect to (Mjoc ;) av,p ONE finds that the problem can be brought into the form

of an eigenvalue equation

(He)) ™ 0y (Mio) X74) = pu(Mige,:) @), (3.53)

(xvip)
where
(Hefﬁi ) (o) (xvip) = (Hleftﬂ‘)axm (Hloc,i)Ol Viorl,z{ (Hright,i)ﬁpor (3.54)

is the effective Hamiltonian with respect to the combined site (0;,0; + 1). Since we are interested
in the state with the lowest energy, we search for the lowest eigenvalue pu. Due to the size of the
effective Hamiltonian an exact diagonalization is usually not possible. However, there exist algorithms

to efficiently find the lowest eigenvalues and their corresponding eigenvectors. In this thesis we use the
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3.6. DMRG - Ground state search

Lanczos—Arnoldi algorithm [86]. After one has found the optimized Mo.; a Schmidt decomposition
is performed to obtain two optimized tensors (M;)X*? and (M;j41)*°+'”. Here we keep all singular
values up to the threshold 1012, The singular value decomposition ensures that the new MPS is bond
canonical with respect to the next block, at which one wants to perform the optimization. This is either
the block (o;—1,0;) or the block (0;4+1,0i+2) and are therefore called left and right sweep respectively.
This procedure is iterated by sweeping left and right until the energy estimate converges. Here we
take the procedure to be converged, if the absolute value of the energy difference of the last and the
penultimate step of a sweep is smaller then 10712 i.e. |u(i) — pu(i + 1)] < 10712, We usually observe
convergence within two sweeps. We perform two ground state optimization procedures, with different
numbers of states within the renormalized impurity. The first one finds an approximate ground state
by considering all states of the last NRG iteration. In the second run we take between 700 — 4000 of
the lowest energy eigenstates to define the renormalized impurity. The former optimization is used to

generate the reduced density matrix prr at the renormalized impurity site by

pr1 = tra(10) p, p, (O])- (3.55)

This density matrix is fed back into the FDM-NRG [79] routine to compute the high energy spectrum,
which we consider in more detail in the next subsection. There are two reasons for this procedure. On
the one hand, if the model has degenerate ground states the DMRG routine will converge to one of
them. The NRG routine will treat the degenerate ground states on equal footing, by constructing the
thermal density matrix. To ensure that the two routines display the spectral properties of the same
ground state we use the reduced density matrix obtained by the DMRG calculation as an input of the
FDM-NRG routine. On the other hand to obtain the low energy spectrum we use TEBD [2, 3, 4].
As we will see later it is numerically not desirable to have a large renormalized impurity. Therefore
we use the second optimization step to find an approximate ground state as a starting point for the
following tDMRG calculation.

The integrity of the obtained approximate ground state |0) p, can be checked by calculating static
impurity properties and comparing those to exactly known static expectation values in the non-
interacting case U = 0. This can be done by projecting down the impurity operators of interest to
the RI. Here we consider the impurity operators i, 1) and é%éi The analytical results are obtained
by numerically integrating the corresponding spectral functions including the spectral weight of the
bound states, by using Eq. (A.9):

A T 0 A A A
/ dod, () = A, 1 (w0) + / dod, (), (3.56)
T 0 R R —-A R
() = 1= (e]) 1= [ A, @) = Ay o) + /_ Cdwdyg (@) (3.57)
ATAT T=0 2 —A 2
(efel) / oy (@) = Ay @) + / Aoy (@) (3.58)

The comparison is summarized in Table (3.1). We find good agreement for all three considered

observables.
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I'=0.05 I'=0.05 I'=0.1 I'=05 I'=0.02

U=0 eqg =20 €qg = —0.05 | ¢g =—-0.1 eg =20 eq = 0.02
A =0.0056| A=0.001 | A=0.001 | A=0.001| A =0.0001

(N4 ) num = 0.500000 0.758237 0.764679 0.500000 0.246797

(N4)ana = 0.500000 0.757612 0.764361 0.500000 0.246886

<é$61>num = | 0.071231 0.013303 0.007708 0.003798 0.004420

<6¥éi>ana = | 0.070799 0.013301 0.007706 0.003894 0.004419

Table 3.1.: Comparison between static impurity expectation values for different system parameters
(all non-interacting). The subscript (-)pum indicates the calculation via MPS. The subscript (+)ana
means the calculation of the expectation value via numerical integration of the corresponding spectral
function. The expectation values for n| are the same as for 74 up to the numerical precision and not
shown.

3.7. NRG approach to high energy spectral properties

As mentioned above, we use Hy+ as an approximation to H, when it comes to spectral properties

lw| 2 D*. To compute the high-energy spectrum the full density matrix approach (FDM) is been used

FDM( )

[79]. The idea is to construct the density matrix p from the approximate eigenstates obtained

by the NRG procedure and compute the spectral function using the Lehmann representation. The

}iel,...,N

Hamiltonian H oy, if one discards all the states at the last iteration [80]. From this set of approximate

set of approximate eigenstates { |s, e>iD . forms a complete basis for Hilbert space H' of the

eigenstates the thermal density matrix is constructed by

—BEY —ﬁE"
. e
pPrOM(T) = Z 7 |s,e)P D (s e| = anz = an,on ) (3.59)
n,s,e
with Z =37, .. e PE: the grand canonical partition sum, Z, = > .p e PE: the partition sum in

the discarded space of shell n and w,, the weight distribution of the p,’’s due to the environmental
degeneracy [79, 87].

At this point one feeds back the result from the DMRG calculation by replacing pX.. with pgr;. For
numerical reasons we set 7= 1076 in the NRG part of the chain. After we have accessed the density

matrix of the system, we use it in the Lehmann representation, which is given by

proM) —EG +Eg). (3.60)

ANEC ()= 3" D(s1,e1|Alsy, ea)p o (2, €3|[B, < |s1,e1)h d(w

ni,s1,€1
n2,82,€2

to compute the spectral function of two bosonic or fermionic operators A and B. As the environmental
states only provide a degeneracy, this formula can be further tailored for the actual numerical treatment.

For a more detailed discussion we refer to [79].

Broadening NRG results

Since we consider a discretized system the spectral function will be a sum over separated delta

functions. To recover the continuum limit one performs a so-called frequency binning and a broadening
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3.8. TEBD - real-time evolution

procedure. This essentially means binning all the spectral weights in a frequency interval and replacing
the delta functions in this interval by a suitably chosen normalized broadening function g(w,o%)
positioned at the center of the frequency bin. Taking the superposition of different bins allows one to
approximately recover the continuum limit of the system. The parameter o’ is chosen to represent
the width of the considered frequency interval [87]. To improve the spectral resolution beyond the
limitations of the discretization an adaptive broadening scheme could be employed [88]. This procedure
was not included in this thesis. Another possibility to increase the spectral resolution in the NRG part
of the calculation would be to perform z-averaging, i.e. averaging discrete spectral data for different z
- shifts [63, 89, 90]. In this study we choose a so-called symmetric log-gaussian kernel to broaden the

spectral data in the NRG part of the chain and n, = 1, i.e. no z-averaging.

Comparison at high energies

A comparison between the NRG result and the exact result obtained from Eq. (2.53) for two
components of the spectral function can be found in Fig. (3.9). We find that the spectral function is
well represented by the NRG result for frequencies |w| > D*. Close to the cutoff scale D*, the NRG
result begins to differ from the analytical result, going over to a broad peak at the gap edge, which
is a consequence of the broadening procedure. As expected, we observe that the quasi-particle peak
at the gap edge is not reproduced well enough. To resolve the peak close to the gap edge and subgap
features, which may arise, we now use the effective Hamiltonian. Let us elaborate on this in the next

section.

3.8. TEBD - real-time evolution

After the high energy spectrum has been obtained, we compute the spectral function Aéwéf’ or
T

analogously the other spectral functions of interest, by use of the effective Hamiltonian Hp. This is
done by performing real-time evolution using the time evolution operator Up (t) = e~ Dt t0 calculate
the retarded Green’s functions. The correlation functions to be computed for the retarded Green’s

. /\R .
function Géﬂi (t) are given by

G (1)
G(1)

p, (0Pt eppe=Hotel 10}, (3.61)

0, (01 P el e P 1 0) (3.62)

and are related to the retarded Green’s function by the identity

N

GI (1) = =10 ([er(1), )1 ) = —~iO(1)(G (1) + G (1)), (3.63)

CTCT

To compute these quantities we apply an adaptation of the tDMRG [2, 3, 4], more specifically TEBD.

The idea is to split the Hamiltonian Hp into even and odd parts

Hp = Aper + qpM = Y b+ Y Y, (3.64)

J.even j,0dd
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Figure 3.9.: Comparison between the continuum part of the components of the analytic spectral
function A*? obtained from Eq. (2.53) and the components of the spectral function ANRS by using
NRG. For all considered cases we find good agreement for high and intermediate frequencies. The

coarse resolution at lower frequencies leads to a too broad peak at the gap edge, leaking into the gap
by the broadening.
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with
. Hp; if j =—1
Hi. = ; ; ; . (3.65)
>0 9iCj oCjo + [i(8 4Cj-1,0 + Ej_1 5Cjo) 1520
The terms within the even and odd decomposition mutually commute with each other, as the considered
operators act on sites, which are at least next-nearest neighbors. However, the even and odd sites do
not necessarily commute with each other. To deal with this, we employ second order Suzuki-Trotter

decomposition [917 | and approximate the time evolution operator as
N ~ e Nt N Ny - Freven - Fro - Freven N
Ur (t) _ UF(At)Nt — {eszFAt} ~ {UEEBD(At)} — [eszF %eszFddAteszF %} ’ (366)

where we introduced At = N% [92]. Here NV; is the number of introduced Trotter steps in the time
interval [0, ], at which we compute the correlation functions. To generate the time series ULFBP (At)
is successively applied to the state é}%m |0) p, and at every time step the overlap with é}r%” |0) Dy e~ iEot

is computed. Here Ej is the approximate ground state energy.

The computational time scales with the size of the RI, as in every trotter step the RI has to be
applied to the MPS. Therefore a RI with fewer states speeds up the time evolution. Furthermore, as
we will see below fewer states within the RI restrict the bond dimension during the time evolution and
allows us to compute longer time scales. However, this reduces the overlap of the spectral function

computed with NRG and DMRG, and may affects the approximate ground state.

Through time evolution the entanglement entropy usually increases exponentially with the time
steps taken, this is related to the fact that by this repeated application of the time evolution operator
one may leave the corner of Hilbert space characterized by a low entanglement structure. This means
during the time evolution we may lose the representability of the state as an MPS with numerically
accessible bond dimension Dj. At some point the bond dimension Dj may not enough to describe the
time evolved state accurately enough, we “hit the wall”. We deal with this problem in the following
way:

At every trotter step a singular value decomposition is performed, to truncate and recover the MPS
structure. Here we keep all singular values bigger than some threshold (between 10~* and 107°). This
means the bond dimension of a bond with index j serves as a proxy for the entanglement entropy of
this specific bond. During the time evolution more and more singular values become greater than the
threshold as the time evolved state may become more and more entangled and the bond dimension
increases. This is done until a bond reaches a certain bond dimension (usually 700-1500) or some
desired resolution r in the spectrum. The resolution of the spectrum is determined by the size of the
Trotter steps At and the number N; of Trotter steps taken. Since the high energy spectrum has been
already determined by the foregoing NRG routine we can start with a larger step size. Here the caveat
is that a too large step size accumulates a so-called Trotter error elaborated on more in the following

error analysis. We determine the step size At by the highest (rescaled) energy ERf™ within the RI as:

At (3.67)

X ——=
Fmax ’
RI

with a proportionality constant of order O(1). Similarly we determine the number of Trotter steps by
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the desired resolution r by
S

N, 61:*, (3.68)

with an proportionality constant of order O(1). In practice we use r ~ 1072A.

We find that in our model the increase of entanglement entropy during the time evolution only
becomes problematic, as we approach the quantum critical point (QCP). This is related to the fact
that for critical systems of fermions the area laws are violated, which leads to a logarithmic divergence
entanglement entropy in the continuum limit [74]. As a consequence the ground state is already
stronger entangled and limits therefore the time evolution. Apart from this we find that the bond
dimensions saturate (see Fig. (3.10)) on the time scales considered to compute the spectral function.
This might be related to the fact that we studied here a gapped system and/or is generic to a larger
class of models. Further investigations are needed to clarify this question. As mentioned before, we
find that taking less states within the RI, decreases the maximally reached bond dimension. From

this procedure we obtain a time series of the retarded Green’s function.
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Figure 3.10.: Bond dimension at bond (j, 7 + 1) as a proxy for the entanglement entropy vs. time
steps for the model parameters A = 0.005 , I' = 0.05 , U = =% = 0.2. The size of the RI is chosen
to be nrr = 700. One observes that close to the renormalized impurity (bonds j = —1 — 5) the
bond dimension rises up to high values indicating large entanglement in the proximity of the RI. By
considering higher bonds (5 up to bond 29) a smooth crossover to smaller bond dimension can be
observed. For even higher bonds the bond dimension remains small, indicating that the contribution
of the Wilson chain from bond 30 on has product state character. The same calculation was also done
by with ngpr = 4000. However, we could not reach the same number of time steps. The calculation
stopped, as we had reached the maximal bond dimension of 1000, within ~ 400 timesteps.
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3.9. Broadening and patching scheme

To access the low energy spectral function one has to perform a Fourier transform of the real-time
retarded Green’s function. Again a broadening scheme has to be applied to recover the continuum
limit. Since the RI also contains states within the logarithmic sector we broaden the spectral data
with a frequency dependent gaussian filter. The broadening width v at a frequency w is determined by
the guiding function v(x). The rationale behind this is the following: A level at frequency w contained
in an interval Iy, = [v(z(w));v(xz(w) + dz)] is coarse grained due to the discretization, which limits
the reliable resolution at this frequency to the width of the interval. This means the discretization set
a lower bound for the resolution of the spectrum. After going over to a finite interval width dz — Ax

we approximate the width of the interval by

_dV

= %(ac(w))Ax (3.69)

v(w)

Calculating the derivative leads to the following broadening width

w—D*)2log(A)> +d? w> D*
V(@ = D*)2log(A)? + d;
Y(w) = Az d w| < D*, (3.70)
w+ D*)2log(AN)? +d?2 w< —D*
V(@ + D*)2log(8)? + d;

where Az remains as a free parameter. Usually we take a slightly higher d;, determined by the reached

resolution of the spectrum with the time evolution.

From this one infers the Green’s function éf o (w) for frequencies |w| < ERY™* by
(e

GR @) = [T AT e, (371)

éyel éyel

and the corresponding spectral function AéTéf (w). The other correlation function of interest can be
0
computed analogously. Since we calculated the spectrum AIA\IP}S in the frequency ranges |w| £ D* with
CTCT
NRG and APMRG for |w| < ER2X via the real-time evolution method one has merge the two to obtain
CTCT

the spectrum over the full range of energies. For this we employ a patching scheme, since due to

‘high’ energy states present in the RI, the two methods should give the same result in an intermediate

max

regime D* < |w| < ER*. This is done as follows: We identify the region of overlap between the two

methods in the energy window w € [D*, ERP¥] respectively for negative frequencies, by defining the

lowest boundary w, — of overlap and the largest boundary of overlap w, ; by the smallest and the
greatest value of w, such that
ANRG _ ADMRG
Aé@ (@) Aé@ (w)
ANRG ADMRG
AéT'i (w) + Aé?i (w)

<e (3.72)

is satisfied for all frequencies in between of w, — and w, 4. The parameter € is in our case is chosen to
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be € = 0.05. In this frequency range we interpolate between the two spectral functions by

Agl\édRG(w) ifw<wpy
AP (@) = § (1= ) AP + p) AN ) iy <w<wpe, (T
AE;ETG( w) if wp+ <w

where p(w) is a normalized cumulative distribution function on |wy, —, wy 4| with p(w, —) = 0. Here we
have chosen the beta distribution, defined by

B(y,a,b) N/ 11— z)de, (3.74)

where N = fol 2211 — ) e, y = %, with the parameters a = b = 3, to ensure a smooth
interpolation. The same procedure is applied to negative frequencies. Both methods usually overlap
in the considered frequency range as depicted in Fig. (3.11).

Merging both methods give some room for improvement. One conceivable approach would be to
use a two step broadening scheme, which brings both the NRG and the DMRG data to the same width
and then broaden both within a common scheme to the actual width. This would make the patching
scheme obsolete. However, due to the presence of high energy states within the RI one may overcount
the spectral weight in the overlap region of NRG and DMRG. Another option is to compute only the
matrix elements from the discarded-discarded and kept-discarded sector via NRG and use TEBD for
remaining low-energy sector. It turns out that this method produces numerical artifacts around the

energy scale of the highest level in the kept sector.
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Figure 3.11.: Results of the patching scheme between the NRG part of the calculation and the TEBD
routine for different components (denoted by a/b) of the spectral function A and different parameters

(denoted by 1/2).

AéDI;f[TRG indicates the result obtained by TEBD and the broadening scheme, ACNPC{TG the one from
T T

the NRG routine and /lhy PT the interpolated result. In all considered cases we observe good overlap
CTC

between the two methods. TThe very sharp feature at the gap edge in 2 a), b) are the Yu-Shiba-Rusinov
subgap states, which lie very close to the gap. The local maximum /minimum corresponds to the sharp
resonance at the gap edge. Since they are very close in frequency space, they are partially merged by
the broadening scheme.
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3.10. Benchmarking and error analysis

Although the described method offers a non-perturbative approach to spectral properties of the
considered model, there are still a number of possible sources of errors, which may spoil the numerical

result. Let us now discuss some of the expected main sources of error.

Discretization error: Since we consider a discretized version of the actual continuum model, one has
to expect deviations with respect to the continuum model, resulting from the discretization. Those
can in principle be estimated/controlled by refining the grid and comparing the results. We find
discretization errors, as for higher pair potential A/D > 0.05 the gap in the numerical result is slightly
increased compared to the continuum model. This is visible as shifted local maximum/minimum close
to the Yu-Shiba-Rusinov peak depicted in Fig. (3.12, 2/3). To reduce this error one could decrease
the logarithmic discretization parameter A. From a practical point of view, this is limited to A g 1.7,
as otherwise one has to keep impractically many states in the NRG iterations [88, 93]. As in the

calculation, we have chosen A = 1.8 a further reduction is hardly possible.

Trotter error:  Using such a TEBD scheme to compute the correlation function usually suffers from
two sources of error, which limits the maximally reachable time and the accuracy. The so-called
trotter error comes from the noncommutativity of even and odd chain sites in the trotterization of the
time evolution operator, which can in principle be controlled by taking a smaller At, as this error by
employing a second order Suzuki-Trotter decomposition scales as O(N;At?). This error forbids us to
go to arbitrary small energy scales with the TEBD scheme with acceptable numerical resources. The
Trotter error could be eliminated by using the time-dependent variational principle (TDVP) [5, 6] as

the method of time evolution. However this method has other drawbacks [92].

Truncation error: Furthermore, TEBD suffers from a truncation error, already mentioned earlier in
the discussion, which is a result of the fact that we approximate the states during the time evolution
by truncating the bond dimension to a numerically accessible value, by discarding the singular values

smaller then a given threshold.

Benchmarking in the against analytical results

Despite these sources of error we find good agreement in the non-interacting case between the analytical
result (by employing Eq. (2.53)) and the numerics. The comparison is summarized in Fig. (3.12) for
three different sets of physical parameters. By construction the spectral functions obtained by NRG
fulfill the spectral sum rule on the basis of the discrete spectrum up to double precision and after
broadening to about 10~* [87]. For the spectral part calculated within the tDMRG routine this is not
the case. We find that the spectral sum rule in the case, where no Yu-Shiba-Rusinov state is visible
(due to broadening) is better satisfied (Fig. (3.12, 1 a)) up to 10~* and in the off-diagonal components
(Fig. (3.12), 1 b)) up to 1072, As soon as a narrow subgap peak becomes visible the spectral sum
rule is violated up to a deviation of 2 - 1072 in the diagonal components (Fig. (3.12, 2/3 a)) and up
to 1078 in the off-diagonal components (Fig. (3.12, 2/3 b)).
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Figure 3.12.: Comparison between the continuum part of the components of the analytic spectral
function A2 and the spectral function A™P after interpolation. We find for all considered cases good
agreement between the analytical result and the hybrid NRG-DMRG method. Let us be more specific
and discuss the deviations.

1 a)/b): The peak height at the edge of the continuum part is not correctly represented. However,
this is due to the broadening of the spectral data. This also explains the slightly leaking into the gap.
In this case the Yu-Shiba-Rusinov subgap states lie very close to the band edge and are broadened
into the continuum and therefore not distinguishable from it.

2/3 a)/b): The other case considered here, where the hybridization strength is reduced and the pair
potential enhanced. This has the effect that the supgap states move away from the gap edge and are
now visible as very narrow peaks close to the gap edge. We find that due to the discretization the gap
is slightly increased, which explains the shift in frequency space. The spectral weight of the bound
states is overestimated.
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3. Method

Benchmarking against numerical results
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Figure 3.13.: Comparison for the of the spectral function AéTéf. The panels a) and c¢) denote the result
T

obtained by the hybrid method, b) and d) the result from Ref. [19]. Mind the different scale on the
y-axis, as our results show slightly higher values at the band edge. For better visibility we removed
the spectral density from the subgap states in a).

We furthermore benchmark our results in the interacting case by comparing our results with the
results obtained solely by NRG from Ref. [19]. We generally find good agreement between our results,
which one can find in Fig. (3.13, a)/c)) and the one from Ref. [19], which are displayed in the panels
b)/d). Nevertheless, there are slight deviations. First of all, our result displays a higher spectral
density at the gap edge for the cases U/(nI') = 1 and U/nI' = 2, which may be related to the fact
that the hybrid method offers higher resolution there. Furthermore the structure in our results shows
more details, for example we observe a qualitative difference between for U/nI' = 2 and U/n[’ = 3,
where in the first case the ground state is a singlet and the ladder is a spin 1/2 doublet. Apart from
that, we find that in the spectral weight at the Hubbard side peaks in the doublet phase (U/nT)
spreads further and the peaks are reduced in height compared to Ref. [19]. As the spectral weight
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3.10. Benchmarking and error analysis

is overestimated by our method, we cannot compare the weight of the bound states with the NRG
calculation, nevertheless the position of the bound states is in agreement with Ref. [19]. Furthermore
the behavior that in the singlet phase the spectral weight of the subgap states increases and after

passing the QCP it drops down is captures within the method.

Summary

Let us summarize, what we have seen in this chaper. We have developed a novel hybrid NRG-
DMRG approch to spectral properties of an interacting Anderson impurity embedded in a BCS
superconductor. NRG was used to integrate out the high-energy degrees of freedom and to generate a
effective low-energy Hamiltonian. By DMRG we found the ground state of the system in a low-energy
subspace. We used FDM-NRG for the Hamilitonian H N+, which is an approximation to H , to compute
the high-energy spectrum. The low-energy spectral properties were obtained by projecting down the
impurity operators and performing real-time evolution using TEBD to access the retarded Green’s
function. After that we performed a Fourier transform to get the spectral function of interest. Since
the RI also contains high energy states NRG and the tDMRG result coincide at intermediate energy

scales, which allows to recover the spectrum over the full range by interpolating between the results.
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4. The interacting model and numerical results

Let us now come back to the interacting model, which we will treat by using our hybrid NRG-DMRG
approach. We will focus on two regimes. The asymmetric model e¢; # —U/2 in the so-called valence-
fluctuation regime characterized by |e4| < T' [41], and the symmetric model €, = —U/2, whose spectral
properties we study through the quantum phase transition. Let us start with the valence-fluctuation

regime.

4.1. Valence-fluctuation regime

We first consider the situation of relatively small gap of A = 1072 and a comparable large hopping
amplitude of I' = 10~! at vanishing impurity onsite energy e;. This means we are deep in the
valence fluctuation regime, characterized by a suppression of the Kondo effect [41]. Although the
interesting competition between the Kondo screening and BCS pair formation is nearly absent, the
considered parameters are of interest. The reason for this is twofold. First, we expect, that a mean-
field treatment give reasonable results to be compared with our numerical approach. Furthermore, the
large-gap limit indicates that no quantum phase transition is present for the chosen parameters. We
want to investigate, if this is the case and how the spectral properties change. Beyond that, impurities
in the valence-fluctuation regime are likely to exist in real systems [41]. Since we expect that the
Kondo effect is suppressed, the relevant physical scales are given by A and the half bandwidth D. We

have done all the calculations in this section with the following numerical parameters:

A d; D* nE | ngr

1

1.8 75-107% [ 1.15- 1073 | 4000 | 4000

Table 4.1.: Non-physical numerical parameters used for the calculation of the spectral functions in this
section.

Ground state properties

Let us start the discussion of the valence fluctuation regime with the properties of the ground state. As
already mentioned the ground state of the non-interacting model is a singlet for small hybridization,
characterized by a BCS structure. This means a superposition of the empty and doubly occupied
state at the impurity site. For a larger hybridization, as considered here, the ground state is no longer
be such a simple superposition, it also acquires single occupied components. Fig. (4.1) shows several
static ground state expectation values. As the interaction is turned on, we find that the weight of the

doubly occupied impurity components in the ground state configuration first rapidly decreases and

56



4.1. Valence-fluctuation regime

then flattens for higher interaction strength. This can by seen by considering the expectation value of
n4ny, which is the projector to the doubly occupied sector. With (n47) also the impurity occupancy
is reduced in the same fashion, indicating that the single occupied components are not much affected
by the reduction of the former. The system turns its BCS type ground state into a state, where double
occupation is suppressed. This can be also recognized by considering the anomalous expectation value
<é$éi>, which quantifies the proximity effect at the impurity. We find that superconductivity at the

impurity site becomes reduced, due to the interaction.
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Figure 4.1.: Impurity occupation of the ground state for both spin species, expectation value of the
projector to the doubly occupied sector and the anomalous expectation value vs. the interaction
strength. We observe a decrease in the impurity occupation with increasing interaction strength.

General features of the diagonal components

Let us proceed by discussing the spectral properties of the model in the valence fluctuation regime by
first considering AéTﬂ . In Fig. (4.2, a)) we observe a similar structure as in the non-interacting case,
consisting of narrow peaks in the vicinity of the gap edge at +A and broad shoulders on either side
of the frequency axis. By considering a linear scale, as depicted in Fig. (4.2, c¢)), we find that the two
shoulders correspond to a resonance of width ~ I, which is broken by the spectral gap ranging from
—A to A. For smaller interaction strength U/D = 0.05 and U/D = 0.2 we find for negative frequencies
a barely visible dip at intermediate scales w/D =~ —10~2 in the spectral function. When increasing the
interaction, spectral weight is shifted from negative frequencies to positive frequencies, forming the
peak structure. This peak is reduced in height and slightly shifted towards higher energies by further
increasing the interaction. This has also the effect that the height of the near-gap peak is reduced and
a stronger asymmetric behavior with higher spectral density at the side of the resonance is observed.
This is similar to the non-interacting model, where a charge peak corresponding to the atomic level
position on either side of the frequency axis affects the quasiparticle resonance. Additionally, the

near-gap resonance close to the gap edge becomes narrower (Fig. (4.2, b)). We expect that for large
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4. The interacting model and numerical results

values of U the quasiparticle resonance is largely reduced and the peaks in the vicinity of the gap
edge are Yu-Shiba-Rusinov states. We see no evidence of a separated charge and Kondo peak. The
subgap states lie very close to the gap or are even pushed out of the subgap region, this cannot be
resolved accurately enough by the method. Therefore, by the finite resolution of the TEBD method
and broadening, they may become indistinguishable from the near-gap resonances. This behavior of
the Yu-Shiba-Rusinov excitations in the parameter range I' > A is in accordance to Ref. [41]. Also

our mean-field calculations suggest for all considered cases that the supgap states lie very close to the

gap.
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Figure 4.2.: Diagonal component of the spectral function AéTéT for A = 1073 and T' = 107! at no
T

onsite energy €; = 0 for several interaction strengths U plotted on log scale a), with zoom onto the
gap on linear scale b) and on enlarged, linear scale c).
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4.1. Valence-fluctuation regime

Renormalized impurity level

Let us work out the origin of the side peak a bit further. This peak corresponds to an impurity level
renormalized by the superconducting bath and broadened by the hybridization. The position of the
level is different to the usual Hubbard side peaks in the case A =0 at ¢4+ U.

To underpin this claim we consider some kind of atomic limit. We discretize the bath only very
coarsely, by choosing only one energy representative for each particle flavor on both sides of the
frequency axis. This amounts in a 64 dimensional Hamiltonian, whose spectral function we compute
by doing real-time evolution followed by a Fourier transform. As one can see in Fig. (4.3), we find

that the level position obtained by this procedure matches closely the one from our hybrid method.

V=07 "
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A=0001 | & . Watom

8F €4 = 0 7
<ﬁ0
. f
0 L L
-0.2 -0.1 0 0.1 0.2

w/D

Figure 4.3.: Comparison between the high energy level position watom Obtained by considering the
atomic limit and the result from our hybrid method.

Features of the off-diagonal components

After we have investigated the diagonal components and its features let us now discuss the off-diagonal
components of the spectral function. Again, we observe similar behavior to the non-interacting case,
with peaks close to the band edge and a featureless quickly decaying tail for higher energies as depicted
in Fig. (4.4). The peak structure is more suppressed by increasing the interaction and becomes
narrower, as in the case of the diagonal components. The structure remains also for high values
of the interaction similar to the non-interacting case. Although the off-diagonal spectral functions
look symmetric, they are not. There are slight inequivalences at the energy scale of the atomic level

position, not visible at the depicted scale.

Suppression of Kondo correlations

In the beginning of this section it was stated that correlations due to the Kondo effect are suppressed.
The formation of a Kondo singlet requires a magnetic moment at the impurity, i.e. moderate weight in

the single occupied components. The static expectation values suggest that, although the ground state
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Figure 4.4.: Off-diagonal components A
log-scale.

¢r¢, for negative (a)) and positive (b)) frequencies plotted on

has single occupied components at the impurity, their weight in the reduced density matrix remains
more or less constant. This suggests that the Kondo effect is less dominant for this set of parameters
and the physics is primarily described by the suppression of the doubly occupied component and the
proximity effect.

These qualitative arguments can be underpinned by comparing the mean-field results and the
results from the hybrid method. We find good agreement up to a moderate value of U/D < 0.2 for
the diagonal and off-diagonal components, as depicted in Fig. (4.5) and the same type of behavior of
the mean-field solution up to U/D = 0.4. However, for larger values of the interaction strength the
mean-field solution shows a qualitatively different behavior, where the quasiparticle peak is completely

suppressed and a charge peak at U/2 becomes visible. To our impression the formation of a Kondo
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Figure 4.5.: Comparison between the mean-field result and the hybrid result

singlet is present only to a very limited degree and the failure of mean-field theory may be traced
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4.1. Valence-fluctuation regime

back to the presence of charge fluctuations, made possible by depleting the impurity occupation of
the ground state.

Up to high values of the interaction strength no quantum phase transition occurs. This is in
accordance to the result obtained by the large-gap limit and the phase diagram for finite U by Ref.
[19] using NRG.

The effect of hybridization

Before we come to the symmetric model let us briefly study the effect of the hybridization on the
spectral function. Here we fix the interaction strength to U/D = 0.2 and consider the gap constant A
and the onsite energy €, as before. By increasing the hybridization of the impurity with the bath, we
find a reduction of the quasiparticle peak and also a suppression of the proximity effect. As expected,
a larger hybridization leads to a stronger broadening of the atomic level produced by the interaction.
Interestingly, it also reveals that the level position depends on I' as depicted in the inset of Fig. (4.6).
A large hybridization makes it possible to have band edge scattering at energies w =~ D, which is not

well resolved by the coarse resolution of NRG at very high frequencies.
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Figure 4.6.: Diagonal spectral function at fixed interaction strength U and pair potential A for various
hybridization constants I'.

61



4. The interacting model and numerical results

4.2. Kondo regime and the quantum critical point

Let us now consider the situation, where we fix the impurity occupation to one by adjusting the
impurity onsite energy €5 = —%. This means we consider particle-hole symmetry. We choose for the
hybridization with the bath a smaller value of I' = 0.05 and increase the pair potential to A = 0.005.
Here the physics is different to the previously discussed case, as turning on the interaction does not
lead to a depletion of the impurity, since the filling is fixed. The Kondo effect plays a significant role in
this case. Therefore the relevant scales are the pair potential A and the Kondo temperature Tk, which
is determined by the quotient U/I". We have done all the calculations with the following numerical

parameters:

A dl D* nZK NRI1

1.8 [ 3.75-107° | 5.7-1073 | 4000 | 700

Table 4.2.: Non-physical numerical parameters used for the calculation of the spectral functions in this
section.

Ground state properties

Let us again start the discussion by considering the ground state properties for various values of
the interaction strength. Due to the adjustment of the impurity onsite energy to the particle-hole
symmetric point, the occupancy is fixed to one. We observe that by increasing the interaction strength
the double occupancy of the impurity becomes less favorable. Since the impurity filling is fixed the

corresponding weight in the ground state is transferred to the single occupied components. This
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Figure 4.7.: Impurity occupation of the ground state for both spin species, expectation value of the
projector to the doubly occupied sector and the anomalous expectation value vs. the interaction
strength.
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4.2. Kondo regime and the quantum critical point

suggests that the ground state of the system is transformed continuously from a more BCS like at
small U state to a more Kondo type of ground state at intermediate U, which at larger U undergoes a
level crossing to a magnetic spin 1/2 doublet. This situation is depicted in Fig. (4.7). The anomalous
expectation value decreases continuously up to the quantum critical point, where the level crossing
from a singlet ground state to the spin 1/2 doublet takes place. There the anomalous expectation value
changes discontinuously to a negative value, i.e. the local order parameter acquires a phase shift of 7
at the point of the quantum phase transition. In the same fashion also (747)) changes discontinuously.
The thermal expectation values in the doublet phase have been obtained by symmetrization of the
expectation values for one of the two ground states, by making use of the time-reversal symmetry of

the problem.

After we have discussed the ground state properties of in the different regimes of the system let us

now come to the corresponding excitation spectra by considering the diagonal spectral function.

General features of the diagonal components

The structure of the diagonal components is quite different from the case that we have seen before.
The spectral function ACT(# is depicted in Fig. (4.8). By turning on the interaction, the near-gap
peaks decrease in height and change their shape from strongly peaked, similar to the non-interacting
case, to a broader peak, with a maximum farther away. We interpret this as the transition from
a more BCS like ground state, which shows the quasiparticle peak, to a more Kondo like ground
state, which shows for increasing interaction the Hubbard side peaks at +U/2 and an increase in the
spectral density closer to the gap edge by an onset of the Abrikosov-Suhl resonance. However, due to
the gapped hybridization the resonance cannot fully develop and drops down to zero at the gap edge.
As one increases the interaction the Kondo temperature decreases (in the considered symmetric case).
Therefore the developing Kondo resonance narrows. We also observe that the resonance decreases
in height. This means that the energy gain from forming a Kondo singlet with the bath decreases
and the subgap states move towards the Fermi energy. The ground state becomes less stable. At the
point where the Yu-Shiba-Rusinov states cross the Fermi level the quantum phase transition takes
place. The bound states and the ground state exchange their position and the new ground state is
now a degenerate spin 1/2 doublet state. After the transition has taken place, by further increasing
the interaction the former ground state moves back to the gap edge, carrying less spectral weight than
the doublet states. This transition marks the boundary from a screened singlet ground state to an
unscreened local moment. By increasing the interaction the local moment becomes more localized at
the impurity. A change can be also seen in the structure of the continuum part, where the onset of
the Kondo resonance is not present anymore and the spectral function extends with a smaller value
closer to the gap edge. This can be seen on a log scale depicted in Fig. (4.8 a)). We find that already
for U/T" = 1 mean-field theory predicts a magnetic symmetry breaking, which we clearly not observe
using the hybrid method. However, it is well known that mean-field theory predicts a phase transition
at a smaller critical interaction, as it is observed for example in NRG calculations, see Ref. [41] for
further information. This shows that fluctuations are important in stabilizing the singlet phase up to

the quantum critical point.
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Figure 4.8.: Spectral function AéTéT (w) on log-scale a) for negative frequencies, on linear scale for
+

positive frequencies b), with zoom into the gap edge ¢) and general continuum part on linear scale in
d). Note that by symmetry positive and negative frequencies have to coincide, nevertheless plotted on
the log-scale the change in the behavior of the spectral function before and after the quantum phase
transition near the gap can be observed. On the linear scale b) the widespread impurity level for
U/T = 20 is more clearly visible.

64



4.2. Kondo regime and the quantum critical point

The quantum critical point
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Figure 4.9.: Position w4 of the maximum of the positive subgap peak for the spectral function A@TéT
1

vs. the interaction strength. We see that for rising interaction strength the subgap peaks tend towards
the ground state and exchange the position at the quantum critical point. p; and py denote the fitted
parabolas (see main text).

In Fig.(4.9) we visualize the movement of the Yu-Shiba-Rusinov states as the ground state becomes
more and more unstable due to the interaction at the impurity. To get an estimate for the quantum
critical point we fit two parabolas separately to the branch in the singlet phase and the branch in the
doublet phase. This is motivated by the structure of mean-field Eq. (2.64) and the behavior of w .

From this we estimate the quantum critical point as U./T" ~ 9.2.

Features of the off-diagonal components

Let us now come to the off-diagonal component A@T@w which is visualized in Fig. (4.10). Here the
the transition from a BCS like behavior to the Kondo like behavior causes a reduction of the peak
structure close to the gap for small values of the interaction. By increasing the interaction the structure
changes, the peak reduces further and the tail of the spectral function changes sign. Closer to criticality
(U/T = 8) the peak has transformed into a broad hollow and its sign has flipped completely in the
continuum part of the spectral function. Only the spectral peak of the bound state has still the same
sign as before. The weight of the bound state exceeds the corresponding continuum part in this case
and <6$61> is still positive. After crossing the quantum critical point (U/T" = 15) also the bound
state has flipped its sign and the continuum contribution is to a large extend gone. This means the

remaining anomalous behavior stems to a large extend from the bound states.
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Figure 4.10.: Continuum part and bound states of the spectral function A@TQ for various interaction
strengths.
Conclusion

Let us conclude this chapter by briefly reviewing the main results.

In the valence-fluctuation regime the doubly occupied component of the ground state is suppressed
by increasing the interaction at the impurity site. This leads to a suppression of the proximity effect
quantified by the anomalous expectation value <é$61> The single occupied components seem to remain
largely unaffected by the depletion of the impurity. During this process spectral weight is shifted from
negative to positive frequencies forming a resonance at higher energies, which can be understood as
a by the superconducting bath renormalized atomic level. The level position also depends on the
hybridization strength. Close to the gap edge form sharp resonances, which at are a combination of
the close lying Yu-Shiba-Rusinov subgap states and the near-gap resonances displaying Bogoliubov
quasiparticles for small interaction and for increasing interaction to a large extend the former. No
phase transition is observed up to high values of the interaction.

In the particle-hole symmetric case the doubly occupied component of the ground state is also
reduced, but due to the fixed filling the weight is transferred to the single occupied components. We
observe that superconductivity at the impurity site becomes suppressed and the ground state gets
more the character of a Kondo singlet. This can also be observed in the spectral function, where we
see a transition from BCS typical near-gap peaks to the formation of U/2 side peaks and the onset of
Kondo resonance at lower energies. For large enough interaction the ground state becomes unstable
and a level crossing of the singlet ground state and the subgap states occurs. In the doublet ground

state the diagonal spectral function shows generally a broader behavior with U/2 side peaks.
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5. Summary and outlook

In this thesis we studied the spectral properties of an Anderson impurity embedded in a s-wave
superconductor. First we took a look at the analytically solvable (extreme) cases and figured out
some of the characteristic features of the model, for example the Yu-Shiba-Rusinov subgap states, the
near-gap resonances or the origin of the quantum phase transition in the infinite gap limit.

After this we turned towards more general cases, for which we further extended the hybrid NRG-
DMRG method, to capture sharp features in or close to the gap and the Kondo effect. This was
done by using NRG to zoom into the low-energy sector of the model, by “integrating out” high-
energy modes and constructing an effective low-energy Hamiltonian. Using DMRG we were able to
find an accurate approximation of the ground state in this low-energy subspace, which was tested
by computing static ground state expectation values and comparing the results with the analytical
approach. Subsequently, this ground state approximation was used to compute different components
of the spectral function by performing real-time evolution within the framework of TEBD. A for this
purpose developed broadening scheme allowed us to recover the continuum limit from the discretized
model.

We tested our numerical approach in the non-interacting case against previously derived analytical
results and found that the hybrid NRG-DMRG method is capable to resolve the spectral features
accurately. By comparing with NRG results from Ref.[19] in the interacting case we found good
agreement. Furthermore, due to high resolution of the hybrid method at the gap edge, we were able
to show a qualitative change in the spectral properties before and after the quantum phase transition.

This has set the stage for the investigation of the valence-fluctuation regime, where we found
the formation of resonance at higher energies, as a consequence of a by the superconducting bath
renormalized impurity level. Apart from this feature we found similar behavior to the non-interacting
model. At last we investigated the spectral features of the model in the particle-hole symmetric case,
where we found in accordance to previous publications [19, 41] a quantum phase transition and signs
of a Kondo resonance.

These results for the hybrid NRG-DMRG method are promising for further projects and
investigations. On the technical side a short term goal would be to extend the method to other
dynamical quantities, for example to the computation of dynamical spin- and charge susceptibilities
or to test the performance of the method for a pseudo-gap system. In the long run the use of the
Anderson impurity embedded in an superconductor as an effective impurity model in the context of
DMFT with the hybrid NRG-DMRG method used as an impurity solver could be beneficial to the

investigation of strongly-correlated systems.
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A. Appendix

A.1. Basic properties of the spectral function

In this section we provide a brief summary of the main properties of spectral functions used in the
main text. This is mainly standard material presented in textbooks see for example [24, 34]. To
investigate the properties of a spectral function A Ap We consider the Lehmann representation [94] of
the retarded Green’s function. We rewrite the retarded Green’s function by evaluating the trace in
the eigenbasis of H.
6 5t) = —i0(6) (1400, Bl) = — 2D (214, B) = 00 5™ (o] [At), Bl o) =25,
: (A1)

where the sum over = denotes a summation over a complete set of eigenstates |x) with energy E, of

the H, with & =1 for bosons and £ = —1 for fermions. Z denotes the grand canonical partition sum.
After inserting a resolution of identity 1 = >°, [y) (y| of eigenstates |y) of the Hamiltonian one finds
for the Green’s function the expression

A iO(t)

Ghig(t) = === 3" (el Aly) (y Bla) e BBt [P — om0, (A2)
T,y

Fouriertransforming yields the intermediate result

A A ; 1 (z| A y) (vl B |z) [e_ﬂEz ge—ﬂEy}
R R iwt . A.
Giglw) = [ dtG 3 5(t)e"™" = xg’y (E, — E,) +i0" (A.3)

By using our definition of the spectral function, Eq. (2.10), which is reads

Azplw) = == [GR () - GR 4 (w)'], (A.4)

and applying the Sokhotski-Plemelj theorem (see e.g. [95]) to Eq. (A.3) one can write down the
Lehmann-representation of the spectral function as
A 1 A A _ _
Azpw) = 2> (el Aly) (y| Blo) [P — g™ PV]b(w — By + Ey). (A.5)
m’y
By integrating the spectral function over the whole frequency range we find that

| dwdp() = 5 e (@l Aly) 6l Bla) - ¢ ol Bly) (l Ale)] = (A Ble). (A9)
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In the special case, where one considers a pair of operators A and B with [fl, ff]g = 1 one obtains that

the spectral density normalizes to one, i.e.
0 A
/ dwd ;5(w) = 1. (A7)
—00

For (anti-) commuting operators [A,E]g = 0 holds, that the spectral density integrates to 0, this

means

/O:O dwA ;5(w) = 0. (A.8)

Apart from that, integrating the spectral function A ip(w) weighted by a Fermi- or correspondingly

a Bose-Einstein distribution function, gives access to the expectation value

1 N R e BEs _ ge—ﬂEy
[ auZiet) Zmz;<x|Ary> 0B 1) ey —
1 _ N A
= > e i Aly) (vl Bla) = (BA) (A.9)
x7y

A.2. Derivation of the symmetry relations

In this section we provide explicit calculations for the in the main text mentioned symmetry properties
of the Hamiltonian and the resulting relations between different components of the spectral function.

Review that the considered Hamiltonian reads
H = Haop + Hug, + Hyaen + Ha, (A.10)

where the terms are defined as before by

N R N o A t
Haot :ed(ncn + ndi) + UndTn,u, thb = | | Z Cko' + Ckgcdg, (A.ll)
Han =Y (e — 1)eL, ko Hp = —|A] Z 5—k¢ékT + 5L¢5T_k¢- (A.12)
k,o k

Time-reversal symmetry

We want to show that H = TTH7T. We therefore consider the action of 7 on the individual parts of
the Hamiltonian. Note, that the spin-specific density is mapped onto each other, by

TiheT =Tel TT e, T = oy, (A.13)

where o denotes the considered spin component. This readily shows that the Hgot is invariant under

the action of 7. Furthermore we compute

Trelewo T = o%¢! e x o, (A.14)
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where we have used TT el T = el ' k_o- After relabeling the summation indices (k,o) = (—k, —0) we
find that also thb is invariant. Let us now consider the bath Hamiltonian. The individual terms in

transforms according to
Thel e T =02 ¢ 4o (A.15)

Again, by relabeling the summation index and assuming that e_yx _, — jt = €, — p, we observe that
ﬁbath is invariant under this transformation. At last we consider the pairing term, which transform
according to

Tle i T = —tiré_iy = Coxe bt (A.16)
and is therefore invariant under the time reversal operator. Summarizing all cases, this means that
the Hamiltonian H commutes with the time reversal operator.

Furthermore we show the relation of the off-diagonal components, by employing the Lehmann

representation. From this as a starting point we find the expressions

o 1 R R _ _
Aere, @) =2 3 (el o) (ol 2 2) [P — €30 — B + ) (A17)
Y
1 A~ N A * A ~ A * _ —
== Z (Txlep | Ty) (Tyler|Tx) [e BE: _ ¢e ﬁEﬂé(w - E,+E,;). (A.18)
Y
The state |z) and its time reversed state |¢/) = |Tz) have the same energy E, = FE, as the

Hamiltonian commutes with the time reversal operator. We relabel therefore the summation by

2’ and y/. Continuing the derivation leads to

Ao, (w) = — %Z (Taley [Ty) (Tyléy [Ta) [eP — e PP]6(w — By + Ey) (A.19)
== Z e y)" (| e o) [e7PPer — e PEv]6(w — By + Eu) (A.20)

= - 3 Z Wl ') (2| el ) [e PP — ge PP )o(w — By + Ex) (A.21)

=— Z yIel o) (el ) e PP — ge PP |6(—w — By + Ey) (A.22)

- AéH (—w), (A.23)

which shows the desired property.

Particle-hole symmetry

Note that the Hamilitonian is only particle-hole symmetric in the case ¢4 = —%. This allows to rewrite

the dot Hamiltonian ﬁdot as

€d U . 1., 1

H
dot = 2 2
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by the transformation Ce,Ct = —éia and Céy,Ct = éT—k,— »» the occupation operator 7, is mapped
to1l—"n_,, i.e. we can observe that the dot Hamiltonian is invariant under this transformation. For
ﬁhyb we consider:

Col,eoCT + Celen,CT=¢T e o+l eny (A.25)

relabeling the summation indices (k,0) — (—k,—0o) gives the desired result. By looking at the

transformation behavior of the pairing terms we see:
Co_yyonCh+ Celpety CF = el | + e it (A.26)

i.e. the pairing is invariant under this transformation. Let us now consider the bath Hamiltonian, by

the symmetry transformation it is mapped to

ClhanC! = (e — n)CE ,C1CooC = (e — 1) + D (1 — €10)E g o ko (A.27)
k,o k,o k,o

we now make use of the assumption that the bath dispersion relation is particle hole symmetric:
p— €_k—g = €ko — f. Which leads to the invariance of the lead Hamiltonian if we relabel the
summation indices accordingly and use that we consider a symmetric bath around the Fermi energy.

This shows that the Hamiltonian is invariant under a particle hole transformation.

SU(2) Spin - symmetry

Here we show that the Hamiltonian under consideration does not excibit a SU(2) - spin symmetry, by

computing the commutator with pairing term. We consider the Hamiltonian:

A

Hy = =AY (&qély ) + e big) (A.28)
k

We want to check if the pairing term has SU(2)-Spinsymmetry. For this we are calculating the
commutators,
[SZ,FIAL [SJraI:IA] 7[S*aﬁA]' (A29)

The third one can be derived from the second one, and the first commutator vanishes. So it is enough

to calculate the second one. We start by plugging in the definition of the commutator,

[Si, Hal = =AY [elvéicys élyel ) + equéqr] (A.30)
k,q

= — A (el )+ [ebny equeqr]: (A.31)
k.q

Now consider the first term, which we simplify by,

Plpciyelpel o] = elpaqel el g —elel | eliag (A.32)
- éLTéLT(ék»—q - éiqfki) - éLTéiq\LéLTéki (A.33)
= Ok a1l (A.34)
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and the second term

[EhrEacss E-aquat] = Elqligoqilar — E-qilaréinéy (A.35)
= —C_qu s Cqrluy — Coq)lqriigliy (A.36)
= —t-qul0a — artly)éi, — E-ailarélyle (A.37)
= OkqloqlfLl. (A.38)
From this we conclude the full commutator as

[Sy, Hal = —A Z cch 1t — Ck Gk (A.39)

The Casimiroperator of the SU(2) Spinsymmetry is given by

1 1

S* =824+ 5245, =5+ (5+ +8.)2 - G S )2=8%4 5 (545 +8-51). (A.40)

As mentioned before [S; H A] = 0. What remains is,

A~ 1 A A ]. A A A A
(8% Ha| = S (S48 Hal + [S-54; Hal) = 5(15+; HalS- + S4[S—; Ha] + [S—; HalS+ + S-[S+; Hal)

(A.41)
Using furthermore the following relation,
(S5 Hal' = (S4Ha)' = (HaSy)T = HAS- — S Ha = —[S_; Hal, (A.42)
one concludes that
[S_,Hpl = —-A Z ckic K, — Coktlit (A.43)
This allows on the write down the full commutator as
[S%; Ha] o At af A A s of
A = 21; CierClirCqy Cat — CokyCic| Co Cqrt (A.44)
q7
+ > el eqel el — el g e e (A.45)
CQTC(NCkiC*k\L chCCNC—kTCkT .
q.k
+3 e e el e — gl e (A.46)
- k| C—k|CqtCal —ktCk1CqrCal .
q’
+> el eqpeliel L — el egreige (A.47)
CqJ,CQTCkTC—kT CqJ,CQTC*kicki' .
q.k
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One can write this more compactly, by recognizing that the first and the fourth and the second and
the third line are the same. This leads to

A

[SQ; HA] A A A A A A A A
—— A - 2 Z CI(TC]:kTCTqichT — c_k¢ck¢c:;¢cq¢ (A.48)
q,k
+23 el el el — el eqre b (A.49)
q,k

We conclude that [S2, HA] # 0, since we have different number and species of creation an annhilation
operators present. The remaining term displays some triplet pairing structure not present in the

original Hamiltonian.
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