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Conductance fingerprint of Majorana fermions in the topological Kondo effect
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We consider an interacting nanowire/superconductor heterostructure attached to metallic leads. The device
is described by an unusual low-energy model involving spin-1 conduction electrons coupled to a nonlocal
spin-% Kondo impurity built from Majorana fermions. The topological origin of the resulting Kondo effect is
manifest in distinctive non-Fermi-liquid (NFL) behavior, and the existence of Majorana fermions in the device is
demonstrated unambiguously by distinctive conductance line shapes. We study the physics of the model in detail,
using the numerical renormalization group, perturbative scaling, and Abelian bosonization. In particular, we
calculate the full scaling curves for the differential conductance in ac and dc fields, onto which experimental data
should collapse. Scattering ¢ matrices and thermodynamic quantities are also calculated, recovering asymptotes
from conformal field theory. We show that the NFL physics is robust to asymmetric Majorana-lead couplings,
and here we uncover a duality between strong and weak coupling. The NFL behavior is understood physically
in terms of competing Kondo effects. The resulting frustration is relieved by inter-Majorana coupling which
generates a second crossover to a regular Fermi liquid.
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I. INTRODUCTION

Majorana fermions in superconductor heterostructures are
presently the most viable candidates for realizing non-Abelian
anyons [1-3]. These emergent objects are zero-energy modes
bound to certain point defects, fractionalizing the regular
fermionic degrees of freedom. Individual Majoranas can be far
apart from each other, so that fermionic modes reconstructed
from pairs of Majoranas can be nonlocal in character [4].
Qubits encoding the occupation of such modes are topologi-
cally protected from local perturbations, and in consequence
could find important application within fault-tolerant quantum
computation [5].

Several proposals for realizing the Majorana paradigm are
the subject of ongoing experimental study, including het-
erostructures involving semiconductor nanowires with strong
spin-orbit coupling [6-8], and those using boundary modes
of topological insulators [9,10]. Much of this experimental
work has focused on demonstrating the existence of Majoranas
by detecting the zero-bias anomaly in tunneling conductance,
predicted from theory [11]. Despite suggestive observations,
however, unambiguous experimental verification remains
elusive because zero-bias peaks can also result from non-
Majorana sources [12].

Compelling evidence for the existence of Majorana
fermions in controllable nanodevices should therefore go
beyond a direct spectral measurement, probing instead the
topological nature of nonlocal qubits. Most theoretical work in
this direction relates to phenomena in noninteracting systems
[13]. However, richer physics could be accessible in systems
which can host emergent Majorana particles in the presence
of strong interactions between the physical electrons [14—17].

One such scenario was considered recently in Ref. [14]:
Majoranas at the end of nanowires on an interacting su-
perconducting island produce several topological qubits (see
Fig. 1). A spin—% degree of freedom can be constructed from
two such, which may be regarded as a nonlocal “quantum
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impurity.” Attaching metallic leads to the device allows
this state to be probed by conductance measurement and,
importantly, the spin of the nonlocal impurity is then flipped
when an electron is transferred from one lead to the other.
This gives rise to an effective exchange coupling between
the spin-5 “impurity” and the conduction electrons (which
form a representation of spin-1), resulting in a “topological
Kondo effect” [14]. The low-energy physics is controlled by
renormalization group (RG) flow to an intermediate-coupling
non-Fermi-liquid (NFL) fixed point [14], itself related [18,19]
to that of the four-channel Kondo (4CK) model [20]. This
leads to distinctive signatures in physical properties, which
could be used in experiment to identify clearly the topological
Kondo effect, and hence the underlying existence of Majorana
fermions in the device.

In this paper, we examine this system in detail, going
beyond the previous analysis [14] to calculate the full
temperature/energy dependence of physical quantities using

FIG. 1. (Color online) The minimal topological Kondo setup and
the couplings incorporated in the NRG calculations. The figure
shows the sketch of a nanowire realization: the central rectangle is
a superconducting island, with two nanowires (horizontal bars). The
nanowires turn into gapped superconductors in their central segments,
the end of which hosts Majorana fermions (dots). The outer portions
of the wires are metallic and are coupled to electron reservoirs (outer
rectangles). The wire parts separating metallic and superconducting
regions have a depletion gap forming a tunnel barrier.
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the numerical renormalization group (NRG) technique [21].
We focus on the differential conductance in ac and dc fields,
relevant to experiment. The line shapes we obtain recover high-
and low-energy asymptotes from conformal field theory (CFT)
[14] but also contain new information on the entire crossover,
which fundamentally encodes the RG flow. Experimental
data collected on universal temperature/energy scales should
collapse to a part of the full scaling curves presented in this
paper, allowing experimental verification of the topological
Kondo effect. Possible experimental realizations of the system
are discussed in Sec. VII.

Our full NRG calculations also confirm a key prediction
of Ref. [14] that the NFL physics is robust to asymmetric
Majorana-lead couplings. This property has important impli-
cations for the practical viability of the setup since fine tuning
is not required.

A rather complete picture of the complex physics of this
system is obtained from analysis of its thermodynamics and
scattering ¢ matrix. Characteristic properties of the NFL fixed
point are found at low temperatures, including an unusual
%111(3) residual entropy for the Majoranas. Such behavior
is similarly obtained at the NFL fixed point of the 4CK
model [22]; indeed, asymptotic corrections to fixed-point
thermodynamics of the form (T /Tx)*? are common to both
models. However, the entire crossover highlights differences,
which uniquely fingerprint the topological Kondo effect. This
is most clearly seen in the experimentally relevant case of
asymmetric Majorana-lead couplings: here the flow is distinct
from that of the 4CK model. Furthermore, we uncover a duality
between strong and weak coupling, allowing the Kondo scale
at strong coupling to be obtained from simple perturbative
scaling performed at weak coupling. In all cases, the NFL
fixed point is reached at low energies, unlike the 4CK model,
which supports a quantum phase transition to an unscreened
local-moment state [23].

Finally, we consider relevant symmetry-breaking perturba-
tions which do destabilize the NFL fixed point, generating
a crossover to the conventional Fermi-liquid state. Going
beyond Ref. [14], we identify the coupling between different
Majoranas to be one such perturbation. While such a coupling
is expected to be very small (suppressed exponentially in
the inter-Majorana separation), the resulting Fermi-liquid
crossover scale T3 must in fact be much smaller than the
Kondo scale Tk in order that pristine NFL physics be observed
at intermediate temperatures Ty < T < Tk. In this case, we
show that two successive universal crossovers arise: one to the
NFL fixed point, and one away from it. Both crossovers are
entirely characteristic of the incipient NFL state.

Given that the Kondo temperature may also be exponen-
tially small, a real device may have competing T and Tk
scales. Here, conductance line shapes obtained from NRG
show more complex behavior, which depends on the ratio
T; /Tx (a quantity that could be identified for a given
experiment). But, in all cases, Kondo-enhanced conductance
establishes the existence of Majorana fermions in the device.

II. DERIVATION OF THE MODEL

We begin by reviewing how the topological Kondo effect
arises [14]. The main requirement for the Kondo effect is
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the coupling of conduction electrons to an impurity with a
degenerate ground state. In the topological Kondo context, the
impurity is constructed using a superconducting island with
Majorana fermions (see Fig. 1). The island is of mesoscopic
size, characterized by a charging term H. = E.(N — %)2,
where N is the number operator for the island electrons
and E, is the charging energy. The ground state will be
degenerate if there are at least four Majoranas. Focusing on
this minimal case (see also Fig. 1), if the Majorana wave
functions do not overlap, each state with a given N, and
thus the ground state in particular, is twofold degenerate:
the four Majoranas combine into two zero-energy fermions
with a fixed overall parity (their occupation can be changed
only by transferring Cooper pairs to/from the superconducting
condensate) [4]. It is this degeneracy that leads to an effective
spin degeneracy for our Kondo model. If one includes the
overlap of Majorana fermions y; and yx, the degeneracy is not
exact: a “Zeeman” splitting that is exponentially small in the
Majoranas’ separation arises, given by the term H); considered
in the following.

The topological Kondo system is obtained by coupling the
island to conduction electrons. In what follows, we focus
on the minimal setup sketched in Fig. 1: we couple three
of the four Majorana fermions to single-channel leads of
effectively spinless conduction electrons [generated in practice
by the application of a large magnetic field or spin-orbit
coupling [14] (see also Sec. VII)]. The conduction electron
spin densities, vital for any Kondo effect, will arise from
nonlocal combinations of electron operators of different
leads [14].

Working at energy scales much below the superconduct-
ing gap, and also much below the energies of any non-
Majorana subgap excitations, the physics is described by the
Hamiltonian

ﬁ = I:]Ieads + [?isl + I:Itun’ (1)

where
ﬁisl = I:Ic + I_}Ma (2)
ﬁleads = Z 6kaZjakj ’ )

k,j
[‘A]M = hjk iJ/ij, “
and

Aun = exp(id/2) Y 1, ¥; + Hee. )

ij
Here, Hicaas is the Hamiltonian of conduction electrons, with
a, ; creating scattering states (standing waves) of ingoing
momentum £ in lead j. The term H,, describes the low-energy
coupling between the leads and the island. The operators ;

correspond to localized conduction electron orbitals at the end
of each physical wire,

—1/2
1//1 = Norb/ Zakj’ (6)
k

and the phase exponential exp(+ig/2) is also an operator,
ensuring charge conservation by changing N — N £ 1. To
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obtain I:I[un, one expresses the electron operator on the island
as Ys(x) = exp(—ig/DLY; & (0)y; + ¥-..s(0)] [where &;(x)
are the Majorana wave functions and . s(x) is the piece of
the electron operator with positive-energy BCS excitations]

and writes the usual hopping terms ~1//§(x W+ H.c. (where
x; is the tunneling point in terms of the coordinates on the
island). Below the energy scale of the superconducting gap,
as discussed above, the V. s(x) piece can be neglected, which
leads to Eq. (5) [15].

The key difference between the topological Kondo problem
of Ref. [14] and Eq. (1) is that the former includes only the
local couplings #;;, while here we also consider the nonlocal
tix;j and h j; terms. Of course, due to the well-localized nature
of the Majorana wave functions &;(x), these are exponentially
suppressed with the inter-Majorana distance |t;«;|,|h x| < t;.
(We chose the phase of the electron operators so that #; >
0.) At the lowest-energy scales, as we will show, they will
nevertheless lead to interesting, qualitatively new features.

On energy scales much lower than the charging energy
E,, if |t;j| < E. one can simplify the model by a standard
Schrieffer-Wolff transformation [24]. Here, it is convenient to
assume that the charging term of H, is tuned to the middle
of a Coulomb blockade valley' where (H.) = 0 for some N;
by considering virtual excitations to states of island charge
N =+ 1, one obtains

Lyplki

Hsw = Hicads + ihjuy; vic + Z vrg¥hvn ()

k#g ¢

in which repeated indices are summed over. (We add that
h jx-type contributions are also generated by the #; ; couplings;
these have been absorbed into the second term.)

Using now that the Majorana bilinears y;y», y»y3, and
y3y) (the only independent ones due to the zero-mode parity
constraint) form a spin-% operator S, via

N i
S=—y xvy, 8
77 XY ®)
the effective model can be written in the form Hgy = Hledd5 +
H x + 8H. The conduction electron Hamiltonian HleadS is
given in Eq. (3), and the Kondo coupling term is [14]

I:IK = Z)Laagaia» 9)
where I, is a spin-1 operator for the lead electrons
Ly =1 Vit (10)
a,b

and the positive couplings Aye ~ €qjitjjtki/ Ec. For SH =0,
Eq. (9) can thus be viewed as an (anisotropic) Kondo model
involving a spin-% “impurity” coupled to spin-1 conduction
electrons [14,18].

"Moving away from the middle of the Coulomb blockade valley
would generate nonuniversal (but RG-marginal) potential scattering
terms in ﬁsw [14]. We have checked numerically that the non-Fermi-
liquid fixed point discussed in Sec. III is robust to their inclusion; their
effect on physical properties such as the finite-7 /finite-w differential
conductance is left for future work.

PHYSICAL REVIEW B 89, 045143 (2014)

Nonlocal couplings #;;, h i, to leading order in exponen-
tially small quantities, generate the term

SH = dapSals + > MySuly? +hoSu. (1)
atf op

Here, 1 [ = wa[J 2 )]ablﬁb are the five components of

a spin- 2 density where Jﬁ are elementary symmetric real
matrices, and the real coupling constants are Agg ~ A,z ~
|ti¢j|l‘jj/Ec, and ]’la ~ Ea,‘jh,‘j.

A. Simplification to the axial-symmetric limit

While the full model described by Egs. (9)—(11) can in
principle be treated by the NRG (to be described later), the
calculations are computationally rather expensive. There are
two reasons for this: only the total charge is a conserved
quantum number, and the Hamiltonian matrix has complex
elements. The model as written also contains a large number of
parameters, and one cannot hope to examine its full parameter
space exhaustively.

We therefore adopt the following simplifications. For much
of the paper, we focus on §H = 0 to identify and understand
the universal physics arising from the topological Kondo effect
of Eq. (9). To simplify the calculations, we now assume
t11 = tp, and imaginary t; = —t,;. This leads to a residual
“axial symmetry” around axis 3, as will be discussed in due
course, which allows the calculations to be performed with
real matrix elements and exploiting the conservation of an
additional, overall S, quantum number.

To obtain a handle on the key effects of the perturbation
8H, one can focus on the nonlocal couplings arising from
the exponentially small overlap between Majoranas y; and y;
alone. This simplifies the model considerably, as it can then be
shown that the first term in Eq. (11) is then absent. We leave a
study of the more general case to future work; our expectation
is that the remaining perturbations we keep in 8 H are sufficient
to understand the essential effects of nonlocal couplings
between the Majoranas, namely, that if the nonlocal couplings
are made sufficiently small, the universal non-Fermi-liquid
physics of the model persists above a low-energy crossover
scale set by the size of §H (see Sec. VI).

With these simplifications in place, we employ a unitary
transformation of the lead operators to a basis labeled by the

conduction electron spin projection m = —1, 0, +1, viz.,
1 .
Cr_g = E(akl + iay,), (12a)
Cro = U3 (12b)
Croy1 = %(—ak1 +iay,). (12¢)

The lead Hamiltonian then follows simply as ﬁleads =

i . . . .
> km €ChmCim- Localized orbitals in the new basis are
defined as

fm - orli/2 Ck,m’ (13)
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N

in terms of which the spin-1 ladder operators [+ = I, +1i y of
the lead electrons are

=20 o+ £ fo)s (14a)
= =20 for + £ fo) (14b)
I, =fi1f+1—fj1f71- (140)

It is then straightforward to show that under the above
transformation, the Kondo model including the perturbations
takes the form?

N N Jé
Hefr = Hieads + —L2[5+fgf+1 + Sifoo]

7

Jb
+ Té[svilfg + S flr

F LS fo = L f D+ RS, a5

with §* = §, + iS'y and S, spin-% operators for the impurity
as before.

The dependence of the four coupling constants in Eq. (15)
on the original model parameters is generally nontrivial. Since
the aim of this work is to examine the universal physics of the
model and understand the basic effect of nonlocal couplings
between Majoranas, we shall treat the coupling constants of
Eq. (15) as the bare model parameters of interest. With this
in mind, we make one final simplification: we set h, = 0.
Since a Zeeman term is associated with the same effective
time-reversal symmetry breaking as setting J{ # J f, the basic
effect of this symmetry breaking can be probed by considering
the latter alone.

To calculate thermodynamic and dynamical properties of
Eq. (15), we employ the NRG, a powerful nonperturbative
method which yields numerically exact results over a wide
range of temperature/energy scales. The general procedure for
calculating thermodynamics is explained fully in the review
of Ref. [21], to which we refer the reader for further
details.

The key approximation in NRG is a logarithmic discretiza-
tion of the conduction electron densities of states. Since we
focus on the universal physics of the model here, it suffices
to consider equivalent symmetric bands, each with constant
density of states p = 1/(2D) over a bandwidth 2D. These are
discretized and transformed into semi-infinite 1D tight-binding
“Wilson chains”:

00
I:Iliiasgs = Z Z(tpfil,pﬁn+l,p + H.0), (16)

m  p=0

where the impurity couples only to the ‘“zero-orbital”
Jno = fm, as defined in Eq. (13). The logarithmic dis-
cretization means that the Wilson chain hoppings #,, decrease

’If one takes #,.; = 0, the coupling constants in Eq. (15) are
simply related to those of Eq. (9) by J{ = Jf = A1 = Ay, and
J. = A33. Nonlocal couplings #x; # 0 generate the h, term and
unequal J¢ # J%, and then the relationship between the two sets
of coupling constants becomes more complicated.
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exponentially down the chain, rendering the problem amenable
to an iterative solution in which high-energy states are
successively discarded as more Wilson chain orbitals are added
[21]. Dynamics are calculated within the complete Anders-
Schiller basis [25], using the “full density matrix” approach
[26]. In practice, we exploit the U(1) symmetries of Eq. (15)
(overall charge and S, conservation). We use a discretization
parameter A = 3, and retain at most 10000 states at each
iteration. The results of eight separate calculations with
different discretization “slide parameter” are combined to
obtain highly accurate dynamics [27].

III. FIXED POINTS AND SYMMETRIES

Before presenting numerical results, we first identify and
discuss the fixed points of the model (15) and consider the RG
flows between them. We begin with the axial symmetric limit
Ji=17 ji, where an intermediate coupling, non-Fermi-liquid
fixed point is stable. Further insight into this fixed point can
then be gained by considering the behavior of the model when
JI#J f: the intermediate coupling fixed point arises from a
competition between two Kondo effects, as explained in the
following.

At high energies, the physics of the model is controlled
by the local-moment (LM) fixed point, obtained by setting
Ji{ = Jf =J, =0 in Eq. (15). At the fixed point itself,
the spin S (the impurity) decouples from the three conduc-
tion electron channels, to give [24] an “impurity entropy”
Simp = In2 and Curie law magnetic susceptibility T Ximp = }‘
[we use units where kg =1 and (g;LB)2 = 1 throughout].
Near the fixed point, antiferromagnetic exchange coupling
is (marginally) relevant, and its effect can be understood
using Anderson’s poor man’s scaling [14,28] (i.e., perturbative
RG) to obtain flow equations for the renormalized couplings
as the effective bandwidth/energy scale is reduced. Defining
dimensionless running couplings j, = pJ¢ = pJ’, j. = pJ.,
and with D the running UV cutoff, second-order poor man’s
scaling gives

de_ . djz .2
_ =g, e __p 17
Y T Y 17

These equations are precisely those obtained for the spin—%
anisotropic Kondo model, with a single spinful conduction
electron channel [24]. The initial RG flow is therefore similar
to that of the regular Kondo problem: weak antiferromagnetic
bare couplings begin to grow as the temperature/energy
scale is reduced, showing up in physical quantities such as
the conduction electron ¢ matrix, and conductance as slow
inverse-logarithmic tails at high energies [24,29].

In the antiferromagnetic one-channel Kondo problem, it
is well known [24] that RG flows tend ultimately to a
stable, isotropic strong coupling (SC) fixed point, describing
the Kondo singlet at very low energies. (This conclusion is
naturally beyond the scope of the perturbative scaling analysis,
but has been established by exact methods including NRG [21]
and the Bethe ansatz [30,31].) An isotropic SC fixed point also
exists for Eq. (15), obtained by setting J¢ = J* = J, = 0
in Eq. (15) and 7y = 0 in Eq. (16) (which decouples the three
leads subject to a w/2 phase shift). But, in contrast to the
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conventional Kondo model, this SC fixed point is unstable.
The reason is that the decoupled subsystem comprising the

impurity and the three f,, zero orbitals has degenerate ground

states with local charge ngc = ), ( f,,T, fm) =1 and 2, which
are connected by a relevant perturbation of the form?

SHsc =Y fhofu +He. (18)

In the conventional Kondo model, there is no such internal
structure at the SC fixed point: the strong coupling state is an
“inert” singlet and no such relevant perturbations around the
fixed point are possible.

With both LM and SC fixed points unstable when J{ = J,
one anticipates the existence of a stable fixed point at
intermediate coupling. This intermediate-coupling fixed point
was shown to be stable within a form of the Toulouse limit for
a model with axial symmetry [18]. A full CFT [32] analysis of
the problem was recently performed [14], establishing that this
overscreened NFL fixed point is robust to breaking exchange
isotropy (A11 # Aox # A33) or, equivalently, to asymmetries of
the local couplings ¢;; in the original model of Eq. (1).

Further insight into the model can be obtained by noting
that the spin sector of the model (15) is identical to that of
the four-channel Kondo (4CK) model [18,19,33]. The physics
near the intermediate coupling fixed point therefore has many
common features with that of the 4CK effect. The latter
has been studied using the Bethe ansatz [22] and boundary
CFT [32], which predict for example a residual impurity
entropy Simp = In /3 and NFL low-temperature behavior
such as a divergent susceptibility ximp ~ 77'/3. As these
thermodynamic quantities originate from the spin sector, the
same behavior is expected for the topological Kondo effect
studied here. But crucially, the remaining sectors of the two
models are distinct. The realization of the NFL fixed point
with a spin-1 conduction band changes certain key physical
properties, as we will illustrate through our calculation of
the scattering ¢ matrix (see Sec. IV C). Moreover, although
the fixed points of Eq. (15) and the 4CK model are similar,
the RG flows between them are also quite different, as we shall
discuss in Sec. V.

Upon including nonlocal couplings #;.;, we perturb the
fixed point studied in Ref. [14] in an as-yet unexplored manner.
These perturbations lead to qualitative changes: since they
introduce complex couplings in Eq. (7), they break the effective
time-reversal invariance [14] responsible for the stability of the
NFL fixed point. But, if these couplings are sufficiently small
(see Sec. VI for a precise definition of “small”), the NFL
behavior will persist down to an energy scale 77 , before the
symmetry breaking becomes important and deviations occur.

In terms of the simplified model under consideration in this
work [Eq. (15)], the nonlocal couplings manifest themselves in
two ways. As discussed in Sec. I, they introduce an effective
magnetic field /, (neglected here, as explained in Sec. 11 A)
and they lead to J¢ # J?. To understand the effect of the latter

3We note [44] that the same perturbation connects degenerate
charge states of the “free-orbital” fixed point in the regular Anderson
impurity model.
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further, we can rewrite Eq. (15) as ﬁeff = ﬂleads +H v+ Hb,
with

Lo
Ag = ZL(ST il fo + ST AL A1+ 10S. (L Fu = £ )

V2
(19)
o _ JL or g - bo (pt j
KZE[S f_1fo + S fof_1]+JZSz(fofo_f_1f_1)7

(20)

and J¢ = sz = J,. In this form, the model has a simple
physical interpretation. The terms I-AII‘g and A  each describe
a spin—% anisotropic Kondo model, with spin—% conduction
electrons. In I:I,‘é, channels m = 0 and +1 can be thought of as
the “4” and “|” spins of a conventional Kondo model, while
in I-AI,'; these roles are played by channels m =0 and —1.
Crucially, channel m = 0 plays a different role in PAI,‘; than it
does in H ,};: it is therefore not possible to combine channels
m = %1 into asingle 1 channel and have channel m = 0 acting
as the | spin in both terms (this is merely a statement that
Kondo models with spin-% and spin-1 conduction electrons
are inequivalent).

When J¢ > J%, then J¢ grows under renormalization faster
than J?, and the system is driven to an isotropic strong coupling
fixed point. The impurity spin-% is exactly Kondo screened by
the m =0 and +1 channels of FI”, with Jj/ﬁ: J¢ —
0o. Meanwhile, the third channel m = —1 decouples J* =
sz — 0. By contrast, when J f > J{, the Kondo effect takes
place with the m = 0 and —1 channels, with m = +1 now
decoupling.

The critical physics of the model near J{ = J? can thus be
understood physically in terms of competing Kondo effects in
different channels, depending on whether J¢ < J%. On tuning
precisely to J{ = J f (i.e., SH = 0), one realizes the stable
NFL fixed point of the model: by symmetry, neither m = —1
nor m = +1 can individually decouple, with the result that
the impurity is “overscreened.” This competition between
strong coupling Kondo-screened states and the accompanying
emergence of NFL physics similarly arises in the multichannel
Kondo [20,34] and multi-impurity Kondo [34-37] problem:s.

The quantum phase transition arising on tuning J¢/J? is
explored further in Sec. VI.

IV. NRG RESULTS FOR THE CHANNEL-ISOTROPIC
LIMIT

‘We begin by examining the physics when J{ = Jf =J,=J
[i.e., equal local couplings A,y = A in Eq. (9)]. Here, the
model has full SU(2) spin symmetry, with each screening
channel coupled equivalently to the central impurity spin. As
mentioned in Sec. III, our model (15) in this limit has the same
NFL fixed point as the 4CK model, and is therefore expected to
show similar low-energy physics [18,19,33]. This is confirmed
below. We also look beyond the low-energy regime, calculating
exactly with NRG the full universal crossover behavior of the
thermodynamics and dynamics.
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FIG. 2. (Color online) Universal thermodynamics in the channel-
isotropic limit. (a) The impurity entropy Sinp(7) showing the
crossover from the local-moment fixed-point value of In2 when
T >> T, to the value In +/3 at the NFL fixed pointas T — 0. (b) The
leading T dependence of Sinp(T) — Simp(0) from NRG (solid line),
compared to the asymptotic form ~(7'/ Tx)*? (dashed line). (c) The
impurity spin susceptibility T Ximp(T') showing the same crossover
as in (a). (d) The leading T dependence of T xinp(T) from NRG
(solid line), again compared to the asymptotic form ~(T/Tx)*?
(dashed line).

A. Thermodynamics

The RG flow associated with the isotropic model is seen
most vividly in the impurity entropy as a function of temper-
ature Sinp(7), defined as the difference in entropy between
H and ﬁleads. The Kondo temperature Tk sets the scale for
universal flow from the LM fixed point to the NFL fixed
point. In practice, we define it numerically via Simp(Tx) =

%(ln V3 +1n2) ~ 0.62, suitably halfway between the limiting
fixed-point entropies. Numerical results for any choice of the
bare parameter o J then collapse onto a single universal scaling
curve when plotted in terms of 7/ Tk. This scaling curve is
shown in Fig. 2(a).

The general form of the entropy scaling curve for the model
(15) in the isotropic limit is indeed as one would expect for
the 4CK model: a crossover on the scale of Tx from the
LM fixed point with Sj,,(T) = In2 to the NFL fixed point,
with residual T =0 entropy [22,32] Simp = In+/3 ~ 0.55
(this nontrivial value is reproduced very accurately in our
NRG calculations). Behavior in the vicinity of the fixed
point is characteristic of the non-Fermi-liquid physics, with
leading corrections in the low-temperature limit (7'/Tx) < 1
of Simp(T) — Simp(0) ~ (T / Tk )*?, as shown in Fig. 2(b) by
comparison to the dashed line. This behavior arises in the 4CK
model [22,32] due to a leading irrelevant operator of scaling
dimension %‘. The leading irrelevant operator at the NFL fixed
point of Eq. (9) was identified in Ref. [14], and has the same
scaling dimension.

Figure 2(c) shows a similar universal plot of the impurity
spin susceptibility T ximp(T) versus T/ Tx. The low T/ Tx <
1 behavior [see Fig. 2(d)] is found to be T ximp ~ (T/ Tx)*°,
again entirely consistent with 4CK-like physics [22,32].
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FIG. 3. (Color online) The dependence of the Kondo scale Tk
on 1/(pJ) in the channel-isotropic limit. Circles are NRG data, the
dashed line is the form given in Eq. (21), and the blue dotted line is
the asymptotic form In(Tx /D) ~ —1/(pJ) + ¢'.

B. Kondo temperature

Having examined the universal thermodynamics as a func-
tion of T/ Tx, we now consider the dependence of the Kondo
temperature Tx on the coupling strength J. The asymptotic
behavior for small pJ can be obtained by applying perturbative
scaling [28] to Eq. (15), which yields

Tx/D = c(pJ)* exp[—1/(pJ)] 1)

to third order. This result is tested and confirmed in Fig. 3,
where we plot In(Tx /D) versus 1/pJ [points obtained by
NRG, dashed line is Eq. (21)]. It is worth pointing out here that
Eq. (21) is also obtained for the 4CK model from perturbative
scaling, suggesting that the RG flow from the (same) LM to
NFL fixed points in the two models are rather similar, at least
for small pJ.

For comparison, the second-order perturbative scaling
result Tx /D = ¢’ exp[—1/(pJ)] is plotted as the dotted line in
Fig. 3. At this level, one does not obtain the prefactor (pJ)? in
front of the exponential in Eq. (21); from the figure it is clear
that this prefactor has a rather strong influence on the Kondo
scale for moderate values of pJ.

C. Scattering ¢ matrix

‘We turn now to the dynamics of the model (15), about which
far less is currently known. Asymptotic behavior near the NFL.
fixed point of the 4CK model has been extracted using CFT
[32], but full crossover functions for either model have not
previously been calculated.

The scattering ¢ matrix is a central quantity of interest,
which contains rich information about the RG flow and
underlying physics. It describes scattering between eigenstates
of the disconnected leads, induced by the impurity, and is thus
defined for a given channel m in terms of the retarded Green
function for conduction electrons in that channel,

Graean(t) = —i0(0){{C1,, ()., (O))). (22)
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Equations of motion [38] for the Fourier-transformed Green
function Gy (@) then yield directly

G m(®) = G (@) + G (@) i (@) G (@), (23)

where ng/’m(a)) = 8jr/(w + 10" — ;) is the Green’s function
of the free leads in the absence of the impurity. T, (w)
is the ¢ matrix, which contains information about electronic
correlations and the Kondo effect. We consider its spectrum

(@) = =7p I Y Tt (). 24)
k

Note that, although ¢,,(w) is defined in terms of the lead
operators in the rotated basis of Eq. (15), it also describes
scattering in the physical basis of Eq. (9). This follows because
the transformation Eq. (12b) is trivial for m = 0 so that, from
Egs. (22)—(24), the t matrix of the physical lead j = 3 is simply
given by that for channel m = 0 in the rotated basis. Then,
channel isotropy implies that the ¢ matrices for all physical
and rotated channels are identical. In practice, we calculate
the single ¢ matrix from #,—o(w) with NRG. Details can be
found in Appendix A.

The universal RG flow between the LM and NFL fixed
points is naturally reflected in the 7 = 0 spectrum ¢, (w),
the scaling curve for which we show in Fig. 4 in terms of
|w|/ Tk (solid line obtained by NRG). The full crossover can be
understood in terms two asymptotic limits. The high-frequency
“tail” in t,,(w), obtained for |w|/Tx > 1, is associated with
simple perturbative scattering of conduction electrons from
the spin-% impurity local moment. The resulting behavior of
the spectrum (which is common to all problems in which
local-moment physics plays a key role), takes the form [29]

|l > Tk 1
a+1n*(blw|/Tx)’

tm(@) (25)

[ |
e L

-8 4 0 4 g

10
|lw|/Tx

FIG. 4. (Color online) The universal form of the scattering ¢
matrix #,(w) in the channel-isotropic limit. Main figure: the solid
line shows f,(w) calculated from NRG, as well as the low-
frequency asymptotic form ~(|w|/Tx)'* (dotted-dashed line) and
high-frequency logarithmic tail (dotted line) discussed in the text.
The inset compares ,,(w)/1,(0) for the present model (solid line) to
that of the one-channel Kondo model (dashed line).
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with a and b constants. A fit to this form is shown as the dotted
line in Fig. 4, which our exact numerics approach asymptot-
ically for |w|/ Tk > 1. In the opposite regime |w|/Tx <K 1,
the ¢ matrix has the characteristic behavior

tm (@) — 1, (0) (o) /T)'? + Ol(wl/ Tx)*1,

with ¢,,(0) = % This power-law form is as predicted by CFT:
generally, one expects #,,(w) — 1,,(0) ~ (lo|/Tx)*~", with x
the scaling dimension of the leading irrelevant operator near
the stable fixed point; here, x = % [14], thus yielding Eq. (26).
Excellent agreement between Eq. (26) (dotted-dashed line in
Fig. 4) and the exact NRG result is found over a wide range of
energies.

As pointed out earlier, the ¢ matrix exemplifies certain
key differences between the low-energy physics of the 4CK
and the present model. This is seen immediately in the
zero-frequency values: for the 4CK model, CFT predicts
[32] £4°K(0) = (3 — +/3)/6, while here it recovers the value
1, (0) = % observed in Fig. 4. This simply reflects the different
forms of the conduction channels of the two models (four
spin-% channels versus one spin-1 channel); indeed, the result

t,(0) = % is correctly recovered using the CFT fusion rules of
Ref. [32] with spin-1 conduction electrons.

The inset of Fig. 4 compares the universal scaling spectrum
of the r matrix for Eq. (15) (solid line) to that known for the
regular one-channel Kondo (1CK) model (dashed line), both
plotted as t,,(w)/ 1,,(0) for ease of comparison.* The two curves
are strikingly different: the crossover from the high-frequency
tails to the low-frequency power law is much sharper in the
1CK case than for the present model. This is consistent with
the very different leading corrections to the stable fixed points
of the two models. Fermi-liquid theory for the 1CK model
predicts [24] the ubiquitous quadratic approach to the Fermi-
level value #!“%(w) — t1K(0) ~(w/ Tk )?, as compared to the
slower NFL corrections of Eq. (26).

lo| << Tk
~ =

(26)

D. Linear conductance

Finally, we consider the zero-bias differential conductance,
the central quantity of experimental relevance: measuring this
simply amounts to measuring a current in one of the leads as
a response to infinitesimally small voltages.

‘We employ the Kubo formalism [39] to obtain an expression
amenable to treatment within NRG (see Appendix B for
details). Our focus is the conductance in an ac field. As
such, we assume that the system is in equilibrium at time
t = —oo, with all three leads at a common chemical potential
u = 0. The chemical potential of lead § is then given a time
dependence ug(t) = eVp cos(wt), switched on adiabatically
from t+ = —oo. Denoting the total electronic number operator
of lead « by Ny, the current I,(7; @) = e((%]\?a) flowing into
lead o has reached an oscillatory steady state by time ¢ = 0.
The dimensionless ac conductance tensor is then defined as

Al (t = 0;w)

62
- T)= lim ————~~ 2
( Y )Gaﬂ(w, ) v,}To 5V, , 27

*For the 1CK model, £,°%(0) = 1; and we define Tx via Simp(Tx) =
1ma2.
2
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which holds at any temperature 7. On taking the @ — 0 limit
one obtains the static conductance

Gap(T) = lim Gop(e; T), (28)

in response to a dc voltage ug(t) = eVp switched on adiabat-
ically from t = —oo0.

In the channel-isotropic limit under consideration in this
section, the off-diagonal elements G.g(w) for o # B are
identical by symmetry. Moreover, as shown in Appendix B,
they are related to the diagonal elements by

Gup(@;T) = —1Gpp(w; T). (29)

Physically, the minus sign reflects the fact that a positive bias
applied to lead B produces net current flow from lead 8 to
leads @ # B, i.e., positive current towards lead « and negative
current towards lead 8. The entire conductance tensor is thus
fully determined by a single element; we calculate Go(w; T)
explicitly in the following.

As one would expect from the preceding results, we find
from NRG that G o(w) is a universal function of w/ Tk at any
given temperature 7/ Tx . The main panel of Fig. 5 shows the
scaling form of G jo(w) versus |w|/ Tk both at zero temperature
and for a range of temperatures 7/ Tx = 10* with integral
x = —4 — 44, increasing in the direction of the arrow.

As with the ¢ matrix, the form of Go(w) at T =0
can be understood in terms of its |w| < Tx asymptotes.
At high frequencies, one observes conductance signatures
characteristic of spin-flip scattering of conduction electrons

0.75 rmm s s

Gm(w)

0.25

0 m [ [ | ;mmu [
€ 107 10° 10° 10

||/ Tk

FIG. 5. (Color online) Universal linear conductance of the model
in the channel-isotropic limit. The main figure shows the ac
conductance Go(w) for T =0, and for a range of temperatures
T/Tx = 10" withintegral x = —4 — 44 (solid lines, in the direction
of the arrow). The low-frequency asymptote ~(|o|/Tx)*> (red
dotted-dashed line) and the high-frequency logarithmic tail (blue
dotted line) are also shown. Inset: the temperature dependence of
the dc conductance G‘ff)(T) (circles, solid line is a guide to the eye),
compared to the dc conductance of the one-channel Kondo model
(dashed line). Note that we have rescaled the height of the latter by a
factor of % to facilitate comparison between the curves.

PHYSICAL REVIEW B 89, 045143 (2014)

from an asymptotically free impurity spin, again of the form

lo> Tk 1
a +In*V|w|/Tx)

as confirmed by comparison to the dotted line in the main panel
of Fig. 5. On the scale of |w| ~ Tk, RG flow toward the NFL.
fixed point results in an enhancement of the conductance. At
low frequencies |w| <« Tk, corrections to the NFL fixed point
yield characteristic power-law behavior

Giolw; T =0) (30)

Gio(@: T = 0) = Gio(0.0) "= —(lol/ T, (31)
with G1¢(0,0) = % NRG results fold onto Eq. (31) for |o| <
Tk, as shown by comparison with the dotted-dashed line in
Fig. 5. We note that the leading correction here is of the form
(lw|/ Tx)?3, different from the (|w|/ Tx)'/? behavior observed
for the t matrix [see Eq. (26)]. This difference is understood by
a simple extension of the CFT arguments given in Ref. [14]:
perturbation theory around the NFL fixed point in the leading
irrelevant operator yields corrections to the conductance which
vanish to first order, by symmetry. The expected (|w|/ Tx)'/?
behavior is thus replaced by leading second-order corrections
of the form in Eq. (31).

The same basic crossover is observed in the static dc
conductance G¢(T) as a function of temperature 7'/ T . This
is shown in the inset to Fig. 5 as the circle points, obtained from
the calculated® G 1o(w; T) as @ — 0, according to Eq. (28) (the
solid line is a guide to the eye).

We find that the low-temperature behavior of G‘lj(c)(T) in
the inset of Fig. 5 is consistent with the CFT prediction of
Ref. [14]:

|o| KTk
~

G¥(T =0) — G(T) —(T/Te)*?, (32

mirroring the low-w behavior of Gio(w,T =0) [with
G%(O) = G10(0,0) = % as before]. For comparison, we also
show the universal conductance of the 1CK model (dashed
line). As for the ¢ matrix in Fig. 4, the crossover in the
conductance of the present model is much less rapid than
for the 1CK model, and should prove useful as a means of
identifying the topological Kondo effect experimentally.

On that note, we end this section with a further comment.
While Egs. (30) and (31) do describe the behavior of the full
conductance crossover at high and low energies, in fact they
do so only at very high and low energies, respectively. The
power-law form of Eq. (31) is seen only when ||/ Tx < 1072,
and the log-tails of Eq. (30) are approached only for |w|/ Tx >
10°. Depending on the value of the Kondo temperature

SNRG recovers the exact value Gy(0,0) = % to within a few
percent (although numerical errors can in principle be systematically
reduced). In our analysis of the low-frequency power-law behavior of
G1o(w,0), we therefore treated G19(0,0) as a fitting parameter. A fit
to the form (|w|/ Tx)*/* extends to the lowest frequencies, compared
with other simple rational powers.

%We use the standard broadening scheme [21,26] for calculating
NRG spectra, which has been shown [45] to reproduce the full
frequency and temperature dependence of dynamical quantities for
other quantum impurity problems where exact results are known

(including the case |w| < T).
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Tk in a real experiment, it seems unlikely that either or
both of these asymptotes could be robustly observed, given
experimental limitations [or the presence of nonuniversal
effects and perturbations (see also Sec. VI)]. Any positive
identification of the precise nature of the topological Kondo
effect is therefore likely to require a more detailed comparison
of the experimental conductances with the full crossover
curves from NRG. (However, its existence can be demonstrated
through the qualitative signature pointed out in Ref. [14]:
by removing any one of the three leads, all signs of the
Kondo effect, including the upturn of the conductance, should
disappear.)

V. NRG RESULTS IN THE ANISOTROPIC CASE

The above discussion has focused on the isotropic limit of
the model. In this section, we consider the effect of breaking
full SU(2) spin symmetry, introducing anisotropy of the form
J¢ =Jb% £ J, in Eq. (15); this corresponds physically to
changing the Majorana-lead coupling in one of the channels.
The model still possesses an axial symmetry in this case,
although the same fundamental physics described below is
expected even when the couplings in all three channels are
distinct, as pointed out in Ref. [14]. Indeed, preliminary NRG
calculations in the case of full anisotropy do indicate that the
physics is robust.

As mentioned in Sec. III, the NFL fixed point is not
destabilized by lowering the symmetry in this way (the spin
anisotropy is RG irrelevant, meaning that the NFL fixed point
itself is isotropic) [14]. The stability of the NFL fixed point
does not itself rule out a quantum phase transition [23] on
tuning the ratio J,/J; however, as shown in the following,
we do find the low-temperature fixed point in all cases to be
the NFL fixed point and hence the physics of the model to be
robust to breaking the channel isotropy. We first address this
point in more detail, before moving on to discussing further
predictions on experimental aspects.

A. Kondo temperature

It is instructive to examine how the Kondo temperature
Tk varies with the parameters of our effective model (15), in
the general axial-symmetric case. In Fig. 6, we plot Tk as a
function of pJ, for various fixed pJ; > 0.

PHYSICAL REVIEW B 89, 045143 (2014)

The low-p J, («1) behavior, seen most clearly in Fig. 6(a),
can be understood using perturbative scaling. As mentioned
in Sec. III, to second order this yields scaling equations for
Eq. (15) that are identical to the regular spin-% Kondo model
[14]. The equations can be solved [40,41] to give

T¢/D "’55<1cexp[— ¢ } (33a)
pJ;
where
tan~! : < Jg,
_ ( _1)/)/)/ z 1 (33b)
(tanh™ y)/y: J. =2 Jyo
with
yr=11= (/T (33¢)

When pJ, < 1, there is excellent agreement between exact
NRG results for Tx (points) and Eq. (33a) [solid lines,
Fig. 6(a)]. In each case, we have adjusted the constant ¢
to fit the data, implying a weak dependence on pJ, of the
preexponential factor in Eq. (33a), obtained to higher order in
perturbative scaling.

When pJ, becomes large, the perturbative treatment nat-
urally breaks down. As seen from NRG results in Fig. 6,
the Kondo temperature in fact passes through a maximum at
pJ. ~ 1,and then decreases rapidly as p J, is further increased.
Specifically, we find from NRG for pJ; > 1 that

pJ.>

Te/D "X expl—f(pJL) x pl.l,

which is plotted for comparison as the dashed lines in
Fig. 6(b). On extrapolating this result, we conclude that Tk
remains finite for any pJ, (provided pJ; > 0). (We have also
performed a direct survey of the parameter space of the model
to substantiate this conclusion further.) As such, while the
Kondo temperature is very small for large p J,, there is always
overscreening of the “impurity” for antiferromagnetic pJ..
The latter point may not be surprising at first sight. However,
in the case of the 4CK model (with the same low-energy NFL
fixed point), the ground state is a free local-moment state for
a sufficiently large, antiferromagnetic pJ, [23]. The argument
involves a mapping between the positive and negative J,
sectors, and hence the transition for antiferromagnetic pJ, is
effectively the same Kosterlitz-Thouless transition well known

(34

10° T T T T aau T T ""'élo_m
(b) Q;a"”‘e"’*% (©)
10 L Qg /I\ ﬁ*
a 10 4 S \/E b‘f EppEn Q
g * Q ~
> - 9 ' <
&~ 1020 o K o 6% 21030 &
o* ok
1030 k2 .o Gl e A10%
10° 102 107! 10° 15 107! 10° 10!
sz sz

FIG. 6. (Color online) pJ, dependence of the Kondo temperature Tk / D, in the channel-anisotropic case. (a) Log-log plot, for J, /D = 0.5,
0.1, 0.05, and 0.01 (crosses, diamonds, circles, and asterisks, respectively), compared to the result of perturbative scaling [solid lines, Eq. (33a)].
(b) Same data on a log-linear plot, compared with Eq. (34) (dashed lines). (c) Crossover region for small J, /D = 0.001, highlighting the
duality between pJ, (circles) and & /p J, (stars), compared with Eq. (41) (dotted-dashed line).
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to arise in the ferromagnetic case [23]. The absence of such a
transition here reflects that, while the fixed points of the two
models are the same, the RG flows between these fixed points
are very different in the general case of exchange anisotropy
(cf. the discussion of Sec. IV B).

Further analytical insight is obtained by applying the
Abelian bosonization technique of Ref. [23] to the present
problem. We predict a duality in Eq. (15):

A A §

Heie(pJ1,pJ;) <> Hefy </)JL,IO—J , (35)
with £ = (2/7)? ~ 0.41. This result does not hold ubiqui-
tously, however, as the bosonization argument requires that
pJL K pJ;and pJ; K &/(pJ;). To understand the effect of
these constraints, it is convenient to define the quantity

v=In(pJ;) — 3 Ink, (36)
from which it follows simply that Eq. (35) holds when
v < [In(pJ1) — 3 In&| (37)

and thus becomes most valid when |v| — 0, ie., pJ, ~
JVE >~ 0.64.

Equation (35) is consistent with the absence of a transition
for antiferromagnetic J, since, in contrast to the 4CK model
[23], the duality does not change the sign of the exchange cou-
pling and therefore does not map the ferromagnetic Kosterlitz-
Thouless transition of the model onto the antiferromagnetic
side. Instead, it simply maps small J, to large J;; in this sense
it is similar to the duality inherent to the two-channel Kondo
(2CK) model [42].

A further consequence of Eq. (35) can be seen by writing
Eq. (35) in terms of v as

Aeii(pJ1,Ee") < Her(pJy,/Ee™). (38)

Since the Hamiltonian is invariant to changing the sign of v, it
follows that

Tx(v) = Tg(=v) (39)

for fixed pJ, when Eq. (37) is satisfied. On making the
ansatz that In Tx has a power-series expansion in v, one thus
obtains

T /D "2V exp(—un?) (40)
= exp{—u[In(pJ;) — %111(5)]2} (41)

with u a constant: this form agrees very well with our NRG
results when Eq. (37) is satisfied, albeit with a slightly
adjusted & ~0.37. A fit of Eq. (41) to NRG data for
pJ1 =0.001 is shown in Fig. 6(c) as the dotted-dashed
line.

The duality pJ, <> £/(pJ;) also sheds light on Eq. (34).
For J; « J; < 1, the perturbative scaling result of Eq. (33)
is valid, and can be expanded to give

a~—In(J /J)+ O[(JL/J)In(J /J)] (42)
~ —1In(pJ)) (43)

PHYSICAL REVIEW B 89, 045143 (2014)

for In(pJ1) < In(pJ.), such that

Tx /D ~ vexplln(pJ1)/pJ:1, (44)

with v a constant. But, since In(pJ,) < In(pJ,) it follows
from Eq. (37) that the duality of Eq. (35) holds, and hence

Tx /D ~ vexp E 1n<pJL>sz] 5)

for pJ, > 1. This recovers Eq. (34), with f(pJ.) =
—In(pJ)/& asymptotically for small pJ, .

B. Physical quantities

In addition to the results above, we have calculated the ¢
matrices when J; # J,. On lowering the channel symmetry,
we find as expected that 7 (w) = 1_1(w) # to(w). Specifically,
the high-frequency logarithmic tails of the ¢ matrices still
take the form of Eq. (25) but with different constants. At
frequencies |w| < Tk, however, we find that the ¢ matrices
fall onto the same universal curve as in Fig. 4. This reflects
an emergent channel symmetry at the NFL fixed point [14].
Similar behavior is naturally found when examining the ac
conductance. We thus conclude that channel isotropy would
not be required in order to observe the non-Fermi-liquid
physics of the model described in Sec. IV.

VI. FERMI-LIQUID CROSSOVER

Finally, we consider breaking the axial symmetry of
Eq. (15) by taking J{ # Jf. As shown in Sec. II, this kind of
symmetry breaking arises due to nonlocal Majorana-Majorana,
Majorana-lead, or lead-lead couplings in the bare model
[Eq. (5)]. In Sec. III, we argued that such perturbations are
RG relevant, and drive the system to a strong coupling,
Fermi-liquid (FL) ground state. In this section, we confirm
this explicitly using NRG. Although even tiny perturbations
destabilize the NFL fixed point, NFL physics may still be
observable at finite energies/temperatures.

In Fig. 7, we show NRG results for the impurity entropy,
with Jf/D =J;/D=0.1,J7/D = 0.1 + 4, and several dif-
ferent values of the symmetry-breaking parameter & (solid
lines), compared with the § = 0 case (dashed line). For all
finite |§| > O, the T — O entropy always vanishes, Sin, = 0.
This is indicative of RG flow to the stable SC Fermi-liquid
fixed point. We denote the scale characterizing this flow by 77 ,
defining it in practice by Simp(T) = i In 3, suitably halfway
between the SC and NFL fixed-point values.

CFT allows one to identify relevant operators in the channel
sector which have the same symmetry as the § = J¢/D —
J f /D perturbation. Owing to axial symmetry, there is one
such operator at the NFL fixed point with scaling dimension
x = 1. This dimension implies that the Fermi-liquid crossover

3
scale has a power-law dependence

Ty ~ Tk x |82, (46)

which should apply when § acts as a perturbation to the NFL
fixed point, i.e., when there is good scale separation T <
Tk . Indeed, this result is confirmed in the inset to Fig. 7, by
comparison of NRG results (points) to Eq. (46) (dotted line).

045143-10



CONDUCTANCE FINGERPRINT OF MAJORANA FERMIONS ...

0.7 —- . - e In(2)
0.6\~ |
R 1< In(v3)
0.5 |
—_ L 10° e
o
&_a 041 2
g [ S ng 0 L
= 0.3 o 10 .0
< | ELH o
o
02? 107" Eﬁ“j Lou 5
1078 1074 100
IS
017 4
(0 G ! (" Liuw |
107 10" 107 10° 10°
T/D

FIG. 7. (Color online) Impurity entropy in the case J¢ # J?,
resulting from cross couplings in Eq. (11). The main figure shows
Simp(T) for J¢/D =0.1+6, J?/D = J,/D = 0.1, with § = 1072,
10~*, 107%, and 10~8% (solid lines), together with the § = 0 result
(dashed line). For § # O, the entropy crosses over to the strong
coupling value Si,, =0 on the scale T . The inset shows the
dependence of Tj; on § (circle points), compared to the asymptotic
form of Eq. (46) (dotted line).

Although any nonzero § # 0 destabilizes the NFL fixed
point, signatures of non-Fermi-liquid physics should still be
observable in an intermediate temperature “window,” provided
the strength of perturbations is small (as might be expected
physically, see Sec. IT). As seen from Fig. 7, when there is good
scale separation T; < Tk, thermodynamics at higher temper-
atures T >> Ty are essentially indistinguishable from the case
6 = 0 (where the NFL fixed point is stable down to T = 0).
The topological Kondo effect could thus be identifiable in
this regime, even when symmetry-breaking perturbations act.
Indeed, at lower temperatures, the subsequent Fermi-liquid
crossover is wholly characteristic of flow from the unstable
NFL fixed point, and exhibits universal scaling in terms
of T/Tg . Thus, flow away from the NFL fixed point due
to symmetry-breaking perturbations could also be used to
identify the topological Kondo effect.

Dynamics of the model when J{ # J f are of particular
interest. In the top panel of Fig. 8, we show the three ¢ matrices
tm(w), when J¢/D = 0.1+ 8 and J*/D = J,/D = 0.1, with
8 = 107°. The corresponding ¢ matrices for § = 0 are shown
as the dashed line (these are identical by symmetry in this
isotropic limit). Here, Ty is sufficiently small that the NFL
fixed point strongly affects the RG flow and resulting ¢ matrix
line shapes. When there is good scale separation, we find for
T4 < |o| < Tk the asymptotic behavior of

sEplol/Ti) ™R m==£1,

tm(@) ~
L+ O(l/TE)™P: m=0.

(47)

The behavior of fy(w) is consistent with first-order correc-
tions from the relevant operator mentioned above, while
the deviations of 7,;(w) and 7_;(w) appear to arise at the
second-order level. Interestingly, in the basis of Eq. (12),
the t matrix in channel m = 0 is essentially indistinguishable
from the § = 0 case for energies |w| > T, and we find

fo(w) = 3li_1(w) + 141 ().
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FIG. 8. (Color online) Dynamics for broken J¢ # J? symmetry,
with J¢/D =0.1+38, J?/D = J, = 0.1, and § = 107°. The upper
panel shows the three t matrices #,,(®) (solid lines) compared with the
8 = Oresult (dashed line). The lower panel shows the ac conductance
Go(w), for the same system.

At lower energies |w| < Tf; , the perturbation § # 0 grows
under RG and becomes large, causing deviation from this
behavior. Near the Fermi-liquid fixed point we instead find
for § > O that

1— qm(|w|/T;L)2: m =0, +1,
tm(@) ~

(48)
0+ gn(lo|/TE)*: m=—1.

This is characteristic of standard strong coupling Kondo
physics in leads m = 0 and 41, with lead m = —1 decoupling
asymptotically. The roles of m = £1 are reversed when
8 < 0 since the Kondo effect then takes place with leads
m =0 and —1. The ¢ matrices thus indicate directly which
channels are participating in the Kondo effect at the SC
fixed point, and support the physical picture discussed in
Sec. I11.

The low-energy crossover to the SC fixed point (and the
associated window of non-Fermi-liquid behavior) is also seen
in the ac conductance, shown in the bottom panel of Fig. 8
for the same parameters as the ¢ matrices discussed above. We
find asymptotically that

2 — plol/Ty)™*3:
0+q'(lol/ T )

Ty < ol < Tk,

(49)
lo] < Tg < Tk.

Gio(w) ~ {

Interestingly, G1o — 0 as |w| — 0 here, despite the fact that
channels m = 0 and +1 form a Kondo singlet with the central
impurity spin for § > O (typically the Kondo effect results
in a zero-bias enhancement of conductance). The vanishing
conductance G19(0) = 0 (between channels m = 0 and +1)
is in fact due to the decoupling of the third channel m = —1
at the strong coupling fixed point. This can be understood by
the following physical argument: an electron tunneling from
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lead m = 0 to +1 requires (by conservation of total S;) to
flip the impurity spin from o =% to |. Further electronic
transport is now blocked since the impurity mediates the
current between all channels, and is already in the o =
configuration. Only when lead m = —1 is coupled in can a
finite conductance result: the ¢ =7 impurity configuration
can be restored (thus “resetting” the system) by a tunneling
process from m = —1 to 0. The Fermi-liquid ground state
of the model (arising from any inter-Majorana coupling) thus
inevitably results in vanishing conductance, although of course
signatures of criticality and non-Fermi-liquid physics may
appear at finite temperatures. Naturally, similar results are
obtained for Gyo(w) = —Go(w) — G_jo(w).

One might ask how the results above change when the
nonlocal perturbations are larger, e.g., of order Tx or more.
In this case, the NFL fixed point (characterized by fractional
power-law behavior) seen on decreasing w or T will of course
not be directly observable. The system will flow away to the
SC fixed point on the energy scale of the perturbations, and
hence the conductance will drop to zero before the power-law
behavior is reached. But, the key signature of the topological
Kondo effect itself, the approach to the NFL fixed point,
characterized by the low-frequency/-temperature conductance
peak, could still be observable for such large perturbations.
This is aided by the fact that the approach to the NFL fixed
point is very slow [compared to that of the conventional Kondo
effect (see Fig. 5)], taking place over a very wide energy range
that starts several orders of magnitude above Tk.

VII. CONCLUSION AND OUTLOOK

We have analyzed in detail the physics of the minimal
topological Kondo setup of Fig. 1, starting from its most
symmetric limit of a spin-% Kondo impurity coupled isotrop-
ically to spin-1 conduction electrons, gradually breaking its
symmetries, and then including the small nonlocal couplings
not considered in Ref. [14]. Using the NRG, we have obtained
accurate results for the model, including directly measurable
quantities such as the differential conductance, on energy
scales ranging over many orders of magnitude.

The spin-isotropic limit of the model displays a univer-
sal crossover from local moment to non-Fermi-liquid fixed
points, the latter being characterized by nontrivial power-law
corrections to the low-temperature/-frequency physics. Since
the spin sector of the present model is the same as that of
the four-channel Kondo model, many of the full crossover
curves we have calculated here tend toward known asymptotes
for the latter model. On the other hand, quantities depending
on the details of the charge and orbital sectors, such as the
scattering ¢ matrix and differential conductance, show quite
distinct physics.

Focusing on the differential conductance, we showed that
this has characteristic logarithmic tails at high energies, which
cross over to power-law behavior with exponent % at low
energies [14], as shown in Fig. 5. The NRG results show that
the power-law scaling sets in for energy scales |w| < 1072 Tk
and the logarithmic tails require |w| > 10® Tx. Depending
on the value of the Kondo temperature, observing either or
both of these asymptotes might be difficult in experiment. The
universal scaling curve (in terms of |w|/ Tk ) obtained here by
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NRG, with its far broader domain than those of the asymptotes,
is therefore indispensable for full quantitative comparisons to
experiments.

We find, as predicted in Ref. [14], that the physics of the
model is robust to exchange anisotropy (which would arise
physically due to differences between the tunnel couplings in
the device). Furthermore, we found that the small- and large-J,
regimes are related by a duality when J, is sufficiently weak.
This duality is reminiscent of that seen in the two-channel
Kondo model [42] and enables analytical weak coupling
perturbative scaling results to be carried over to the large-J,
regime.

Including nonlocal coupling between the Majoranas breaks
the effective time-reversal symmetry of the model, causing a
crossover ultimately to the strong coupling, Fermi-liquid fixed
point. As long as the perturbations are sufficiently weak that the
energy scale T of the Fermi-liquid crossover is T < Tk,
data collapse onto the scaling curve of the unperturbed problem
for a wide range of energies |w| > Tx (see Fig. 8). In this
case, the NFL to Fermi-liquid crossover itself also has its own
universal scaling curve in terms of |w|/ Tf; , providing another
signature of the NFL physics.

For larger perturbations, of order Tx and above, the NFL
fixed point will not be approached so closely. But, even in this
situation, part of the slow crossover from the local moment to
NFL fixed point could potentially be observed in experiment,
thus providing a signature of the topological Kondo effect, and
hence the existence of Majorana fermions, in a real device.

From an experimental point of view, the characteristic en-
ergy scales of the device will depend strongly on the materials
used to realize it. Our theory relies only on generic features,
so various materials systems can be envisaged: essentially
any of the proposed ways to generate isolated Majorana
fermions at the ends of topological superconducting wires
[1-3] could be used. To be concrete, we focus on the system
for which the first signatures of Majorana fermions have been
reported, involving proximity-induced superconductivity in a
semiconductor nanowire with strong spin-orbit coupling [3]. In
the experimental results reported in Ref. [6], it was shown that
a superconducting gap of size A >~ 250 peV can be induced
in an InAs nanowire by the proximity effect from a NbTiN
electrode. Ultimately, this energy scale sets the upper limit of
the temperatures at which the effects we predict can appear,
Th = A/kg ~ 3 K. In view of the strong spin-orbit coupling
in InAs and the large-g factor (g ~ 50), the 1D subbands in
the nanowire are essentially spin polarized for temperatures
T < Ta for an applied magnetic field along the 1D wire
of B 2 0.15 T. In this regime, the system is expected to
host Majorana fermions at the boundaries between the region
of (proximity-induced) superconducting nanowire and the
normal (spin-polarized) nanowire. Indeed, Ref. [6] reported
the appearance of zero-bias tunneling peaks at this boundary,
consistent with the appearance of these Majorana modes.
(In current experiments, more than one subband is occupied.
Although we have assumed that the leads form single, spin-
polarized channels, this is not a crucial requirement: for
multimode wires, and even with spinful electrons, there will
still be only one linear combination of modes in each wire that
couples to the adjacent Majorana fermion.)

045143-12



CONDUCTANCE FINGERPRINT OF MAJORANA FERMIONS ...

For the realization of the topological Kondo effect, the
superconducting electrode should be made sufficiently small
that its charging energy E. is large compared to achievable
temperatures. Devices with a small piece of superconductor
can be engineered to have a charging energy as large as
E. ~ 500 eV while keeping the Majoranas sufficiently far
apart (more than 1 xm) that nonlocal couplings remain small
[43]. Thus, for temperatures T < 1 K, the system can be in
the required regime where the superconducting gap, Zeeman
energy, and charging energy are all large-energy scales. The
current limitation of this particular system concerns the fact
that the induced gap appears to be soft, with a small but
nonvanishing density of states for tunneling at energies below
A. The origin of this effect, and methods to improve the gap,
are still under active investigation.
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APPENDIX A: CORRELATION FUNCTIONS
FOR SCATTERING ¢t MATRIX

For a system described by the general Hamiltonian

A -i- A
H = z :chkmckm + Hing,

k,m

(AD)

in which Hi, describes an interacting subsystem coupled to

the ¢, orbitals, and m is a “flavor” index, standard equations-
of-motion techniques lead to the result

akk’ 1
(z — )z —€r)
+ ([Cgms Hindd: [goms Hind o ],

where z = w + 10" and ((A; é))a, denotes the Fourier trans-
form to the w domain of the retarded correlation function
—i0(t)({A(t), B}). The term in square brackets in Eq. (A2)
describes scattering due to I-Zm and will be related to the
on-shell ¢ matrix below.

The Hamiltonian (15) is of precisely the form of Eq. (A2),
with Hj, given by the terms involving the impurity spin
operators. From Eq. (13), we obtain {ckm,frl/} e N(;;/zémm/,

and use the relation [A,BC] = {A,B}C — B{A,C} to obtain

(Coms b ) = [({Lc s Hind sl )

T — €

(A2)

[Coms Hind] = N> X, (A3)
with
X, = /1 Stf, — LS f (Ada)
ﬁ 3 z 1>
X—]fS*f + J.S° f (A4b)
2 ﬁ 3 z 2
N Jb J¢
X;= “L£stFh + L5 7. (Adc)
3 ﬁ f2 \/E f]

Defining txx () as the quantity in square brackets in
Eq. (A2), it follows from Eq. (A4) that the on-shell # matrix is
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given by

Ta(®) (AS)

> Tk (@)
k

= — (81 — 8m2)(S2) + (X3 X W

Of primary interest is the spectral function of 7,,(w), which we
define as the dimensionless quantity

(A6)

tn(w) = —7p Im7, (@). (A7)

APPENDIX B: KUBO FORMULA FOR CONDUCTANCE

The conductance tensor of the model can be calculated for
both the original basis of Eq. (9) and the transformed basis
of Eq. (15). For the most part, the derivations are essentially
identical since only number operators of the lead electrons
enter (rather than the interaction part of the Hamiltonian which
is strongly basis dependent). We therefore begin by outlining
the part of the derivation common to both bases.

Our starting point is the standard result from
Appendix B of Hewson [24]. To leading order in the per-
turbation, the change in expectation value of an operator A
from its equilibrium value, due to an adiabatically switched-on
perturbation H'(t) = e BF () (with n — 0%), is
t
(B

A(A®)) = %Tr / e"'[B,peg] At — ')F(t)dr,

—00

where A(A(t)) = Tr[p(t)A — ,oqu], the density matrices in
the presence (absence) of the perturbation are p(t) (peq), and
A(t —)= eiﬁ(z—t’)/hAe—iﬁ(t—z/)/h (B2)

with H the Hamiltonian of the equilibrium system. Taking the

perturbation to be
H'(t) = ecos(wt)Ng Vg (B3)

(with e the magnitude of the electron charge and w the
frequency of the ac bias voltage), the current into lead «,

I(t) = e<%ﬁa(r>> = ¢(N,(1)) (B4)

is given by

62 Vlg ! /oA .
L(t; w) = Tr/ e" [Ng, peq)No(t — 1) cos(wt')dt'.
oo

ih _
(B5)
Here, we use ]\70, to denote the total number operator of lead «,
either in the original basis of Eq. (9) or the transformed basis
of Eq. (15).
The change of variable t — ¢’ — t” leads to

I(t; w)
2V o0 " A .
= e.hﬁ Tr/ e " [Ng,peqINo(t") cos(wt” — wt)dt”,
1 0
(B6)
ie.,
ezvﬂ —iwt iwt
I (t;0) = — > [e7 oup(@) + € op(—w)]  (BT)
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with

_ iy [T rine N, (t)d B8
Uo:ﬂ(w) =7 r e [ ﬁuoeq] «()dt (B3)
0

as defined by Izumida et al. [39]. Following the manipulations
therein, we obtain (for w # 0)

& Gt 1) — d1,(t; w) B9
(ﬁ) aﬁ(’w)—W (B9)

2 hZImK(;’ﬂ(a))

= —(Z>2n|:cos(wt)T

R*(K — K0
— sin(wt) (Kap(@) = Kay ))}, (B10)
hw
where

Kop(w) = _% /0 ” TN NG Ny(DO])dt  (B11)

= K, 4() +iKy(@). (B12)

In the @ — 0 limit, we obtain the steady-state (-independent)

dc conductance

K/ (@)
ho

At finite w, for specificity we focus henceforth on the t = 0
value of the conductance

ngg = Gup(t;0 =0) = =27 lin}) (B13)

G G 0 2 K@)
ap(@) = Gt = 00) = =21 ————,
p(w) 8( ) o
which thus probes the frequency dependence of the same
spectral function K (;’/3 (w), and satisfies

(B14)

lirr}) Gup(w) = G35 (B15)

By Lehmann resolving Kyg(w) (see Ref. [39]), one obtains

sgn[Ky, (@)] = sgn(w) (B16)
and hence, from Eq. (B14),
Goo(w) < 0. B17)

To check this sign, one can examine the dc limit. Using
Eq. (B3) with @ — 0, a positive bias applied to lead o will
raise its chemical potential, such that the current into lead
a obtained from Eq. (B4) [and hence the conductance from
Eq. (B9)] should indeed be negative.

1. Symmetries of the conductance

For specificity, we focus on a particular off-diagonal
element G3(w) of the conductance tensor. As explained in
the following, in the axial-symmetric limit of the model it
has the convenient properties of (a) being the same in both
bases, and (b) being proportional also to the diagonal element
Gi(w). A .

We denote by N, and N,, the number operators for the
leads in the physical basis of Eq. (9) and the transformed basis
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of Eq. (15), respectively. It is straightforward to show that

Ny + Ny =N+ A, (B18a)
No = Ns. (B18b)

It thus follows from Eqgs. (B11) and (B14) that
Gio(w) + G_jp(w) = Gi3(w) + G3(w),  (B19a)
Goo(w) = Gx(w), (B19b)

where Gyg(w) and G, (w) denote the conductance in the
physical and transformed bases, respectively.

Two sets of further results hold in each basis: axial
symmetry implies that

Gio(w) = G_jp(w), (B20a)
Gi3(w) = Gx3(w), (B20b)
while current conservation means that
G_10(w) + Go(®) + Gro(w) = 0, (B21a)
G13(®) + Gx3(w) + G33(w) = 0. (B21b)
Combining Eqgs. (B19)-(B21), we obtain
Gio(@) = —3G0(@) = Gi3(w) = —3Gx(@) > 0. (B22)

[Here, the minus signs reflect that, for a particular bias applied
to lead O, the currents flowing from the impurity to leads 1 and
0 will be in opposite directions, and the inequality is obtained
from Eq. (B17).] The single quantity Go(w) thus provides a
useful handle on the conductance of the model in both bases.
In the fully isotropic limit of the model, Eq. (B22) can of
course be extended by symmetry: the full tensors G and G are

identical, with
Gmn(a)) = _%Gmm(a)) = _%Gnn(a)) (B23)

for all m # n.In this case, therefore, the single quantity G 3(w)
represents all elements of both conductance tensors.

2. Calculation via NRG

To calculate G o(w) by NRG, one needs the time derivatives
of the lead operators in Eq. (B11). Using

. 1 .~ .
ih
one obtains Nm = 0,,/(1h) with
0| = J—j(5+fj1f0 - Sffotf,l), (B25)
V2
IV ot
01 = E(S ffo = ST ) (B26)
0g=—0_1— 01 (B27)

(the latter equality reflecting the current conservation in the
system).

Matrix elements of these operators can be calculated
and then used to obtain the correlation function K,,, in
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Eq. (B11) by the FDM-NRG method [26]. Owing to the
discretization inherent in the NRG approach, one obtains a
discrete set of delta functions which lead to a similarly discrete

PHYSICAL REVIEW B 89, 045143 (2014)

representation of G,,,(w) when Eq. (B14) is used. We then
broaden the poles of G,,,(w) using the standard method of
Ref. [26].
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