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We study a quantum impurity coupled to the edge states of a two-dimensional helical topological
superconductor, that is, to a pair of counterpropagating Majorana fermion edge channels with opposite spin
polarizations. For an impurity described by the Anderson impurity model, we show that the problem maps
onto a variant of the interacting resonant two-level model which, in turn, maps onto the ferromagnetic Kondo
model. Both magnetic and nonmagnetic impurities are considered. For magnetic impurities, an analysis relying on
bosonization and the numerical renormalization group shows that the system flows to a fixed point characterized by
a residual In 2 entropy and anisotropic static and dynamical impurity magnetic susceptibilities. For nonmagnetic
impurities, the system flows instead to a fixed point with no residual entropy and we find diamagnetic impurity
response at low temperatures. We comment on the Schrieffer-Wolff transformation for problems with nonstandard
conduction band continua and on the differences which arise when we describe the impurities by either Anderson

or Kondo impurity models.
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I. INTRODUCTION

Majorana fermionic operators are characterized by the
relation n' = n; that is, they represent particles which are
their own antiparticles. A pair of Majorana (real) operators
can be combined into one standard Dirac (complex) fermionic
creation and one corresponding annihilation operator which
operate within the Fock space of a single-level system.
Majorana fermions can also be thought of as an equal linear
combination of particles and holes. In recent years, a number
of proposals have been advanced for physical realizations
of condensed-matter systems having low-energy excitation
spectra which can be formally described using Majorana
fermion operators (see Refs. 1-5 for recent reviews). In such
interacting many-particle systems Majorana fermions appear
at low temperatures as emergent degrees of freedom. In
particular, it has been argued that topological superconducting
phases can be induced in topological insulators®!' by the
proximity effect.*>?"17 These phases are characterized by
the presence of one or several Majorana excitation branches
which are localized along the perimeter of the two-dimensional
superconducting sheet. Such Majorana bands have energies
inside the superconducting energy gap. In the absence of
defects they are, in fact, the only excitations inside the gap.
One distinguishes chiral topological superconductors with a
single Majorana continuum which propagates in a unique
direction (chirality) and helical topological superconductors
with two Majorana continua which counterpropagate and
have opposite spin polarization (helicity or spin-momentum
locking).*!#-2! While there is presently no confirmed physical
realization of a helical topological superconductor, several
recent theoretical proposals are based on heterostructures made
from topological insulators (such as Bi;Ses) and conventional
superconductors (such as elemental superconducting metals).
By tuning magnetic doping of the topological insulating layer,
it should be, in principle, possible to obtain both chiral and
helical topological superconductors.?!
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An important issue in this field is the fate of the Majorana
fermions when electron-electron interactions are taken into
account?>?3 and the role of disorder,?*?® in particular, that
of impurities.?’ Dilute concentrations of impurities would
lead to various measurable low-temperature anomalies due
to the Kondo effect, while higher concentrations could even
destabilize the edge states and qualitatively affect the behavior
of the system. It is thus of considerable interest to accurately
analyze the behavior of interacting impurities embedded near
the edges of topological superconductors (TSCs). This is
particularly important because the doping of the topological
insulator layer by magnetic impurities has been proposed as
one of the methods to tune their material properties and to
control their ground states. It is therefore likely that some
magnetic dopant atoms will be invariably present at the edge
area of the TSC, where the Majorana states are localized.

Since the impurities hybridize with the conducting states
which have half the degrees of freedom of Dirac fermions
(electrons), it is expected that there will be a number of
particularities compared to the behavior of standard impurity
models, such as the Anderson and Kondo impurity models.
Furthermore, it is conceivable that one could attach quantum
dots to such materials so that they would hybridize with
the edge states of TSCs; such hybrid structures can also be
described using the same class of impurity models.

In this work we study the Anderson impurity model with
modified conduction-band and hybridization terms which only
involve half the degrees of freedom of the standard model. In
Sec. II, we describe the model and perform mappings to other
known models. In Sec. III, we use bosonization techniques
in order to gain some qualitative understanding about the
expected behavior of the model. In Sec. IV, this analysis is
complemented by a numerical analysis using a reliable non-
perturbative technique, the numerical renormalization group
(NRG), which makes it possible to address both thermody-
namic and dynamic properties of the system. With the help
of these two complementary studies, we show that the model
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admits two qualitatively different types of low-temperature
fixed points, one associated with magnetic impurities (those
with large electron-electron repulsion and occupancy near
half-filling) which is characterized by In2 residual entropy
and anisotropic magnetic response and another associated with
nonmagnetic impurities (those with small electron-electron
repulsion and/or occupancy away from half-filling) which
is characterized by zero residual entropy and diamagnetic
response. This is different from the standard Anderson im-
purity model where the low-temperature fixed point always
belongs to the same family of Fermi-liquid fixed points
and there are no discontinuities as a function of the model
parameters (interaction strength, level energy, hybridization
strength), only the quasiparticle scattering phase shifts are
smoothly changed. In Sec. V, we perform the Schrieffer-Wolff
transformation in the case of Majorana bands. We comment
on the relations between the Anderson and Kondo impurity
models in this generalized setting and compare our results of
a magnetic impurity coupled to Majorana edge states with
a recent study?’ which uses instead a Kondo Hamiltonian
description. In particular, we find different results for the
dynamical magnetic response and observe that the phase
transition predicted in Ref. 27 does not show up when the
impurity is instead properly described by a Anderson model.
This is due to the fact that the phase transition predicted in
Ref. 27 occurs for parameter values of a Kondo model which
cannot arise from the Schrieffer-Wolff transformation of an
Anderson model.

II. MODEL AND MAPPINGS

We study the single-impurity Anderson model (SIAM)
consisting of an impurity (single orbital) coupled by hy-
bridization to the edge states of a helical TSC, that is, to two
continua composed of counterpropagating Majorana particles
with opposite spin polarization. The spin quantization axis
is taken to be along the z axis; the rotation symmetry in
the spin space is broken in this model. The Hamiltonian
can be obtained from the standard SIAM by projecting out
half of the conduction-band degrees of freedom. A schematic
representation is shown in Fig. 1. The Hamiltonian is

H =H, + H, + H;, (D

where H, is the impurity Hamiltonian

Hi =8 (o —1/2)+ Ulny — 1/2)(n) — 1/2)

+ B (1/2)(d]d; +dd)) 2)
+ By(1/2)d|dy — id[d}) + B.(1/2)(ny —n}),  (3)

Helical TSC

FIG. 1. (Color online) Schematic representation of the single-
impurity problem studied in this work. A single-impurity level (circle)
is hybridized with two continua of counterpropagating Majorana
fermions with opposite spin polarizations (dashed lines).
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H, is the coupling Hamiltonian

Hy = ViOlods + dinio), )
ko

and Hj is the conduction-band Hamiltonian for the Majorana
modes

Hy =) (wkn_t1ne4 4+ v(=k)ni 17k, ) (5)
k>0

The operators d| witho =1 , | create an electron at the impu-
rity level, and n, = d;dg is the electron number (occupancy)
operator. The parameter § = € + U/2 measures the departure
from the particle-hole symmetric point, € is the on-site energy,
U is the electron-electron repulsion parameter, while B,, By,
and B, are the components of the external magnetic field
applied on the impurity. The 5, are Majorana fermions
operators satisfying ’7/:(; = Nkoand{N_o, Mk o'} = Skk'Sco-
v is the Fermi velocity. The hybridization is given by the matrix
elements Vi. As common in the treatment of impurity models,
we neglect the k dependence of Vi, that is, V;, = V; this is
permissible since we are mostly interested in the low-energy
behavior of the system. We furthermore assume that Vj is real
(see the Appendix for a generalization to complex Vi, where
we show that the phase of V; determines the orientation of the
privileged axis, to be discussed below, in the xy plane that is
perpendicular to the spin-quantization axis of Majorana bands,
that is, the z axis). The hybridization of the impurity with the
conduction band is fully described by the hybridization energy
scale I' = mp|V|?, where p is the density of states in the con-
duction band. In this work, we consider a constant density of
states p = 1/mv so that I' is a constant independent of energy.

It is important to note that in writing the Hamiltonian in the
form of Eqgs. (1)—(5) we have omitted terms which describe
the coupling of the impurity to the bulk states of the supercon-
ductor which have energies above the superconducting gap.
These modes can renormalize the effective parameters of the
impurity Hamiltonian. For simplicity, we assume that these
high-energy modes have already been integrated out and that
the Hamiltonian H is an effective low-energy Hamiltonian
valid on energy scales below the superconducting gap. The
bandwidth of the Majorana modes thus equals twice the
superconducting gap.

We now introduce the local Majorana operators 7;, through

1 _ 1 .
dy = E(ma +iny), df = E(nw — in), o

1 } 1 f
Mo = _2(da +dg)7 Mo = _(da - dg)

V2 V2i

(note that we follow the normalization convention 77,-20 =1/2).
The local spin and isospin operators can be expressed as

Sx

1 . i

E(dIdT +dyd)) = 5(”””” + n111m2),
' i

sy = E(ldidT - ldidw = E(UW”IT + 124M21),

1 , i
E(didT — dldU = —(=n1yn2y + 1141024,

S, = 2
A P i
i = S(dyd) +dyd) = S0nymar = manay),
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. | I i
iy = 5(’did1 +idydy) = E(mmm — n24M21),

| + i
i: = S(d]dy +djdy = )= S0y +mymy). ()
We rewrite H; as

H = Zimanza + Uninynanay

o

+ B (i /2)(n1ym2y +N141m2))
+ By /2)(n1y 1y + N2y m2¢)

+ B.(i/2)(14m24 — N1yM2y)s (¥
while
Hy =YV 2ingems,. ©)
ko

Only the two 71,, Majorana local modes are coupled to the
continuum (hybridized). For 6 = B = U =0, the two 1,
modes are fully decoupled from the rest of the system. For
U # 0, the n;, modes interact via the quartic term with the
N2 modes. As we show in the following, this brings about
nontrivial effects. For § = B = 0 and finite U, we see that
on the temperature scale 77 = f(U,I') the fluctuations of the
12, modes are frozen out and that the entropy is reduced by
2 x (1/2)In2 = In2. The 1, modes remain active, and the
system has In2 residual entropy down to 7 = 0. We would
therefore like to study the nature and the dynamics of this
residual degree of freedom. We find that

inyniy =Sy +iy. (10)

The residual degree of freedom thus corresponds to a mixed
spin-isospin mode associated with a linear combination of spin
and isospin projection operators along the y direction (see the
Appendix for a generalization to an arbitrary phase factor in
Vi). For this reason we expect that the model has different
magnetic response in the y direction as compared to the x and
z directions. In the following, the privileged y direction will
be referred to as the “longitudinal” direction, while the other
two will be called “transverse” directions.

We now map the problem onto an interacting resonant
two-level model. For that purpose, we introduce new Dirac
fermionic operators defined by

1 : n 1 )
ay = ﬁ(flkr +ingy), ap = ﬁ(n—m in_xy),

(an
1 1
—ib = ﬁ(fm +iny), f= ﬁ(mr +ingy).
In terms of these operators,
Hi =8(b'f +Hec)— Uy —1/2)(ns —1/2)
+ B, /2(ib' fT +H.c)+ B./2(b' fT +H.c.)
+ By /2(1 —np —nyp), (12)
Hy = V2(ajb+He), (13)
k

Hy = vk ala;. (14)

k
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Notice that the summation in the last equation is indeed
for all k. Here n, = b'h and n; = f1f are the occupancy
operators for orbitals b and f, respectively. This is a variant
of the interacting resonant two-level model for spinless Dirac
fermions with attractive charge-charge coupling. The » mode
directly hybridizes with the continuum, while the f mode is
fully decoupled for § = U = B = 0. We note the similarity
between the B, and theB, terms in Eq. (12) (they differ
essentially only by a phase shift of the operators), while B, has
a qualitatively different form. This is in line with the expected
anisotropy of the system. The sum of the terms in B, and B,
can be compactly rewritten as (B b' f1 4 H.c.)/2, where

B, = B, +iB,. (15)

The interesting behavior results for nonzero parameters §,
U, and/or B. For finite interaction U, we expect to observe
orthogonality catastrophe physics due to the effect of the
occupancy changes at the impurity level f on the continuum.

In order to capture the physics associated with this model,
let us first use a field-theoretical approach. This is the subject
of the next section.

III. BOSONIZATION APPROACH

A Hamiltonian somewhat similar to Eqs. (12)—(14) has been
studied recently in the context of the charging of a narrow level
in a quantum dot capacitively coupled to a broader one.?83!
However, contrary to the Hamiltonian in Eq. (12), the levels in
the dot were interacting via a repulsive Coulomb interaction,
in which case the system always has a nondegenerate ground
state and is a conventional Fermi liquid. Here the interaction
is attractive, which, as we see, can significantly change the
physics.

We start with the case B, = 0. We follow the bosonization
procedure developed in Ref. 30 and repeat the main steps for
completeness. We first diagonalize the Hamiltonian H, + Hj
which corresponds to a resonant-level model. The density of
states of the level b corresponds to a Lorentzian of finite width
I' centered around zero energy. If we assume 6,|B,| < I,
we can replace the density of states of the level b with a flat
density®® for energies w € [—mI'/2,7T/2] and 0 elsewhere,
with height 1/(zT"). In this limit, the energy scale I' plays
the role of an effective bandwidth. Therefore, H reads in the
continuum and low-energy limit

H=—iv foo Y)Y (x)dx—Ua : Y10 (0) : (np—1/2)
+8/a(y(0) f+H.e)+B Vaw i) ff +He), (16)

where a ~ 2v/T" is a new UV cutoff associated with the new
effective bandwidth I', ¥ (x) is a right-moving field associated
with the diagonalization of the low-energy limit of H, + Hj.
The Hamiltonian in Eq. (16) can be treated using bosonization.
We introduce a bosonic field associated to the chiral fermionic
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one Y (x) ~ ﬁe”"”(") such that

H= u/oo Z—x(qu)z — vza—”v¢>(0)(nf —1/2)
_ TT T

o0

5 . B,
+—?Of + He) + —=(?OfT + He), (17)
V2 f V2 /

where
ay = arctan(U/2T") (18)

is fixed so that the phase shift we obtain for § = B; =0 in
the fermionic representation equals the one calculated in the
bosonic representation for a given occupation of the f level.*
Next we apply the canonical transformation H' = U HU with

U = expliQay /m)¢p0)(ny — 1/2)], (19)
such that
H = v/oo d_x (Vo) + i(eiwd)(o)f +Hec)
—o0 41 V2 o
+%(e"y—¢<°> fT+He), (20)

where we have introduced
ye =1+ 2ay/m. 201

Let us first consider the following two situations: § # 0,B; =
Oand§ = 0,B, # 0.Inboth cases, the Hamiltonian in Eq. (20)
maps to a bosonized formulation of the anisotropic Kondo
model,

i i i
Hsx = Zekcka'ckg =+ Z Ji SIO';O_/CkGCk’a’, (22)
ko kk'oo’

where ¢, = vk and ¢! are the Pauli matrices (i = x,y,7).
The Kondo couplings J; are such that J, = J, = J,. The
bosonization of (22), as derived in Refs. 32 and 33, provides
the identification

§=J1/V8,
(23)

2
Yy = V2 |:1 - — arctan(JTPJz/4)i| ]
T

where p is the density of states in the large-I" limit we are
considering. In the limit where I' is much larger than U, we
can linearize the arctan functions and estimate

J. ~ 72— v2) F2U. (24)

The upper sign (—) corresponds to the case § # 0,B; =0,
and the lower sign (+) to the case § = 0, B, # 0. Let us now
discuss both cases separately.

Case § # 0 and B) = 0. We see from Eq. (24) that a large
U > T enforces J, < 0, thatis, a ferromagnetic Kondo model,
while a small U leads to an antiferromagnetic Kondo model.
In the latter case, we can extract a Kondo scale T; associated
with the screening of the magnetic moment. From the known
results on the anisotropic Kondo model,>* we find

5\ 2
T;~F<F)2 " (25)

with y, defined in Eq. (21). We remind the reader that this
result makes sense only for J, > 0 (small-U case).

PHYSICAL REVIEW B 84, 195310 (2011)

In order to estimate the low-energy physics in the presence
of both § and U terms, we can rely on the lowest-order

renormalization group (RG) equations for the Kondo model**
dJ
d—ll = pJiJ, — p*J (I + J2) /4, (26)
dJ
— =PIl P IL2, @7

where [ is a running length scale. In particular, if we neglect
the cubic terms, this is the standard Kosterlitz-Thouless RG
flow where JZ2 — Jf is a constant of the flow. When J, < 0,
the infrared fixed point depends on whether |J.(a)| is above
or below the separatrix J, = —J,, assuming J, > 0. If
|J;(a)| > Ji(a),the fixed pointis a strong-coupling one which
corresponds to the antiferromagnetic Kondo fixed point and the
formation of a Kondo singlet. However, for |J,(a)| < J.(a),
the flow is driven toward a fixed line corresponding to J; — 0
and J* — J < 0 associated with the ferromagnetic Kondo
model and therefore an unscreened free moment. Although we
have assumed I" to be larger than other scales, the condition
J1(a) > |J;(a)| associated with a Fermi-liquid fixed point and
a screened magnetic moment translates into

§>U/2—

@F. (28)

Case § = 0and B, # 0. This case is simpler since J, > 0
for all values of U. Therefore, the low-energy physics is
described by a Fermi liquid fixed point with a screened
magnetic moment and we can define a Kondo scale T, by

T- rBLﬁ 29
K ? 5 ()

with y_ defined in Eq. (21).

General case. When both § and B are different from zero,
the mapping to the anisotropic Kondo problem breaks down.
However, at small U compared to I, both terms independently
favor a strong-coupling fixed point with a screening of the
local moment. Therefore, we expect the same behavior in the
presence of both terms. In the large-U limit with B; =0, a
ferromagnetic Kondo model is favored and a local moment is
stabilized. The addition of a small magnetic field B, around
this fixed point is, however, a relevant perturbation which
destabilizes this behavior and a nonmagnetic fixed point is
also expected.

In our analysis, we have considered B, = 0. However,
we can extend the previous bosonization analysis to models
with By # 0. The term B, has two effects: First, it provides
an additional potential scattering term —B,a/2 : ¥ (0)y(0) :
in the continuum-limit Hamiltonian in Eq. (16) which will
modify the phase-shift analysis. Second, it adds an extra term
—By(ny —1/2)/2 which corresponds to a magnetic field of
the form —B,5%/2 in the equivalent Kondo Hamiltonian in
Eq. (22). As discussed above, the latter term would polarize
a free local moment and no residual entropy is expected at
energy below this magnetic field.
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IV. NUMERICAL RENORMALIZATION
GROUP ANALYSIS

We now study the Hamiltonian in its original (nontrans-
formed) form of Eq. (1) using the NRG method.*>=*” This
technique is essentially an iterative exact diagonalization of an
appropriately discretized form of the Hamiltonian, where at
each partial diagonalization step the high-energy excitations
are discarded (“truncated”) and only the low-energy part of
the spectrum is retained in the subsequent calculation steps.
This approximation is appropriate because the matrix elements
coupling levels with widely different energy scales are small.?
The NRG method has already been applied to problems
involving an impurity coupled to Majorana edge fermions (for
details, see Ref. 38). (In this work, the NRG calculations have
mostly been performed using parameters A = 3, Ecyoff = 10
or at most 5000 states, whichever is lower, N, = 4, « = 0.6.)

A. Thermodynamic properties: Particle-hole symmetric case

We first study the problem for a particular choice of § = 0;
that is, we focus on the particle-hole (p-h) symmetric problem.
We will show in the following that there is actually a finite
regionin the (§,U,T") parameter space where the problem flows
to the same type of the low-temperature fixed point as along
the p-h symmetric line; thus, the results are more general. The
impurity entropy and thermal spin and charge susceptibilities
are shown in Fig. 2 for a range of the interaction strengths U,
including for the noninteracting U = 0 limit. We remind the
reader that the impurity entropy quantifies the number of the
effective degrees of freedom p on the impurity via

Simp(T) = kg In p(T). (30)

The impurity magnetic susceptibility corresponds to the
effective local magnetic moment as

uH(T) = T iiimp(T), 31)

where
TXij,imp(T) = (SiSj> —(S; Sj)(), (32)

with S; the i component of the total spin of the system. Here
( )o denotes the expectation value for a system without the
impurity. Finally, the impurity charge susceptibility x g imp is
defined through

T x0,imp(T) = (Q%) — (@™o, (33)

where Q is the total charge in the system. Since the
impurity susceptibility is defined as the difference between
an expectation value in the full system and the expectation
value in the system without the impurity (i.e., the impurity
contribution to the total system susceptibility), the impurity
susceptibilities can be negative. This is different from the local
susceptibilities of the impurity, which are different quantities
that are positive-definite.

In the high-temperature limit, the system behaves as the
standard SIAM in the same limit:*® The impurity freely
fluctuates between all four possible states; thus, the entropy is
In4, while the magnetic moment is (0 4+ 1/4 + 1/4 4+ 0)/4 =
1/8, since only two of the four states have magnetic moment
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2In2
— U=0 I'=0.01, 6=0, B=0
@ — U=0.01
=~ U=0.02
= — U=0.04
2 U=0.1
78 U=0.2
In2 :

FIG. 2. (Color online) Thermodynamic properties (impurity en-
tropy and impurity susceptibilities) at the particle-hole symmetric
point § = O for a range of values of the interaction strength U. The
arrows indicate the direction of increasing U. In the absence of the
external magnetic field, one has X,y imp = Xz,imp due to symmetry.
The out-of-diagonal magnetic susceptibilities are all zero. On the
curves for U = 0.02, we label the positions of the temperatures 7;
and T, (see the main text for their definitions).

of 1/4. The charge moment T x g imp is 1/2 due to maximal
charge fluctuations on the impurity.

On the temperature scale 77 &~ max(U,I'), the directly
coupled Majorana modes 7,, are frozen out (or, which is
equivalent, the Dirac mode b is frozen out) and we enter a In 2
plateau in the impurity entropy which persists downto 7 = 0.
The freezing out of the charge degrees of freedom is also
reflected in the effective charge moment 7 x g imp(7'), which
on the temperature scale 7 drops to some small (negative)
value and remains constant down to T = 0. The larger U is,
the larger is the reduction of the charge fluctuations on the
impurity, and the closer does the charge moment approach to
zero. We emphasize that in the standard SIAM the effective
charge susceptibility goes to zero at low temperatures and it is
always positive.

The residual In 2 entropy suggests that the other two Majo-
rana modes 7, (i.e., the Dirac mode f) remain decoupled; this
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is strictly true only for the noninteracting U = 0 model [see
Eq. (12)], but an effective decoupling also occurs for U # 0.
The magnetic susceptibility curves indicate, however, that the
behavior within the In2 entropy plateau is not trivial (see
the two middle panels in Fig. 2). The most striking feature is
the strongly anisotropic behavior: While the effective moments
in the transverse x and z directions are reduced (“screened”) at
low temperatures, the longitudinal (y axis) effective moment
reaches its asymptotic value on the temperature scale of T}
and remains constant down to 7 = 0. We also observe that the
behavior is different depending on the value of the ratio U/ T".
(We remind the reader that this same ratio controls the stability
of the non magnetic solution of the Hartree-Fock equations for
the standard SIAM. For U/nI" < 1 the paramagnetic solution
is stable, while for U/zT" > 1 the solution breaks the spin
symmetry and the Hartree-Fock approximation is no longer
applicable. This ratio thus determines whether the system is in
the “Kondo regime” or not.)

Let us first consider the case of large U, thatis, U/ T 2 1,
which corresponds to the magnetic regime. The transverse
magnetic susceptibility indicates a progressive reduction of the
effective impurity magnetic moment. This reduction occurs
at some low temperature scale 7, which appears to be
exponential in U/ I', similar to the exponential behavior of the
Kondo temperature in the standard SIAM. The scale 7, may
be defined, somewhat arbitrarily, through ,uﬁ(Tz) = ,uﬁ(T =
00)/2 = 1/8. The temperature 7, is plotted as a function of
U/T in Fig. 3. We find an excellent fit to the function

()
Th=cUexp|—c <F> s (34)

where ¢y =3.73 and ¢, =0.78 & /4. This is distinctly
different from the expression for the Kondo temperature in the
standard STAM, which takes the form Tx ~ U exp(—n U /8T").
The scale T, appears to be in many respects similar to the
low-energy scale studied in Ref. 30, although the dependence
on the parameters is exponential rather than algebraic. The
physical mechanism which controls the scale 75 is not clear at
present.

Note that at zero temperature the impurity spin is not
screened in the usual sense (which would be associated with a

40

© NRG data
— fitto aerX2

FIG. 3. (Color online) The temperature 7, where the effective
transverse magnetic moment ,u)z( = T Xxx,imp(T) is reduced to 1/8.
The full curve is a fit which corresponds to Eq. (34).
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reduction of the impurity entropy to zero due to the formation
of a nondegenerate spin-singlet Kondo state). In particular, the
effective longitudinal moment is still nonzero. Thus, the spin
is maximally anisotropic; it behaves as an Ising spin which
cannot rotate away from the y direction.

For small U of order I', we find somewhat different
behavior. In this case, the scales 7> and 7| are not well
separated: The charge and spin susceptibilities are reduced
simultaneously. Again, the system has residual In2 entropy
and there is residual longitudinal magnetic moment.

In analogy with the standard SIAM, we find that the inter-
action strength U plays the role of the effective bandwidth,®
so that for constant U/ I" ratio the thermodynamic curves are
simply shifted to lower energy scales proportionally to U.
Finally, it should also be remarked that at the particle-hole
symmetric point, the low-temperature stable fixed point of the
system is exactly the same irrespective of the values of the
parameters U and I'; again, a similar feature is also found in
the standard STAM.*¢

It is interesting to note that the second scale 7> does not
very clearly appear in the renormalization-group energy-level
flow diagram (Fig. 4), which is consistent with the constancy of
Simp at low temperatures. The fact that the susceptibility curves
nevertheless exhibit temperature dependence then implies
that it is the nature of the low-energy excitations which
changes with the temperature. There are no conserved quantum
numbers in the problem; thus, the information about the
spin susceptibility is contained in the matrix elements, such
as (i]S;]j), between the energy eigenstates. These matrix
elements do have an RG flow. At the particle-hole symmetric
point the system has double degeneracy (in fact, the ground
state and the low-energy excitations are all doubly degenerate).
For § = B =0, this is a direct consequence of the system
being nonergodic, but the double degeneracy is also found for
8 # 0 (see also below), where the system is, in fact, ergodic.
While the § = B = 0 regime is, in some sense, pathological,
we find that the behavior of the system varies smoothly as these
parameters are varied from 0; therefore, the results of the NRG
calculations for § = B = 0 are also physically relevant in spite
of the system being, strictly speaking, nonergodic.

T M T v
U=0.02, I'=0.01, =0, B=0

E/ 0N
T
1

"

4 4 4

10 20 30 40
N (NRG iteration step number)

FIG. 4. (Color online) Renormalization-group flow diagram. The

NRG iteration step numbers corresponding to the temperature scales
T, and T, are indicated.
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FIG. 5. (Color online) Thermodynamic behavior away from the
particle-hole symmetric point at § = 0. The arrows indicate the
direction of increasing §. The transition point corresponds to |§| ~
U/2 — cT" with ¢ of order 1.

B. Thermodynamic properties: Asymmetric case

In the magnetic regime (U/T" 2 1), the departure from the
particle-hole (p-h) symmetric point does not affect the behavior
as long as

5] < U/2 — T, (35)

where c is a number of order 1, at which point the fixed point
is destabilized (see Fig. 5). Notice that a similar condition
was found in the bosonization approach [see Eq. (28)] even
though the analysis was based on a large-I" limit. This
condition is similar to the region of existence of the “magnetic”
local-moment fixed point in the standard SIAM.*** In the
weak-interaction regime (U/ " < 1), the magnetic fixed point
is only stable in the immediate vicinity of the p-h symmetric
point and the residual entropy is released at low temperatures
even for small §. There thus exists a two-dimensional sheet
of transition points in the (§,U,I') parameter space which
separates the regimes with or without the residual entropy. The
quantum phase transition is of the Kosterlitz-Thouless type; the
crossover between the magnetic and nonmagnetic fixed point
occurs on a temperature scale which is an exponential function
of § — 4., where §. is the critical value of the parameter. A
numerically determined phase diagram is shown in Fig. 6.
We emphasize again that the existence of a phase transition
is significantly different from the behavior of the standard
SIAM, where the variation of the system properties in the
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0.5
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0.4

0.3

non-magnetic

/U
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0.1+

r'/u

FIG. 6. Phase diagram in the (I',8) plane for fixed interaction
parameter U.

(8,U,T) space is smooth and we merely move along a line of
Fermi-liquid fixed points parameterized by the quasiparticle
scattering phase shift.

By changing the on-site energy §, we tune the level
occupancy n. The occupancy operator r is trivially related to
the z component of the isospin (also known as the axial charge)
operatori, = 1/2(n — 1) [see Eq. (7)]. In this section, we have
thus established that the magnetic fixed point is stable with
respect to the nonzero isospin field i,. Due to the symmetry
of the problem, this implies that the system is also stable
with respect to moderately large isospin field i,, which can
be induced by the superconducting proximity effect. We find,
however, that nonzero isospin field i, will drive the system to
the nonmagnetic fixed point on the energy scale of 7.

C. Effects of the magnetic field

In the presence of an external magnetic field, the entropy
is released and the effective moment goes to zero at low
temperatures (see Fig. 7). The effect of the field is direction
dependent. For a field along the “longitudinal” y direction,
the entropy is always released on the temperature scale of
B,. For a field along the “transverse” x and z directions the
behavior depends on the U/ I ratio; in other words, it depends
on whether the impurity is magnetic or not. For a magnetic
impurity (large U/ T ratio) the entropy is released on the
temperature scale of | B, |, while for a nonmagnetic impurity
(small U/ T ratio) this only happens on a much reduced
temperature scale (see Fig. 7). This behavior is described by the
Kondo scale Ty, defined in Eq. (29), although the parameters
B, and I need to be rescaled by some constant factors in order
to obtain full numerical agreement.

The zero-temperature dynamical magnetic susceptibility
curves for zero and nonzero magnetic field along transverse
and longitudinal directions are shown in Fig. 8. In the absence
of the field, the magnetic susceptibility in the transverse direc-
tions diverges at w = 0, while the longitudinal susceptibility
goes to zero. All components of the magnetic susceptibility
also feature a peak on the frequency scale of the atomic
energies (at ~U, if we are in the Kondo regime; see Figs. 8).
In standard SIAM, the magnetic susceptibility peaks at Tk
and goes to zero at small frequencies as a linear function
of w, as mandated by the Korringa relation for Fermi-liquid
systems;* the susceptibility curve also has a peak at w ~
Uj2.
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FIG. 7. (Color online) An impurity in an external magnetic field
along x, y, and z directions, respectively, with constant strength
|B|. For each direction of the field, the parameter U is swept from
the weak-interaction to the strong-interaction (Kondo) regime. The
arrows indicate the direction of increasing U'.

In the presence of a transverse magnetic field B,, all
components of the magnetic susceptibility tensor peak on the
scale of the magnetic field and then go to zero. This is even
true for the longitudinal susceptibility which in the absence
of the field goes to zero. For longitudinal magnetic field B,
the transverse components of the magnetic susceptibility peak
on the scale of the magnetic field, while the longitudinal
susceptibility peaks on the same scale as in the absence of the
field and no further peak emerges at w ~ By. These features
of the magnetic response of the system are characteristic for
impurities coupled to helical Majorana edge states and clearly
distinct from that of the standard STAM. We also note that the
results do not seem to agree with those found for an equivalent
Kondo impurity problem in Ref. 27. The difference can be
explained, in part, by the fact that the Anderson and Kondo
impurity models are not fully equivalent (see Sec. V).

D. Spectral functions

The zero-temperature spectral functions of the impurity are
shown in Fig. 9. In addition to the charge-fluctuation peaks
at w ~ U/2, as in the standard SIAM, one observes a sharp
resonance on the scale of 7, with an inverse-power-law shape;
that is, the spectral function diverges. (Of course, one cannot
attach a scale to a power-law function. Instead, 7, roughly
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FIG. 8. (Color online) Dynamical magnetic susceptibility func-
tions for an external magnetic field applied along the transverse (x)
direction (top panels) and along the longitudinal (y) direction (bottom
panels).

corresponds to the energy where the crossover to the power-law
behavior occurs.) This inverse-power-law divergence replaces
the Kondo resonance of the standard SIAM, which at the lowest
energy scales looks like a parabolic peak and is finite. For
strictly decoupled Majorana modes one would expect a § peak
at zero frequency; the “broadening” into the inverse-power-
law peak is thus an interaction effect related to the Anderson
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FIG. 9. (Color online) Spectral properties of the impurity. The
nonzero spectral functions are shown. We introduce the notation
dy = dI, d, = d;, d) = d, d; = d; and define the spectral functions
as Ajj(w) = —(l/n)Im((d,-;dj)MJ,,-,;. Nonzero anomalous spectral
functions Ap, and A3 thus indicate the presence of pairing cor-
relations. The inset in the bottom panel represents the power-law
exponent as a function of the interaction strength.

orthogonality catastrophe physics. The exponent depends on
the interaction strength (see the inset in Fig. 9). We find that
the exponent « is well fitted by « = 1 — % arctan(U /4T).

We also observe that the anomalous spectral functions
are nonzero, which is expected for an impurity coupled to
a superconductor.

V. SCHRIEFFER-WOLFF TRANSFORMATION

We now consider a generalization of the Hamiltonian
H defined in Egs. (1)-(5). We take the conduction-band
Hamiltonian as in the standard SIAM:

H; = Zekczack(,. (36)
ko

This conduction band has twice the number of the degrees of
freedom as that described by Eq. (5) since there are now two
Majorana modes at each k: 1, and ni2,. The Majorana and
Dirac modes are related by

1 . 1 .
Cho = —(nklg -+ lnkZG‘), Clta = _(nkla - lﬂkza),

V2 V2 37

1 1
t t
Mlo = —=(Cho + )y Mi2o = —=(Cho — 1)
H «/5 . ko 2 lﬁ . k
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The hybridization term allows for unequal coupling of the
Majorana components:

HZ/ =« Z Vi(kieds + dj,nklor)/\/E
ko

+ B Vil=inods +idies) /N2, (38)
ko

where o and B are some real numbers. For « = 8 = 1, this
is the standard SIAM, while for « = 0, 8 = 1 we recover the
Majorana SIAM studied in this work (up to some differences
in the notation and a factor of +/2 in the definition of V;). We
can thus smoothly interpolate between the two limiting cases.
In the following, for reasons of simplicity we assume V; to be
independent of k; thatis, V;, = V.

We now proceed to perform the Schrieffer-Wolff
transformation*'*? for the generalized Anderson impurity
model in the large-U limit in order to derive an effective
Kondo model. The low-energy subspace consists of those
many-particle states where the impurity is singly occupied, and
we denote by Py the projection operator onto this subspace.
Then Q¢ = 1 — Py is the projector onto the orthogonal (“high-
energy”’) subspace. We introduce the superoperator

O(X) = PoX Qo + QoX Po. (39)

We find that O(H,) = H,; thus, H} is a block-off-diagonal
operator. We next introduce the superoperator

O
L(X) = Z%mm —He. (40)
ij ! J

Here {|i)} is an orthonormal basis of Hy = H; 4+ Hj such that
Hyli) = E;|i). We assume that the states |7) in Eq. (40) belong
to the low-energy subspace, while |j) belong to the high-
energy subspace (the —H.c. term then generates the remaining
terms). To lowest order in hopping a V', one has

S = L(H;) + O(V?), 41)

and
1
H.s = Ho Py + EPO[S,Hz/]Po + O(V*H. (42)

We find

3 (o {ki}| Ha|y {k;})

L(H) =
? Estky — Eyix;y

o.y.tki).(k;)
lo{ki})(y{k;j}| = Hec.,

where o € {1, |} indexes the impurity states in the low-
energy subspace, y € {0,2} indexes the impurity states in the
high-energy subspace, while {k;} and {k;} are the occupancies
of the conduction-band states. All terms in H, are such that
the sets {k;} and {k;} must differ by the occupancy of a single
level. We obtain

(B—a)V/2 _
S:E — (1 —n_, dl —H.c.
—~  ate (1 =n-o)ciody —He

2 )
+) %(1 —n_g)cl,d, — He.
ko

(43)
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B-V/2 o
————n_,¢,dl —Hc.

+ ; €& +e+ U n cka o
@+pV/2

+ %: mn_gckgda —H.c. (44)

The effective Hamiltonian is very complicated. A number
of terms are similar to those in the Schrieffer-Wolff transfor-
mation for the standard SIAM (Ref. 41) but with coefficients
which depend on « and § (and reproduce the standard values in
the « = B = 1 limit). Furthermore, some magnetic anisotropy
also arises. For example, the exchange-coupling terms can be
written as

Ho= Y D JWSWOWSW), (45
ie{x,y,z} kk'

where § = {S,,S,,S;} = (1/2)o are the Pauli matrices,

_(x _(%
v, = (Cu) and W, = (di) (46)

are field operators, and the effective Kondo exchange coupling
coefficients J; are equal to

g YV@tp2 ViNe-p?/2
roTE € — € € + €
Via+B)P/2  Via—p)/2
g -—€e—-U  gtetU’ @
Jo— V(o + B)? B Vi — B)?
Y € — € €+ €
Via+B)?  Via—B)
g —€e—U  gte+U’

Only in the « = B = 1 limit is the effective exchange scatter-
ing isotropic. At the particle-hole symmetric point we find

Jx = Jz = 05,3 ( 2V2 - 2‘/2 ) s
ex+U/2 ¢ —-U/2 48)

. («® + B2 ( v 2v? >

r 2 e +UR -U/2)

The direct s-d interaction is
J: T T
Har =Y | W =5 (wiwe) |wfwo. @)
k'
where

_ VXa+p)/4 n Via — B)*/4
o e +e

w

(50)
€ — €

The term which can be absorbed in the Hamiltonian Hy =
H; + Hj can be written as

1
Hy=— Z (W/ + EJ,nd,—a>nd,as (51

ko
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where
W — Via+p)y/4  Vie—p)?/2
N € — € €+ €
Vi — B)?/4
+e4+U "’
ik ‘ 2 2 2 (52)
J,Z_V(oz+,3)/2 Vo — B)
€ — € € + €
Via+ By Vie—p)
+ - :
e —€—U € + €y
The two-particle hopping term is
1
Hon = 4 > dneh_pch ydod—o +He., (53)
kk'o
with
Via+ B  Via+B)
Jop = — . (54)
€ — € e —e—U

These are, however, not all the terms which appear in the
effective Hamiltonian. Rather than enumerate all remaining
contributions, we restrict our attention only to those which
maintain the single occupancy of the impurity orbital. They
can be written as

Hg =" L(cjycl, — cvyan)dld, —dldy). (59
kk'

with
L VB )8 Ve - B8
€ — € €+ €
2002 _ 2 2002 _ 2
VB~ —a”)/8 V(B Ot)/S. (56)
€& —e—U e +e+U

We now discuss the @ = 0,8 = 1 limit, which is relevant
for discussing an Anderson impurity coupled to the edge states
of a helical TSC. The most important terms in the effective
Hamiltonian are those which affect the impurity spin degrees
of freedom:

Heff = Hex + Hsi- (57)

The exchange coupling constants are anisotropic:

I V22 V22 V22 V22
U e e ate a@—c—U egtetU’
(58)
7= V)2 V22 V22 V22
YT a—€e eg4e eg—e—U e+e+U’
At the particle-hole symmetric point this simplifies to
4viy 4y?
Joy =0, Jy=F——~—, 59
v YT U—4¢, U %)

where we have used ¢; — 0. Within the same approximation,
we also have

L~ —. (60)
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We combine all terms and write
2

Hegr = 7[4Sysy +IT =TIt —s7)]
4v2
= T(Sy — Iy)sy. (61)

Here upper-case operators I and S correspond to the
conduction-band isospin and spin, while the lower-case opera-
tors are those of the impurity. Furthermore, I = I, + ily,etc.
We thus conclude that in the large-U limit, the impurity spin
degree of freedom couples to amixed S, — I, mode, which can
be expressed in terms of a single Majorana channel. This result
was postulated without derivation in Ref. 27. It is important to
note, however, that the derivation and the effective model only
make sense in the large-U limit; that is, the coupling constant
Jx =4V?/U verifies Jx < V < U. The phase transition
discussed in Ref. 27 occurs at a value of pJg ~ O(1), which
is therefore unphysical. Thus, we conclude that such phase
transition is not expected in real magnetic impurities coupled
to TSCs.

VI. CONCLUSION

We have studied the properties of the modified SIAM
where the impurity couples only to half of the degrees of
freedom of standard fermionic particles in the conduction-
band continuum, that is, to Majorana fermion channels.
We have shown that the model is related to the two-level
resonant model with attractive charge-charge interaction and
to the (antiferromagnetic or ferromagnetic) anisotropic Kondo
model. Two different stable low-temperature fixed points have
been identified: One corresponds to magnetic impurities and
is characterized by residual magnetic moment and entropy, the
other corresponds to nonmagnetic impurities with no residual
degrees of freedom. The phase diagram separating these two
regimes has been established. We have also shown that the
magnetic field always destabilizes the magnetic fixed point;
however, the response is strongly anisotropic.

For magnetic impurities, the residual degree of freedom
corresponds to the operator s, + i,. While the charge degrees
of freedom are quenched due to electron-electron repulsion,
for impurities which are not in the extreme Kondo limit (U >
I') the isospin degree of freedom determines the quantitative
aspects of the problem. For this reason, we have shown that
it is important to properly map the original Anderson model
to an effective Kondo model, rather than start by postulating a
Kondo-like model.

Finally, we would like to stress that the predictions
we have made can be put to an experimental test since
dynamical magnetic susceptibility is, in principle, measurable
experimentally.
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APPENDIX: COMPLEX HYBRIDIZATION
MATRIX ELEMENTS

For completeness, we now study the case of general
complex and spin-dependent hybridization matrix elements;
that is, the coupling Hamiltonian is written as

Hy =Y (Vorkods + V;dinio), (A1)
ko

where V; is a complex number, V, = |V, | exp(i6,).
Introducing n;, as in Eq. (6), we obtain

Hy =) Vo |v/2i (08 05 ko Moo + Si0 05 1o N1o) - (A2)
ko

We now perform a change of basis to

Ela = 005607710 - Sin@onza,
) (A3)
&6 = 8inOs1N15 + oS Oy 120,

and obtain

Hy =Y VoV 2inkob2s (A4)
ko

Thus we find, again, that only two Majorana local modes
&), are coupled to the impurity, while the remaining two
modes &, are decoupled. If &4&;, is rewritten in terms of
the original Dirac operators, it is found that it corresponds to
a linear combination of spin and isospin operators in the (xy)
plane:

i&,&1r = sin(@;, — 64)s, + cos(0, — O4)sy

— sin(0y + 6))i, +cos(6y +0,)iy.  (AS)

In the absence of spin-dependence, that is, for 6, =6, we
obtain

i& &4 =5, — sin(20)i, + cos(20)i,,

which implies that the privileged “longitudinal” magnetic axis
is still along the y direction; however, the privileged isospin
axis deviates by an angle of 260 from the y axis. For 0, =6, =
0 we recover the result from the main text,

ifwém =5y + iy.

We remind the reader that the z axis is defined by the spin
polarization of the Majorana edge modes. The x and y axes
are thus always defined relative to this spin quantization axis.
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