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Kondo effect in a topological insulator quantum dot
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We investigate theoretically the nonequilibrium transport properties of a topological insulator quantum dot
(TIQD) in the Coulomb blockade and Kondo regime. An Anderson impurity model is applied to a TIQD system
coupled to two external leads, and we show that the model realizes the spin-orbital Kondo effect at the Dirac
point where the edge states are not split by a finite-size effect, leading to an additional SU (4) symmetry because
of the presence of strong mixture among four internal degrees of freedom. In a more realistic situation where
the degeneracy is lifted due to the finite-size effect, we demonstrate that there is a richer structure in transport
measurements. We illustrate a continuous crossover from four (spin and orbital) Coulomb peaks with large
interpair spacing and small intrapair spacing to a double-peak structure in the local density of states (LDOS) as
increasing the hybridization strength I" within the Coulomb blockade regime. When temperature falls below the
Kondo temperature Tk, four Kondo peaks show up in the nonequilibrium LDOS. Two of them are located at the
chemical potential of each lead, and the other two are shifted away from the chemical potential by an amount
proportional to the TIQD’s bare energy level, leading to a triple-peak structure in the differential conductance

when a bias voltage is applied.
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I. INTRODUCTION

The study of transport properties in quantum dot (QD)
systems is one of the fundamental paradigms of meso-
scopic condensed-matter physics. Compared to conventional
condensed-matter systems, the QD provides a controllable
circumstance to investigate the strong correlated physics such
as the Kondo effect. The conventional Kondo effect requires
the presence of a magnetic impurity in the bulk of material.
However, the localized electron within a QD behaves like a
quantum impurity with spin-%. It enables many studies of
Kondo effect in QD systems. At low temperatures, a spin
singlet state is formed between the localized electrons in a
QD and the conduction electrons from external leads at the
Fermi level. Hence, QD systems exhibit the Kondo effect at the
temperatures below the Kondo temperature Tk [1]. The spin
of localized electrons is strongly correlated with conduction
electrons and are screened accordingly. The competition
between Coulomb interaction and band hybridization plays
an important role in producing the Kondo effect. The An-
derson’s impurity model provides an excellent description
of Kondo physics at low temperatures [2]. One of the most
remarkable features of the Kondo effect is the emergence of
a Kondo resonance at the Fermi level in the local density of
states (LDOS). As a result, the theory predicts a zero-bias peak
in the differential conductance [3,4]. The Kondo effect and its
related transport properties have been observed experimentally
in many QD systems [5-9].

Recent development in nanofabrication techniques allows
controllable studies of Kondo physics in more complex
coupled QD systems, as well as carbon nanotube quantum dot
(CNQD) systems. For double quantum dot (DQD) devices,
spin degrees of freedom within each dot and orbital degrees
of freedom crossing two dots are coupled to each other,
leading to a realization of the so-called spin-orbital Kondo
effect. The orbital degrees of freedom in DQDs play the role
of psuedospin in addition to the spin degrees of freedom.
Similarly, the orbital degrees of freedom in CNQD systems
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correspond to the clockwise and counterclockwise wrapping
modes in CNQDs. It is the quantum fluctuations among a
QD’s four internal degrees of freedom that result in the
spin-orbital Kondo effect. The spin-orbital Kondo effect has
been investigated in great amount in CNQDs [10-25],vertical
QDs [26], grain-dot systems [27,28], and parallel QDs [29—
43]. Compared with the conventional Kondo effect, in which
only spin degrees of freedom are involved, the spin-orbital
Kondo effect is characterized by the intradot and interdot
interactions in DQD systems. The intradot interaction is
determined by the usual spin Kondo correlation, while the
interdot interaction is associated with the on-site Coulomb
interaction between two QDs. A SU(4) Kondo state with
entangled spin and orbital degrees of freedom emerges when
intradot interaction is fine tuned to be interdot interaction.
One of the technical obstructions in observing the SU(4)
spin-orbital Kondo effect in DQD systems is the difficulty
of fine-tuning intra- and interdot interactions symmetrically.
These two on-site interactions are not directly measurable
physical quantities within our knowledge. They can only be
inferred through fitting experimental data to some theoretical
formulas; thereby, it makes the symmetrical control even
worse, experimentally. CNQD systems face similar obstacles
since there is no guarantee that the on-site Coulomb interac-
tions between spin degrees of freedom should be identical
to those between wrapping (orbital) modes. A fine tuning
among experimental parameters is required in order to realize
the SU(4) Kondo effect in DQD systems as well as CNQD
systems.

Because of the requirement of fine-tuning in DQD systems
as well as CNQD systems, we propose another way to
realize the spin-orbital Kondo effect based on one QD
made by a topological insulator (TI). TIs have nontrivial
bulk band topology with the presence of peculiar metallic
states on their surfaces. These surface states are protected
by time-reversal symmetry; hence, they are stable against
any time-reversal invariant perturbation. The backscattering,
which requires an electron to flip its spin, is strictly prohibited
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due to the presence of time-reversal symmetry. Gapless
surface states can be described by a massless Dirac equation,
where spin and momentum are locked together [44-48].
The electrical conductance due to time-reversal symmetry
protected edge states was measured in a quantum well structure
of HgTe/CdTe, showing a signature of the existence of
quantum spin Hall insulators (two-dimensional TIs) [49]. The
experimental realizations of three-dimensional TIs’ symmetry
protected surface states were also observed afterwards in
materials such as BipSes; and Bi,Te; using angle-resolved
photoemission spectroscopy (ARPES) [50-52]. In addition,
there are many other researchers studying the quantum effect
induced by magnetic impurities on the surface of TIs [53-58].
However, the study of the Kondo effect in topological insulator
quantum dots (TIQDs) is still sparse. Because of the intrinsic
spin-orbital locking feature existing in TI materials, a TIQD is
anatural candidate to realize the spin-orbital Kondo effect. One
of the advantages of using such devices is that it can avoid the
possible fine tuning between intradot and interdot Coulomb
repulsive interactions, as usually required by conventional
DQD systems as well as CNQD systems. We highlight the
fact that SU(4) Kondo physics can be probed in such a setup,
eliminating the obstacle faced by DQD and CNQD systems.
Recent successful fabrication of the QD made by Bi,Se; makes
the study of the spin-orbital Kondo effect in TIQDs more
promising in the future [59].

This article is organized as follows. In Sec. II, we introduce
the model starting from an Anderson-type Hamiltonian. We
demonstrate that the effective Anderson Hamiltonian exhibits
SU(4) Kondo features at the Dirac point due to strong
entanglement between spin degrees of freedom and orbital
degrees of freedom. In Sec. III, the LDOS based on the
nonequilibrium Green’s function method is calculated in the
mean-field regime, Coulomb blockage regime, and Kondo
regime. In the Kondo regime, a triple-peak structure in
the differential conductance is also shown in Sec. III. The
main results are then summarized in Sec. IV. Some detailed
calculations of the nonequilibrium Green’s functions are
presented in the appendixes.

II. MODEL HAMILTONIAN

We consider a QD formed in a thin circular TI slab as
depicted schematically in Fig. 1. The dot is coupled to two
external leads symmetrically. A gate voltage is applied to the
system so that only the energy levels near the Dirac point
contribute to transport through the TIQD.

A full model Hamiltonian can be written as

H = Hyo + Heol + H; + H;. (1)

The first term, Hgyo, describes the electrons’ edge states in a
TIQD. It has been shown that the edge states of a disk-shaped
TIQD can be characterized as massless Dirac fermions [60].
These edge states are fully spin polarized and exhibit so-called
spin-angular momentum locking: Spin-up electrons rotate
clockwise, while spin-down electrons rotate counterclockwise.
A similar conclusion can also be applied to a three-dimensional
TIQD, where its surface states can be approximated by Dirac
equations with spin connection [61,62]. Therefore, the low-
energy spectrum of a circular TIQD is linear against the angular
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FIG. 1. (Color online) Sketch of a TIQD attached to two external
leads. The geometry of the TIQD is a thin circular slab. The gate
voltage V; adjusts the energy levels so that only those levels near the
Dirac point contribute to the transport properties of the TIQD. The
biased voltage eV is controlled by the difference between left and
right leads’ chemical potential: eV = pu; — wg.

momentum quantum number m, and the low-energy edge
states are described by a four-band effective Hamiltonian in
basis [1+), [1—), |{+), and || —). The effective Hamiltonian
then reads

Hyo = E Cjn,o’t%(m)at,g/tlcm,alf/7

where
_ (Ahvpkpmoy Al
jf(m) - ( A*I —AhUFkaO'x)’ (2)

in which A is a dimensionless constant of order 1, vy is the
Fermi velocity, kr is the Fermi wave vector, and m is the
angular momentum quantum number.

Here c,T,,,ﬁ (cm.o7) creates (annihilates) a localized electron
with angular momentum m and spin o = {1, } on either the
top (t = {+}) or the bottom (t = {—}) side of the TIQD. A
is a finite-size energy gap produced by the coupling between
the top and the bottom edge states. The geometry of the TIQD
considered in this paper is a circular thin slab with thickness
L. In this case, the level spacing of the edge states would
be dominated by the size of the TI slab, while the finite-size
gap A decays in an exponential law of the thickness L [63].
It is the quantum fluctuations among four internal channels:
{+ 4+, +.1 —,]—} that lead to an unusual strongly corre-
lated Fermi liquid behavior.

Hamiltonian (2) can be diagonalized with eigenvalues
E. = +£/A?h*vikim? + |A]? by introducing a new set of
basis states,

Cq = Z%a,arco—r’ a=1,2,3,4

oT

ct=1+ |+ 1—=-1—-, 3
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where matrix % 1is defined as

sin 2 cos  —e?sing  ecos
o 1 | cos sin 2 e?cos S —e?sing
= V2| cos g sin2 e'? cos § e'? sin £
sing  —cosf  e?sin e cos §
The parameters in matrix % are defined as ¢'® = ﬁ, sinQ =
Ah+f“”, and cos Q2 = %. Then Eq. (2) can be rewritten in

terms of the new basis vectors {c,}s as
Hoo =Y Y €u(m)cheq, )
m o

where €) =€, = E; and €3 = ¢4 = E_. We have to point
out that Hamiltonian (4) has fourfold degeneracy at the Dirac
point when A = 0. In practice, this fourfold degeneracy nearly
retains even if A # 0 provided A is much smaller than all other
energy scales, such as temperature. This is an important aspect
in realizing the SU (4) Kondo effect.

The second term, H,, represents the on-site Coulomb
repulsive interaction between the localized electrons in the
TIQD. The strength of repulsive interaction is characterized
by a Coulomb integral [2],

Upw = / | Wy (rp) e [ria| 7 | Wo (r2)Pdridrs,  (5)

where ¥, = cl |0) is the eigenfunction of Hamiltonian (2).
The Coulomb repulsive interaction strength, Uy, iS approxi-
mately proportional to the inverse of the slab’s thickness L.

Furthermore, we notice that the density distributions of W,
are related to the density distributions of edge states’ wave
functions through the relations

. ,Q
|Wy 4? = = sin® = (Wi |* 4 (W%
2 2
Q
+ cos? §(|‘I’¢+|2 + |\I/¢|2):|,
1 Q
W s)* = 5[0052 3(|‘IJT+|2 + WD)

RY
+ sin (W4 + MP)}.

Since the top and bottom edge states’ wave functions W+
are related by means of the time-reversal operation, ¥ . =
OW,+, we find that the density distributions of W, equally
mix the density distributions of both top and bottom edge
states,

|, |2—1|w |2+l|xy 1? =1.2734 (6)
o _2 + 2 —1 > o =1,2,3,4,

where |V, |> = |\IJTi|2 = |\If¢i|2 because of the presence of
time-reversal symmetry in the TIQD system. This implies that
all four internal states must have the same Coulomb integrals:
U, = U. Formally, an exchange and correlation term can be
written as
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where n, = cl ¢, and we have subtracted the contribution due
to self-correlation. Therefore, H., can be schematized as

Heo = U Z ngngy (7)

a<a’

where the on-site Coulomb integral U,, is independent of
all internal degrees of freedom. This is the key to realizing
SU (4) symmetry in the TIQD system without the requirement
of fine tuning. Moreover, we notice that Hamiltonian (7) is
time-reversal invariant; thus, the single-particle edge states
remain intact even in the presence of large on-site Coulomb
repulsive interactions.

The third term, H;, describes the unperturbed states of
conduction electrons from the left or the right reservoir,

H= > Y e, Ciro ®)

=12 keL,R
o=t

where € is the energy spectrum of conduction electrons with
momentum k, L/R represents the left or the right lead, and
c;w (cr.r.0) creates (annihilates) a conduction electron with
spin o in channel t. Without loss of generality, we assume
that there are two distinguished groups of channels t = 1,2 in
left/right leads. Since the energy spectrum ¢, is independent
of the spin index o as well as the artificial orbital index ,
Eq. (8) remains diagonal after rotating the basis vectors within
the spin-orbital o-t subspace. Therefore, one can rewrite
Eq. (8) in terms of a new set of basis states {|a)}’s under
the transformation (3) as

H1= Z ch;iacka. (9)

o,keL,R

We make a further assumption that the conduction bands
of both external leads are flat with bandwidth 2W. The
corresponding LDOS is then given by p(€) = go = 1/2W).
This assumption is made just for simplicity and can be easily
released. One can verify that a reasonable energy variation of
p(€) does not change the results qualitatively.

The fourth part of Eq. (1) is a hybridization term, which is
described as

H = " (Viaclcw +He). (10)

o,keL,R

Thus, we conclude that the model Hamiltonian describing
a TIQD coupled to two external leads can be written as

H= Y aclycua+ I Y ealmihe
o

a,keL,R m

+U Y nang + Y (ViaCher +He). (1)

a<a’ a,keL,R

Since we are only interested in the temperature scales that
are much smaller than the average level spacing of a TIQD, we
consider the case that the angular momentum quantum number
m takes only one single value in the second term of Eq. (11).
The method we discuss in this paper can be readily extended
to multiple-m value cases. We conclude that full Hamiltonian
(11) realizes the spin-orbital Kondo effect because of the
existence of strong mixing among the TIQD’s four internal
channels. The spin-orbital Kondo effect in the TIQD system
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is characterized by a constant Coulomb repulsive interaction
strength U. In an idealized situation where all four internal
states are energetically degenerate at the Dirac point, the TIQD
exhibits an additional SU(4) symmetry and the spin-orbital
Kondo effect emerges. On the other hand, in general, the
fourfold degeneracy can be lifted by a finite-size effect, leading
to a triple-peak structure in the differential conductance within
the Kondo regime as shown in the following.

III. NONEQUILIBRIUM GREEN’S FUNCTION METHOD

We consider a problem involving a TIQD coupled to
two external leads. A nonequilibrium Green’s function is
constructed through the equations-of-motion (EOM) method
[4,64,65]. In the Heisenberg representation, the time evolution
of a Heisenberg operator is determined by its commutator with
the corresponding Hamiltonian. This is the essence of the EOM
method. Two coupled equations describing the EOM governed
by Hamiltonian (11) are obtained as

., 0 t
lhEca = €4Cq + Z ViaCra + Z Ucycocy,
keL,R o'#a
3 (12)
ihgcka = (e — in)cka + V]::xCut + Skas

where a source term S;, is added into the second term of
Egs. (12) ad hoc. The solution of the second equation in
Egs. (12) reads

+00
Cha = €0 + / dt'VE,Gat — o), (13)
—0oQ0

where Gio(t —1') = £-0(1 — e~ 7@—ima=1) which is the
Green’s function for the operator Ly, = ih% — (ex —in), and
Lkac,((%) = Sko- Plugging Eq. (13) into the first equation of
Egs. (12) and performing the Fourier transformation on the
result, we obtain

[0 — €0 — TO@)]ca = S+ Y UF(chcuwcal@). (14)
o'#a

_ 0 $(0) _ [Via|*
where ., = ZkeL’R ViaCry» 2y (@) = KeL.R wﬁ@mﬂ, and

F {cl,carca}(a)) represents the Fourier transform of the triple-

product operator cL, (t)cy (t)cy(t). Equation (14) can be solved
approximately by closing it up to a certain order, which
generates the Green’s function corresponding to that order.

A. Mean-field approximation

The simplest way to close Eq. (14) is the mean-field approx-
imation: {cl,ca/ca}(a)) ~ (ny)cq(w). Therefore, the Green’s
function under the mean-field approximation can be written as

1
w—€ -3 U Za,;ﬁa(na/).

The LDOS can be expressed in terms of the mean-field
Green’s function G as

Gy () = s)

p(w) = —%Trlm[Ga(w)], (16)
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where the trace accounts for the summation over all four
internal degrees of freedom. The occupation number of the
state « is given by

1
) = 5 / do pu(@ (@) + fa@)]  (17)

for symmetric barriers.

There is an obstruction to evaluating the Green’s function
GMF(w). The expression of GMF(w) depends on the occu-
pation configuration {(ny)} [see Eq. (15)], which, in turn,
itself has to be calculated through the Green’s function. This
requires solving the Green’s function and the occupations
simultaneously [see Eqs. (15) and (17)]. A self-consistent
iterative algorithm is developed as shown below.

(i) Start with an initial value of (ng) and calculate the
Green’s function GM¥ (w) from Eq. (15).

(ii) Calculate the value of (n,) from Eq. (17) with p(w)
given by Eq. (16).

(iii) Compare the new occupation (n,) calculated from
step (ii) with the initial guess (ng). If the new one (n,) is not
sufficiently close to the original guess, we revise our guess by

() = () + () — (),
where ¢ is a positive number less than 1.

(iv) Repeat the iterative processes (i)—(iii) until the Green’s
function Gg” F(w) yields the occupation configuration {(n,)}
which is sufficiently close to the previous input value within a
predetermined tolerance level.

The remaining question concerns how we could be able to
give a reasonable initial guess of (n0). Under the deep-level
assumption that the resonant level ¢, is deep well below the
chemical potential , the LDOS p,(w) in Eq. (16) is integrated
up to its extreme right side of the tail. Therefore, we can choose
(n%) =1 as a proper initial guess of the occupations in the
self-consistent calculation.

For each internal state with finite U, we find that all
single-particle resonances are shifted away from €, to €, +
vy, 4o(n), as shown in Fig. 2. The imaginary part of

1.4

o/T

FIG. 2. (Color online) Density of states p(w) for TIQDs sym-
metrically coupled to two external leads with parameters U = 0.1
and €, = £2I". Two leads’ chemical potentials are set to be u; =
ur = 8I'. Under the mean-field approximation, two distinct peaks
are shifted away from the original resonances 2I" to the new ones
+2T" F U(n) in the LDOS.
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self-energy X gives rise to the total energy level broadening
in the LDOS.

The mean-field approximation is valid only when kgT
or I'y is comparable to U, where Ty = 7|Viq|?po is the
hybridization strength between a TIQD and two external
leads. The mean-field approximation provides an acceptable
description when U is small or temperature is high. However,
in real experimental setups, the on-site Coulomb interaction
U is typically about the order of several meV, while both
the hybridization strength I" and the temperature kg7 are
typically of the order of several ueV. Therefore, the mean-field
approximation discussed in this section does not even provide
a qualitatively reliable scheme within the regimes for most of
the experimental setups. This requires us to obtain a theory
beyond the mean-field approximation, which we are going to
discuss in the following.

B. Coulomb blockade regime

When the Coulomb interaction strength U between local-
ized electrons exceeds both the temperature kp7 and the
hybridization strength I', the Coulomb blockade effect is
dominant in this regime provided that 7 < Tx. One has to
truncate the EOM up to next-to-leading order in order to close
Eq. (14). The corresponding Green’s function is derived in
Appendix A,

1- Za’;ﬁa (%ﬂ‘)))

G (w) =
w— €y — Eéo)
( (%(/)))
S
+ s , (18)
0%; W — €y — U%(,“) — 3O
where A =1+ Y piww(mp), and  TV(w) =

ZkeL’ R w'_‘/::fm is the self-energy term due to tunneling
of the « electrons into the leads. The Green’s function
GgB (w) in the Coulomb blockade regime has four resonances
for each internal channel «. One of them is located at
the resonant level €, weighted by the probability factor
1->, 7m((na«) /,/1{)[(,“)), and the other three are shifted and

located at €, + U4, weighted by the probability factor
<n0(/)/’/%[(a,)’

The Green’s function GS(w) depends on both temperature
and chemical potential through the occupation configuration
{(ny)} in general. The occupations have to be computed
via the self-consistent algorithm with constraints (n;) = (n,)
and (n3) = (n4), as discussed in the previous section. To
determine a reasonable guess of an initial (ng), we assume
that the resonant level €, of TIQDs is deep enough below
the chemical potential u: | — €4| > |€4|. We further assume
that the occupations of four internal states are all identical, i.e.,
(ng) = (n), va = 1,2,3,4, in order to accelerate the iterative
processes in the self-consistent computation. It is the Coulomb
interaction energy U that dominates all the energy scales in
this regime. Therefore, only one single resonant level ¢, is
occupied, while the energy levels of unoccupied states are
raised by U.#". Double occupancy is energetically costly
and hence is forbidden in the large U limit. All unoccupied
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levels are pushed outside the chemical potential in this limit,
and the occupied levels are the only ones contributing to the
occupations. This leads to an equation for the initial guess of
the occupation number (1n°):

(n°)
a1 Ypraa (1)

The solution of Eq. (19) reads (n°) = 1(+/3 — 1). This
solution turns out to work quite well as a clever initial guess
of the occupation configuration {(n,)} for the self-consistent
algorithm. The occupations will eventually converge to certain
consistent values after several iterative steps. After obtaining
the self-consistent occupation numbers, the corresponding
Green’s function in the Coulomb blockade regime can be
inferred through Eq. (18). Under the assumption that all
the occupations are the same, three shifted resonances €, +
U JIQ("‘/) (o' # @) in GX(w) are degenerate to be one located at
€y + U(1 + 2(n)) for each index «. Therefore, one shall expect
that the corresponding LDOS exhibits four split Coulomb
peaksat w = *|e| and w = £|e| + U(1 + 2(n)), respectively,
when the hybridization strength I" is not too strong compared
to the QD’s absolute energy level |e,|, as indicated in
Fig. 3(a).

In principle, a four-peak structure should occur in the
LDOS when all the occupation numbers are nearly the same.
However, only two peaks, split by the amount of U.%4,
remain when the hybridization strength I' exceeds a critical
value I'. = |€,|, as shown in Fig. 3(b). The suppression of
peak numbers follows from the fact that the hybridization

(n% =1- (19)

@

0.5f j

nlp(w)

FIG. 3. (Color online) Local density of states 7w ['p(w) vs energy
winunits of U in the Coulomb blockade regime with the hybridization
strength (a) ' < I'. and (b) I' > I'.. (a) The LDOS exhibits a
quadruple-peak structure at € = £0.2U and € = £0.2U + (1 +
2(n))U in the weak coupling limit (I' = 0.1U). The occupations
(n) converge to 0.3670 via the self-consistent algorithm. (b) Four
Coulomb peaks merge into a double-peak structure when the
hybridization strength I" is above the critical value I'. ~ 0.2U in
the strong coupling limit (I" = 0.3U).
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strength I" characterizes the level broadening of each discrete
eigenstate caused by the coupling between the TIQD and two
external leads. When the hybridization strength I" is made
to be greater than I'., the LDOS spreads out around the
original resonant peaks due to the level broadening. As a
result, two peaks at w = ¢ are merged together as well as
the other two peaks located at w = ¢ + U.4". We conclude
that there exists a continuous crossover from a four-peak
structure to a double-peak structure in the LDOS as the
hybridization strength I' increases in the Coulomb blockade
regime.

In summary, when T' is relatively small compared to |€,],
we find that Coulomb peaks form pairs with large interpair
spacing (~U.#") and small intrapair spacing (~|€,|) within
the Coulomb blockade regime. Two intrapair peaks have
comparable width and height, while the height of interpair
peaks is usually different. As the hybridization strength I' is
increased above the critical value I'., the intrapair peaks merge
together; nevertheless, two interpair peaks still remain in the
LDOS. Since electric conductance is proportional to the LDOS
at low temperatures, similar features should be expected to be
observed in the electric conductance measurement as well.
The separation between the conductance’s interpair peaks is
set by the large on-site Coulomb interaction energy, whereas
the separation between the intrapair peaks is determined by
the QD’s absolute energy level. In the Coulomb blockade
regime, a transition from weak to strong coupling between
localized and conduction electrons results in a crossover from
a quadruple-peak structure to a double-peak structure in the
LDOS and electric conductance.

C. Kondo effect regime

In this section, our aim is to calculate the transport current
through a TIQD as well as the corresponding differential
conductance via the self-consistent EOM method in the Kondo
regime.

1. Renormalization group analysis

In the framework of the renormalization group (RG),
high-energy degrees of freedom are successively integrated
out and one obtains a low-energy effective theory eventually.
A poor man’s scaling approach based on the RG analysis
is applied to study the low-energy properties of Hamiltonian
(11). The key idea is to integrate out high-energy modes in the
interval [D, Dy], where the cutoff D might be the bandwidth
of conduction electrons, and rescale all energies and fields
appropriately to construct a new effective Hamiltonian H (D).
The RG method relies on the fact that all physical quantities
should solely depend on the effective low-energy scales such
as the Kondo temperature Tx. The band cutoff D should be
irrelevant and does not appear in any physically observable
quantity. As a consequence, it is possible to absorb the cutoff
D into renormalized coupling constants by the requirement
that physically observable quantities are invariant under the
RG rescaling, leading to the emergence of new energy
scales.
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First of all, the original Hamiltonian(11) can be rewritten as

H = Z ekc,tacka +Zeaclca

a,kel,R a
+ ) (v +H)+1UN121
¢! Cra .C. — —=) — =,
otk 2 2 8
a,keL,R
(20)

where N = Zi:l n, 1is the total number operator, and
we assume that all internal degrees of freedom in the
TIQD are equally coupled to two external leads, i.e.,
Vil=Vio=Viz=Vu=V.

We now investigate the limit of U — oo. In this case, only
one electron is accommodated in the whole TIQD system. We
obtain the following effective Kondo-type Hamiltonian after
performing a Schriffer-Wolf transformation [66],

Hy = ) eclycra + J[S- (o w,)
o,keL,R

+(¥jTw,) T+S- (Yfory,) T, (1)

where ‘IJZ = (cj<1 ,622,6113,6};4) is the spinnor of the conduction
electrons in two leads and \I!f = Zk \II,I. Similarly, the field
operator for the TIQD is defined as W = (CJ{’C;C;CD S is
the spin operator for the TIQD defined as S = \D;a W, while

T= ‘-I-[;T\de defines the orbital pseudospin operator. o (t) are
Pauli matrices operating on the spin (pseudospin) space. The
effective coupling constant J in the infinity U limit is initially
given by J = “l‘ifdl and the corresponding scaling equation

up to the second order in J reads

dJ R

TInD — 4poJ ", (22)
where gy is the DOS of external leads and D is the renormal-
ization energy cutoff. The coupling constant J exponentially
flows into the strong coupling limit as the cutoff D is reduced.
This reflects a fourfold degeneracy among spin and pseudospin
degrees of freedom. We notice that Hamiltonian (21) is the
renowned SU(4) Kondo Hamiltonian, where the spin and
orbital pseudospin degrees of freedom are entangled due
to the presence of the third term in Eq. (21). Physically,
the spin-orbital entanglement is realized naturally in the TI
system through its unique spin-orbital locking phenomena. It
avoids the possible fine-tuning requirement faced by the DQD
and CNQD system. The corresponding Kondo temperature is
given by Tx ~ D exp(—1/4ppJ). Similar results have been
examined in carbon nanotube systems [13], vertical QDs
systems [26,67], grain-dot systems [27], and parallel DQD
systems [31,68,69]. This discussion based on the RG analysis
demonstrates the existence of SU (4) Kondo states in the TIQD.
In the next section, we show that the LDOS and differential
conductance would indicate the main features of spin-orbital
Kondo physics, which can be used as experimental probes to
detect the spin-orbital Kondo effect in the TIQD system.

2. Local density of states and differential conductance

Before we start to calculate any relevant physical quantities,
let us discuss several important characteristic energy scales
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in the Kondo regime. The depth of a QD’s energy level ¢,
relative to the chemical potential u is one of these characteristic
scales. It is defined as Ae€gep = |1t — €4|. One requirement
of the emergence of Kondo physics is that the hybridization
strength I' has to be smaller than this energy scale Aegep.
Otherwise, localized electrons can spread from the QD into the
leads without applying external voltage. Charge quantization is
completely lost even at zero temperature due to this spread-out
effect. Therefore, the condition I' < Aegep has to be held in
the Kondo regime. Another characteristic energy scale deter-
mining the Kondo effect is the Kondo temperature: Tk . The
hybridization strength and on-site Coulomb interaction give
rise to the Kondo physics only if the temperature is comparable
to or lower than the Kondo temperature, i.e., kT < kgTk.
On the other hand, the hybridization strength I cannot be
too small; otherwise, the conduction electrons from the leads
would be completely trapped in the QD and no transport
would occur. This requires I' to be large enough to overcome
the Kondo temperature kg Tx. In summary, the characteristic
energy scales have a hierarchical structure: kgT < kpTx <
I' < Aegep in the Kondo physics regime. On-site Coulomb
repulsive interaction U is the last significant characteristic
energy scale. In most experimental setups, U =~ 1 meV and
I' &~ 1-10 peV. It means that the on-site Coulomb interaction
U is several orders of magnitude larger than the hybridization
strength I" in reality and hence is the largest energy scale in the
Kondoregime. U is typically set to be infinity in theory in order
to forbid possible double occupancy. This limit is consistent
with the vast majority of experimental setups for the QD
systems.

As shown in the RG analysis, the Kondo temperature Tk for
the SU(4) Kondo-type model is enhanced exponentially by a
factor of 2, comparing to the conventional single-level SU (2)
Anderson model. An estimation for the Kondo temperature
in the enhanced Kondo regime is Tx & De ™" In—€ul/4Ta [see
Eq. (22)], where D is the bandwidth cutoff and Iy, is the
hybridization strength. In addition, we take the conduction
band of two symmetric leads to be flat with width 2W, so
the DOS of two external leads is given by p(w) = py =
1/2W)for || < W. Thus, the hybridization strength for each
lead could be rewritten as Fé/R(w) =2 ZkeL/R | Vi |?8(e0 —
€ra) = 271 Po| Viw|?. Tt is convenient to redefine a mod-
ified hybridization strength as [, = FLTR/(TL +TF) =
7 00| Viw|?, serving as a unit of energy in the following
discussion.

The LDOS of TIQDs can be calculated via the nonequi-
librium Green’s function [see Eq. (16)]. We combine the
EOM method and the self-consistent algorithm to calcu-
late a consistent Green’s function GX(w) in the Kondo
regime as shown in Appendix B. Numerical computations
based on the nonequilibrium Green’s function have been
extremely useful to present a quantitative reliable picture
of low temperature, nonequilibrium transport through a QD
[4,13,64,65]. In this section, we derive a nonequilibrium
Green’s function based on the self-consistent EOM method
to produce the LDOS and nonlinear differential conductance
in the Kondo regime. The full nonequilibrium Green’s function
is given by Eq. (B10) as derived in Appendix B. In the
infinite-U limit, it can be simplified and reduced to the
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form
(ny)
% 1 - Zo/;&a '/’;/(01)
G, (0) = «
0) 1?2
W — €y — Ea - Za’;ﬁa L/V_(’ﬂ)Eo/a
with
|Vk01|2
$O0@ = 3 Vel
ver g @ T €T IN
. (23)
“2 [Via'|” frar
So@ =y S
Vel R W — €y + € — € +1n

where fio is the Fermi-Dirac distribution in the left/right lead.
The overall amplitude of the nonequilibrium Green’s function
(ngr)

GK(w) is proportional to the factor 1 — ), sa @ where

(ny) is the occupation numbers of internal channels other
than o, and ALY =14 35, o (np).

As discussed in the previous section, the occupations have
to be computed using the self-consistent algorithm along with
the nonequilibrium Green’s function, Eq. (23). Under the same
assumption as in the last section, the initial guess of the oc-
cupation numbers can be chosen as (ng) = %(\/? — 1). After
obtaining the final convergent occupation numbers through the
iterative process, the corresponding Green’s function Eq. (23)
can be automatically computed without any ambiguity.

The terms Efxo)(a)) and f)g;(a)) in Eq. (23) are the self-
energies due to the coupling to the leads. The locations
of Kondo resonances are totally determined by the poles
of Green’s function. Since Re{Eg))(a))} = 0, the self-energy
~O(w) has no contribution to the poles. It is the other self-

energy term, f)g;(w), that gives rise to the Kondo resonances
in the nonequilibrium LDOS. Because the Fermi-Dirac distri-
bution fi, has an abrupt change near the chemical potential
ur.r at low temperature, Re{flgl(a))} has single-particle
resonances, which are logarithmically divergent at w = iy g
and w = up g + 2€4. It produces the Kondo resonances in
the LDOS near those energies. The equilibrium LDOS for
each internal channel o: py,(w) = —%Im[Gf (w)] displays
a double-peak structure. One peak is located at chemical
potential u = @, = g, and another is shifted away from the
chemical potential by 2¢,. The peak moves downwards for
those negative energy states (¢ = 1,2) and upwards for those
positive energy states (¢ = 3,4), as shown in Figs. 4(a) and
4(b). As a bias voltage Au is applied, two Kondo peaks are
splitinto pairs, leading to a quadruple-peak structure exhibited
in the nonequilibrium LDOS. In this case, two original Kondo
peaks in the equilibrium LDOS are further split into pairs
spaced by the chemical potential difference Au. For each
state index o, four Kondo peaks appear near v = uy g and
® = pr r + 2€4 as shown in Figs. 4(c) and 4(d). A new energy
scale, the Kondo peak broadening Ab, emerges. The size of
Ab is about the same magnitude as the Kondo temperature
kpTxk, which can serve as a practical tool to determine the
Kondo temperature experimentally.

Our goal is to calculate the electric current / through the
TIQD. I can be expressed in terms of the nonequilibrium
Green’s function and the Fermi-Dirac distribution. An exact
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FIG. 4. (Color online) Local density of states w['p,(w) for a
TIQD symmetrically coupled to two external leads with the chemical
potential 7 and pg in the limit of U — oo. The TIQD is prepared
to have four internal states with levels €, = —I" and €34 =T.
Temperature is set to be T = 0.01I", while the Kondo temperature is
roughly estimated to be Tx =~ 0.08T". Panels (a) and (b) display the
equilibrium (u, = ug = 10I") LDOS for negative levels €,-;, (a)
and positive levels €,-3 4 (b). It exhibits a double-peak structure at
w = 10I" and w = 9T for (a) and at w = 10" and w = 11T for (b).
Panels (c) and (d) are the nonequilibrium LDOS for negative energy
states (c) and positive energy states (d). Four Kondo peaks emerge
in the nonequilibrium LDOS. Two of them are located at each lead’s
chemical potential: p; = 10.5T", ug = 10T" (arrows 1 and 2), and
the other two peaks are shifted either downwards from the chemical
potential by —2I" (= —2|¢,|) [arrows 3 and 4 in (c)] or upwards from
the chemical potential by 2I" (= 2|¢,|) [arrows 5 and 6 in (d)].

expression for I follows from the Keldysh formalism [70],

1= %Z / dol fr(w) — fR(w)]l“a(w)[ — %Ime (w)],

(24)

where [g () = 7100| Via|* and f1/r(w) = f(w — pur/r) is the
Fermi-Dirac distribution function for left/right lead with u; =
ur + Aup. The differential conductance o, is sequentially

defined as differentiating the current / with respect to the
dI

applied bias voltage Au: oy = €gan- Od is an experimentally
observable quantity and can be used as a means of detection

to Kondo physics.

The nonlinear differential conductance o, exhibits a triple-
peak structure for temperatures below the Kondo temperature
kpTk, as shown in Fig. 5. This can be explained intuitively
through the so-called “matching mechanism.” As discussed
previously, Kondo resonances are located at v = py g and
o = r g £ 2|€y] in the nonequilibrium LDOS. The differen-

———kBT=F/5

1.61

1.21

o, (€°/h)

0.81

0'4 1 1 1 1 1
-3 -2 -1 0
Au/T

FIG. 5. (Color online) Differential conductance as a function of
the applied bias voltage Ay in units of e?/h via the EOM method
for the temperatures above Tk (solid line) and below Tk (dashed
line). When Au is adjusted so that the Kondo peaks in the left lead’s
DOS coincides with those in the right lead’s DOS, the differential
conductance o, is enhanced. It shows a triple-peak structure at Ay =
0 and Ap = +2|€,| = £2I" (solid line). When the temperature is
raised above the Kondo temperature Tk, the triple-peak structure in
the differential conductance disappears, as shown by the dashed line.

tial conductance o, is enhanced if and only if three Kondo
peaks in the left lead’s LDOS match the other three peaks
in the right lead’s LDOS. Accordingly, a triple-peak structure
appears in the differential conductance at Ay =0 and Ay =
+2|e, |, respectively. As the chemical potential is shifted away
from the Kondo peaks, the differential conductance o, falls off
rapidly once the mismatch between two external leads exceeds
the Kondo peak broadening Ab. This means that the full width
at half maximum (FWHM) of the differential conductance
linewidth should have the same order of magnitude as
the peak broadening Ab of the LDOS. The triple-peak structure
in the differential conductance disappears as the temperature
is raised above the Kondo temperature due to the complete
destruction of Kondo states when T > Tk, as shown by
the dashed line in Fig. 5. The experimental observation of
this triple-peak structure in the differential conductance was
reported recently in parallel DQD systems when the orbital
degeneracy is artificially lifted [38].

Next we provide a more rigorous theoretical treatment of
differential conductance and demonstrate that the differential
conductance oy is closely related to the summation of LDOS
over all four internal conduction channels. Hence, the peak
structure in the differential conductance is determined by
the corresponding peak structure in the LDOS. In particular,
the zero-temperature current [ can be calculated as an
integral of LDOS over the interval [ug,ur ], weighted by the
hybridization strength I'y(w). Therefore, we can obtain an
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exact expression for the differential conductance in terms of
the single-particle LDOS in the zero-temperature limit:

2 e —
0 = %ZWFfdw[— 0@ = Kr A,u)i| Z,Oa(a)).

Jw

(25)

We notice that —% becomes a Dirac § function when 7' —
0, so we can rewrite Eq. (25) as

2
- ~ €
oy (A = 2wl > palitr + Ap). (26)
o

Equation (26) connects the nonlinear differential conductance
at zero temperature to the summation of LDOS over four
internal degrees of freedom. In this limit, the peak structure
of the differential conductance depends on the value of the
corresponding LDOS at ug + Apu, leading to a condition for
the peak structure of the differential conductance:

KR+ Ap = pgr e £ 2le]. @7

Three cases need to be discussed separately.

Case (1): pgr~+ Ap = pp. This condition is trivially
satisfied. It illustrates the existence of the overall background
conductance in o4, which is independent of the applied bias
voltage Apu.

Case(2): g + A = £ 2|€,]. There is no solution that
can be found in this case.

Case (3): wr + A = g or ug £ 2|€y|. This is the most
interesting condition, where three solutions exist: Ay = 0, +
2|ey |- These three solutions correspond exactly to the locations
of the three peaks built upon the background conductance
in o4, as depicted in Fig. 5. The result agrees with our
intuitive argument as well as the general numerical calculation.
Although the analysis is performed in the zero-temperature
limit, the triple-peak structure still preserves for temperatures
below the Kondo temperature Tk.

This discussion demonstrates the existence of spin-orbital
Kondo states in TIQD systems. One of the advantages of such
devices is that it can potentially avoid the fine-tuning between
intradot and interdot charging energies in DQDs or the fine
tuning between spin and wrapping modes in CNQDs. We also
prove that the differential conductance oy, as an experimental
measurable quantity, indicates the principal features of spin-
orbital Kondo effect. The fact that the spin-orbital Kondo states
can be observed in TIQD systems as a triple-peak structure in
the nonlinear differential conductance is important, since it
could serve as a means of experimental detection of spin-
orbital Kondo physics.

IV. SUMMARY AND CONCLUSIONS

In this paper we investigate the nonequilibrium transport
properties of TIQDs in the Coulomb blockade and Kondo
regime. An Anderson-type model, which describes the low-
temperature transport properties through a QD, is derived. We
illustrate that the corresponding Anderson impurity Hamilto-
nian realizes the spin-orbital Kondo effect due to the intrinsic
spin-orbital entanglement in TI materials. We conclude that
TIQDs can be used to study the spin-orbital Kondo effect in
addition to conventional DQD or CNQD systems.

PHYSICAL REVIEW B 91, 165120 (2015)

We demonstrate that the mean-field approximation is
not applicable to the energy scales related to the Coulomb
blockade or Kondo regime. A continuous crossover of peak
structures controlled by the hybridization strength is found in
the Coulomb blockade regime. As the hybridization strength
I' is raised above a critical value I';, the intrapair peaks are
merged together so that only two interpair peaks remain in the
LDOS. A transition from a quadruple-peak to a double-peak
structure occurs when the hybridization strength I' increases.
A similar crossover phenomena is also expected to be observed
in the transport measurements in the Coulomb blockade
regime. For temperatures below the Kondo temperature Tk,
we have shown the emergence of four Kondo peaks in the
nonequilibrium LDOS for each conduction channel «. Two
of them are located at the chemical potential (g, while
the other two peaks are shifted away from the chemical
potential by the amount of 2¢,. This result leads to the
experimental prediction of a triple-peak structure in the
differential conductance o, provided that the energy hierarchy
kpT < kpTg <T' < Ae€gep K U is satisfied. The triple-peak
feature vanishes when the temperature is high enough to
break the spin-orbital Kondo states. In contrast to conventional
DQD or CNQD systems, no fine-tuning of experimental
parameters is necessary in TIQD setups in order to realize the
SU (4) Kondo effect. Therefore, TIQD systems provide a more
controllable platform to investigate the spin-orbital Kondo
effect.

An interesting issue not discussed in this paper is the Kondo
physics in TIQD systems when a finite magnetic filed is
applied. Since the symmetry protected edge states are no longer
stable in the presence of an external magnetic field, we expect
a totally different transport behavior in comparison with the
usual DQD or CNQD systems. Our paper is just the first step
in understanding the spin-orbital Kondo physics associated
with TIQDs. Further investigations regarding the spin-orbital
Kondo effect in TIQDs under an external magnetic field are
demanded for future research.
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APPENDIX A: GREEN’S FUNCTION WITHIN
COULOMB BLOCKADE REGIME

In this section, we present a derivation of the Green’s
function GB(w) within the Coulomb blockade regime. We
start from Eq. (14) and notice that the expression of Eq. (14)
is not closed yet because of the presence of a triple-product
operator: cl,(t)ca«(t)ca(t). Therefore, we differentiate the
triple-product operator with respect to time in order to close
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the EOM. The final result is given by

L0 dc! dcq
lhE(cé,ca/ca) =—(—1h7>ca 1Cq +C ,(1717)% +cf o Ca’ (lhg)

= eacl,ca/ca + Z o V/:FO,/C;JLMCQ'C@ + Vka/c;,ckarca + Vkacl,carcka) +U ch,carcac;cﬁ

keL,R B#a
NleatU+U| Y ()| | chewca+ Y (ViaClCurcra). (A1)
BFa,a keL,R

where we ignore the contributions coming from terms cia,ca/ca and cl/cka/ca (notice o # ) up to the first-order approximation.
The Fourier transform of Eq. (A1) reads

w—ea—U|1+ Y (np) | | Zlebewead®) = Y VieZ (] cwtral@), (A2)

BFo,o’ keL,R

where .7 {- - - } represents the Fourier transform of any operator inside the curly bracket.

Equation (A2) still does not close the EOM because of the presence of another triple-product term cl,carcka. Hence, one has
to further take the time derivative over this triple-product:

3 dc! dew de
jh— T/ o' Chka) =\ — h_ o Cka h - o T/ o h_a
i BI(C“C Cra) ( i )c Ck +c ( o7 )Ck +c,C <l o >

_ SN | * f i * T T
= (€x — iN)CyCo/Che + E Vo Chror CarCha + Vira CorCiiar Char) + Vigy CopCar Ca + Ska € Cor

k'eL,R
~ (Ek - ir/)cj;/ca’cer + Vk*acllca’cot + (na’>Ska- (AS)
The Fourier transform of Eq. (A3) gives
V*
F el Curcal(@) = ——— F{c] cocal(@) + (nar)cio(@). (A4)
w—¢€+1n

Substituting Eq. (A4) into Eq. (A2), a closed form is finally obtained as
(I’lw)

Fc! coca}(w) = 7, (AS)
W — €y — U(l + Zﬁia,a, (n,g)) — 3O
Plugging Eq. (A5S) into the original Eq. (14), one obtains the Green’s function in the Coulomb blockade regime as
Ulng)
Go(@)F = (0—€ —30) | 1+ Z
(0)
e @ —U(1+ Y i (mp)) — Za
L= () (L)
- ot Z @ O (A6)
w— €y — Dy a,;ﬁaa)—ea—U%, — X

where JI{X(,O() =142 g0 (np)

APPENDIX B: GREEN’S FUNCTION WITHIN KONDO REGIME

We derive the Green’s function in the Kondo regime in this section. We start from Eq. (14) and apply the EOM method
up to the second-order approximation. The EOM method is based on the Heisenberg equation, and in this case it consists
of differentiating the triple-product operator cl/carca with respect to time. A series of operator-product terms is generated
and has to be approximated to certain order in order to close the EOM eventually. Higher-order approximation is required
in order for the emergence of Kondo physics. First of all, we take the time derivative over the triple-product operator
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T .
CpCa'Ca

B
ihg(cl/ca/ca) = —(

acl, Ay dcy
. ) +dl, (ha_) el (ma_j)

= eac;,ca/ca + E e Vk’;,cla,ca/ca + Vka/cl/cka«ca + Vkacl,ca/cka) +U E cL,ca/cac;c,g
keL,R BHa

e+t U+U| D g | | chewea + D EVielycaca + Viarchcraca + Viachewera), B
BFa,o keL,R

where the contributions from terms cZa,ca/ca and cl,cka/ca are kept in this case. The Fourier transform of Eq. (B1) can be written
as

w—ea—U|1+ Y (np) | | Zlebewea) = Y Ve, Flelycucad + Viw Flc) craca) + ViaF lchcwcia)). (B2)
Ba,a! keL,R

In order to close the EOM, we have to further take the time derivatives over the remalnlng operator-product terms c,ta,carca,

T,cka/ca, and ¢! . Ca’ Cka» TEspectively. We have already obtained the Fourier transform .# {c ,Co/Cker } from Appendix A as shown
in Eq. (A4):

V*
F el curcral(@) = —— F{c] cocal(@) + (nar) el (@). (B3)
w— € +1n

The time derivatives over the other two operator-product terms appearing in Eq. (B2) are given by

L0+ . 8C}:a, . (. 0cy i dCq
lhE(Cka/Ca'Ca)=—( i o carca—i—c}m/ lh? Cq + ChoCar lﬁ—t

NNE f i T
= (€y + € — € — IN)CpoCa'Co — Via'CoCorCa + E (Vew CrorCrrar€a + ViraCry Cor Crar)

KeL,R
+ Z Uc,ia,c);cﬂca/ca + Z Uc,ta,ca/c;cﬂca — St CarCa
pra’ pta
~ | eyt ew—e+U+2U —in | ¢l cuta — Vil cota + Viwr fra B4
€q €u €k <n}3> N | CroyCo'Ca ka'CpCo’ Ca ka fka Ca, ( )
pa.a

where fi is the unperturbed Fermi-Dirac distribution for the leads, and

i
0 ac!, 0Cka dcy
iha(cg,ckarca) =— <— ih%)ckwca + cl, (ih%)ca + cl,cka/ <lh%>

SN | i * F *
= (€4 — €u + € — IN)C,y Cha'Ca + E (ViraCop Char Chia — Vg Chrgy Char Ca) + Vi Cop € Car

keL,R
— Z Ucl/c);c,gcka/ca + Z Ucl,ckarcgclgca + Skarcl,ca
B#a’ B#a
(E(Jt — €y + € — ”7)6 /Cha'Ca — Vka fk(x/crx + Vkafc 1Co'Coy+ (BS)

Then the Fourier transforms of Eqgs. (B4) and (BS5) can be written as

Vka’ f
Flc] cwca) (@) =— T (cyCarca}(®)
k (,()—Ea—Ga’+€k_U(1+2'Zﬁ;éa,a’<nﬁ))+in
Vka’fka’

+ — o (@) (B6)

w—€ —€rt+e—U(l+ 2213#%&/(”,3)) +in

and
n \ o Vi 'fkut’

Flc! crar = ke Flch e - ka . B7
{c] crarca}(@) e Te—aTin {corCarca}(®) pp——— _6k+inca(w) B7)
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Substituting Egs. (B3), (B6), and (B7) into Eq. (B2), we obtain a closed form,

2k (n0)
y{Clzcarca}(a)) = — oa'o Ca(a)) + ya’ (B8)
T S R~ a7y =)
where the self-energy terms are defined as
|Vka|2
SO0 = Y
veLg @ T €N
9 Vi Vi
Ea’a(w) = Z - : ’ (B9)
reLrL® ~€atéw —Etin  ©—€ — €t — U142 00 (np) +in

5=y [ oL

w— € €y — € i
keL.R a+u¢ k+77

|Vkoz’|2fka’ j|

W— €y — €y + € — U(l +225¢a‘a/(n5)) +in

Finally, we substitute Eq. (B8) back into Eq. (14), so we obtain the full Green’s function within the Kondo regime:

2)
Eot’ot

-1

Gl =|v-—e-30+U >

(0) (o) (©)]
So—e—3 —UMD -3

1+ U Z (na)

(0) (@) 1
v @~ €= Ta — UM =%y,

+ > &

0 1 3 0 ny—1’
i w—e =3 — UM —U(AIT0), - 20 (- — TP - 20))

where the self-energy 2;331 () is defined as

w
Ton(@) =Y Tpiw) (
B#a

(B10)
R il AR
w—€, — Zéo) _ U%(Ol) _ E/(gl) . (B11)

[1] T. K. Ng and P. A. Lee, Phys. Rev. Lett. 61, 1768 (1988).

[2] P. W. Anderson, Phys. Rev. 124, 41 (1961).

[3] S. Hershfield, J. H. Davies, and J. W. Wilkins, Phys. Rev. Lett.
67,3720 (1991).

[4] Y. Meir, N. S. Wingreen, and P. A. Lee, Phys. Rev. Lett. 70,
2601 (1993).

[5] D. Goldhaber-Gordon, H. Shtrikman, D. Mahalu, D. Abusch-
Magder, U. Meirav, and M. A. Kastner, Nature (London) 391,
156 (1998).

[6] S. M. Cronenwett, T. H. Oosterkamp, and L. P. Kouwenhoven,
Science 281, 540 (1998).

[7] S. Sasaki, S. De Franceschi, J. M. Elzerman, W. G. van der Wiel,
M. Eto, S. Tarucha, and L. P. Kouwenhoven, Nature (London)
405, 764 (2000).

[8] W. G. van der Wiel, S. De Franceschi, T. Fujisawa, J. M.
Elzerman, S. Tarucha, and L. P. Kouwenhoven, Science 289,
2105 (2000).

[9] L.J. Klein, D. E. Savage, and M. A. Eriksson, Appl. Phys. Lett.
90, 033103 (2007).

[10] J. Nygérd, D. H. Cobden, and P. E. Lindelof, Nature (London)
408, 342 (2000).

[11] B. Babic, T. Kontos, and C. Schonenberger, Phys. Rev. B 70,
235419 (2004).

[12] P. Jarillo-Herrero, J. Kong, Herre S. J. van der Zant, C. Dekker,
L. P. Kouwenhoven, and S. De Franceschi, Nature (London)
434, 484 (2005).

[13] M.-S. Choi, R. Lopez, and R. Aguado, Phys. Rev. Lett. 95,
067204 (2005).

[14] J. S. Lim, M.-S. Choi, M. Y. Choi, R. Lépez, and R. Aguado,
Phys. Rev. B 74, 205119 (2006).

[15] T. S. Jespersen, M. Aagesen, C. Sorensen, P. E. Lindelof, and
J. Nygard, Phys. Rev. B 74, 233304 (2006).

[16] C. A.Busser and G. B. Martins, Phys. Rev. B 75, 045406 (2007).

[17] A. Makarovski, A. Zhukov, J. Liu, and G. Finkelstein, Phys,
Rev. B 75, 241407(R) (2007).

[18] A. Makarovski, J. Liu, and G. Finkelstein, Phys. Rev. Lett. 99,
066801 (2007).

[19] K. Grove-Rasmussen, H. 1. Jorgensen, and P. E. Lindelof,
Physica E 40, 92 (2007).

[20] F. Kuemmeth, S. Ilani, D. C. Ralph, and P. L. McEuen, Nature
(London) 452, 448 (2008).

[21] T-F. Fang, W. Zuo, and H-G. Luo, Phys. Rev. Lett. 101, 246805
(2008).

[22] F. B. Anders, D. E. Logan, M. R. Galpin, and G. Finkelstein,
Phys. Rev. Lett. 100, 086809 (2008).

[23] S. Lipinski and D. Krychowski, Phys. Rev. B 81, 115327 (2010).

165120-12


http://dx.doi.org/10.1103/PhysRevLett.61.1768
http://dx.doi.org/10.1103/PhysRevLett.61.1768
http://dx.doi.org/10.1103/PhysRevLett.61.1768
http://dx.doi.org/10.1103/PhysRevLett.61.1768
http://dx.doi.org/10.1103/PhysRev.124.41
http://dx.doi.org/10.1103/PhysRev.124.41
http://dx.doi.org/10.1103/PhysRev.124.41
http://dx.doi.org/10.1103/PhysRev.124.41
http://dx.doi.org/10.1103/PhysRevLett.67.3720
http://dx.doi.org/10.1103/PhysRevLett.67.3720
http://dx.doi.org/10.1103/PhysRevLett.67.3720
http://dx.doi.org/10.1103/PhysRevLett.67.3720
http://dx.doi.org/10.1103/PhysRevLett.70.2601
http://dx.doi.org/10.1103/PhysRevLett.70.2601
http://dx.doi.org/10.1103/PhysRevLett.70.2601
http://dx.doi.org/10.1103/PhysRevLett.70.2601
http://dx.doi.org/10.1038/34373
http://dx.doi.org/10.1038/34373
http://dx.doi.org/10.1038/34373
http://dx.doi.org/10.1038/34373
http://dx.doi.org/10.1126/science.281.5376.540
http://dx.doi.org/10.1126/science.281.5376.540
http://dx.doi.org/10.1126/science.281.5376.540
http://dx.doi.org/10.1126/science.281.5376.540
http://dx.doi.org/10.1038/35015509
http://dx.doi.org/10.1038/35015509
http://dx.doi.org/10.1038/35015509
http://dx.doi.org/10.1038/35015509
http://dx.doi.org/10.1126/science.289.5487.2105
http://dx.doi.org/10.1126/science.289.5487.2105
http://dx.doi.org/10.1126/science.289.5487.2105
http://dx.doi.org/10.1126/science.289.5487.2105
http://dx.doi.org/10.1063/1.2431760
http://dx.doi.org/10.1063/1.2431760
http://dx.doi.org/10.1063/1.2431760
http://dx.doi.org/10.1063/1.2431760
http://dx.doi.org/10.1038/35042545
http://dx.doi.org/10.1038/35042545
http://dx.doi.org/10.1038/35042545
http://dx.doi.org/10.1038/35042545
http://dx.doi.org/10.1103/PhysRevB.70.235419
http://dx.doi.org/10.1103/PhysRevB.70.235419
http://dx.doi.org/10.1103/PhysRevB.70.235419
http://dx.doi.org/10.1103/PhysRevB.70.235419
http://dx.doi.org/10.1038/nature03422
http://dx.doi.org/10.1038/nature03422
http://dx.doi.org/10.1038/nature03422
http://dx.doi.org/10.1038/nature03422
http://dx.doi.org/10.1103/PhysRevLett.95.067204
http://dx.doi.org/10.1103/PhysRevLett.95.067204
http://dx.doi.org/10.1103/PhysRevLett.95.067204
http://dx.doi.org/10.1103/PhysRevLett.95.067204
http://dx.doi.org/10.1103/PhysRevB.74.205119
http://dx.doi.org/10.1103/PhysRevB.74.205119
http://dx.doi.org/10.1103/PhysRevB.74.205119
http://dx.doi.org/10.1103/PhysRevB.74.205119
http://dx.doi.org/10.1103/PhysRevB.74.233304
http://dx.doi.org/10.1103/PhysRevB.74.233304
http://dx.doi.org/10.1103/PhysRevB.74.233304
http://dx.doi.org/10.1103/PhysRevB.74.233304
http://dx.doi.org/10.1103/PhysRevB.75.045406
http://dx.doi.org/10.1103/PhysRevB.75.045406
http://dx.doi.org/10.1103/PhysRevB.75.045406
http://dx.doi.org/10.1103/PhysRevB.75.045406
http://dx.doi.org/10.1103/PhysRevB.75.241407
http://dx.doi.org/10.1103/PhysRevB.75.241407
http://dx.doi.org/10.1103/PhysRevB.75.241407
http://dx.doi.org/10.1103/PhysRevB.75.241407
http://dx.doi.org/10.1103/PhysRevLett.99.066801
http://dx.doi.org/10.1103/PhysRevLett.99.066801
http://dx.doi.org/10.1103/PhysRevLett.99.066801
http://dx.doi.org/10.1103/PhysRevLett.99.066801
http://dx.doi.org/10.1016/j.physe.2007.05.015
http://dx.doi.org/10.1016/j.physe.2007.05.015
http://dx.doi.org/10.1016/j.physe.2007.05.015
http://dx.doi.org/10.1016/j.physe.2007.05.015
http://dx.doi.org/10.1038/nature06822
http://dx.doi.org/10.1038/nature06822
http://dx.doi.org/10.1038/nature06822
http://dx.doi.org/10.1038/nature06822
http://dx.doi.org/10.1103/PhysRevLett.101.246805
http://dx.doi.org/10.1103/PhysRevLett.101.246805
http://dx.doi.org/10.1103/PhysRevLett.101.246805
http://dx.doi.org/10.1103/PhysRevLett.101.246805
http://dx.doi.org/10.1103/PhysRevLett.100.086809
http://dx.doi.org/10.1103/PhysRevLett.100.086809
http://dx.doi.org/10.1103/PhysRevLett.100.086809
http://dx.doi.org/10.1103/PhysRevLett.100.086809
http://dx.doi.org/10.1103/PhysRevB.81.115327
http://dx.doi.org/10.1103/PhysRevB.81.115327
http://dx.doi.org/10.1103/PhysRevB.81.115327
http://dx.doi.org/10.1103/PhysRevB.81.115327

KONDO EFFECT IN A TOPOLOGICAL INSULATOR ...

[24] M. R. Galpin, F. W. Jayatilaka, D. E. Logan, and F. B. Anders,
Phys. Rev. B 81, 075437 (2010).

[25] J. P. Cleuziou, N. V. N’Guyen, S. Florens, and W. Wernsdorfer,
Phys. Rev. Lett. 111, 136803 (2013).

[26] S. Sasaki, S. Amaha, N. Asakawa, M. Eto, and S. Tarucha, Phys.
Rev. Lett. 93, 017205 (2004).

[27] K. LeHur and P. Simon, Phys. Rev. B 67, 201308(R) (2003).

[28] K. LeHur, P. Simon, and D. Loss, Phys. Rev. B 75, 035332
(2007).

[29] T. Aono and M. Eto, Phys. Rev. B 63, 125327 (2001).

[30] M. N. Kiselev, K. Kikoin, and L. W. Molenkamp, Phys. Rev. B
68, 155323 (2003).

[31] L. Borda, G. Zariand, W. Hofstetter, B. I. Halperin, and
J. von Delft, Phys. Rev. Lett. 90, 026602 (2003).

[32] D. Feinberg and P. Simon, Appl. Phys. Lett. 85, 1846 (2004).

[33] A. W. Holleitner, A. Chudnovskiy, D. Pfannkuche, K. Eberl,
and R. H. Blick, Phys. Rev. B 70, 075204 (2004).

[34] M. R. Galpin, D. E. Logan, and H. R. Krishnamurthy, Phys.
Rev. Lett. 94, 186406 (2005).

[35] J. Mravlje, A. Ramsak, and T. Rejec, Phys. Rev. B 73,241305(R)
(2006).

[36] A. Hiibel, K. Held, J. Weis, and K. v. Klitzing, Phys. Rev. Lett.
101, 186804 (2008).

[37] A. M. Chang and J. C. Chen, Rep. Prog. Phys. 72, 096501
(2009).

[38] Y. Okazaki, S. Sasaki, and K. Muraki, Phys. Rev. B 84,
161305(R) (2011).

[39] Y. Nishikawa, A. C. Hewson, Daniel J. G. Crow, and J. Bauer,
Phys. Rev. B 88, 245130 (2013).

[40] S. Amasha, A. J. Keller, I. G. Rau, A. Carmi, J. A. Katine,
H. Shtrikman, Y. Oreg, and D. Goldhaber-Gordon, Phys. Rev.
Lett. 110, 046604 (2013).

[41] A.J. Keller, S. Amasha, I. Weymann, C. P. Moca, . G. Rau, J. A.
Katine, H. Shtrikman, G. Zarand, and D. Goldhaber-Gordon,
Nat. Phys. 10, 145 (2014).

[42] Z-Q. Bao, A-M. Guo, and Q-F. Sun, J. Phys.: Condens. Matter
26, 435301 (2014).

[43] M. Filippone, C. P. Moca, G. Zarand, and C. Mora, Phys. Rev.
B 90, 121406(R) (2014).

[44] C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 226801 (2005).

[45] B. A. Bernevig, T. L. Hughes, and S.-C. Zhang, Science 314,
1757 (2006).

PHYSICAL REVIEW B 91, 165120 (2015)

[46] L. Fu, C. L. Kane, and E. J. Mele, Phys. Rev. Lett. 98, 106803
(2007).

[47] R. Roy, Phys. Rev. B 79, 195322 (2009).

[48] J. E. Moore, Nature (London) 464, 194 (2010).

[49] M. Konig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann, L. W.
Molenkamp, X-L. Qi, and S-C. Zhang, Science 318, 766 (2007).

[50] D. Hsieh, D. Qian, L. Wray, Y. Xia, Y. S. Hor, R. J. Cava, and
M. Z. Hasan, Nature (London) 452, 970 (2008).

[51] D. Hsieh, Y. Xia, D. Qian, L. Wray, J. H. Dil, F. Meier,
J. Osterwalder, L. Patthey, J. G. Checkelsky, N. P. Ong,
A. V. Fedorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor, R. J.
Cava, and M. Z. Hasan, Nature (London) 460, 1101 (2009).

[52] Z. Alpichshev, J. G. Analytis, J.-H. Chu, I. R. Fisher, Y. L. Chen,
Z. X. Shen, A. Fang, and A. Kapitulnik, Phys. Rev. Lett. 104,
016401 (2010).

[53] X. Y. Feng, W. Q. Chen, J. H. Gao, Q. H. Wang, and F. C. Zhang,
Phys. Rev. B 81, 235411 (2010).

[54] R. Zitko, Phys. Rev. B 81, 241414(R) (2010).

[55] M-T. Tran and K-S. Kim, Phys. Rev. B 82, 155142 (2010).

[56] A. K. Mitchell, D. Schuricht, M. Vojta, and L. Fritz, Phys. Rev.
B 87, 075430 (2013).

[57] X. Xin and M-C. Yeh, J. Phys.: Condens. Matter 25, 286001
(2013).

[58] I. Kuzmenko, Y. Avishai, and T. K. Ng, Phys. Rev. B 89, 035125
(2014).

[59] S. Cho, D. Kim, P. Syers, N. P. Butch, J. Paglione, and M. S.
Fuhrer, Nano Lett. 12, 469 (2012).

[60] K. Chang and W. K. Lou, Phys. Rev. Lett. 106, 206802 (2011).

[61] D.-H. Lee, Phys. Rev. Lett. 103, 196804 (2009).

[62] V. Parente, P. Lucignano, P. Vitale, A. Tagliacozzo, and
F. Guinea, Phys. Rev. B 83, 075424 (2011).

[63] B. Zhou, H. Z. Lu, R. L. Chu, S. Q. Shen, and Q. Niu, Phys.
Rev. Lett. 101, 246807 (2008).

[64] Y. Meir, N. S. Wingreen, and P. A. Lee, Phys. Rev. Lett. 66,
3048 (1991).

[65] C. Lacroix, J. Phys. F 11, 2389 (1981).

[66] J. R. Schrieffer and P. A. Wolff, Phys. Rev. 149, 491 (1966).

[67] M. Eto, J. Phys. Soc. Jpn. 74, 95 (2005).

[68] R. Lopez, D. Sanchez, M. Lee, M-S. Choi, P. Simon, and
K. LeHur, Phys. Rev. B 71, 115312 (2005).

[69] A. L. Chudnovskiy, Europhys. Lett. 71, 672 (2005).

[70] Y. Meir and N. S. Wingreen, Phys. Rev. Lett. 68, 2512 (1992).

165120-13


http://dx.doi.org/10.1103/PhysRevB.81.075437
http://dx.doi.org/10.1103/PhysRevB.81.075437
http://dx.doi.org/10.1103/PhysRevB.81.075437
http://dx.doi.org/10.1103/PhysRevB.81.075437
http://dx.doi.org/10.1103/PhysRevLett.111.136803
http://dx.doi.org/10.1103/PhysRevLett.111.136803
http://dx.doi.org/10.1103/PhysRevLett.111.136803
http://dx.doi.org/10.1103/PhysRevLett.111.136803
http://dx.doi.org/10.1103/PhysRevLett.93.017205
http://dx.doi.org/10.1103/PhysRevLett.93.017205
http://dx.doi.org/10.1103/PhysRevLett.93.017205
http://dx.doi.org/10.1103/PhysRevLett.93.017205
http://dx.doi.org/10.1103/PhysRevB.67.201308
http://dx.doi.org/10.1103/PhysRevB.67.201308
http://dx.doi.org/10.1103/PhysRevB.67.201308
http://dx.doi.org/10.1103/PhysRevB.67.201308
http://dx.doi.org/10.1103/PhysRevB.75.035332
http://dx.doi.org/10.1103/PhysRevB.75.035332
http://dx.doi.org/10.1103/PhysRevB.75.035332
http://dx.doi.org/10.1103/PhysRevB.75.035332
http://dx.doi.org/10.1103/PhysRevB.63.125327
http://dx.doi.org/10.1103/PhysRevB.63.125327
http://dx.doi.org/10.1103/PhysRevB.63.125327
http://dx.doi.org/10.1103/PhysRevB.63.125327
http://dx.doi.org/10.1103/PhysRevB.68.155323
http://dx.doi.org/10.1103/PhysRevB.68.155323
http://dx.doi.org/10.1103/PhysRevB.68.155323
http://dx.doi.org/10.1103/PhysRevB.68.155323
http://dx.doi.org/10.1103/PhysRevLett.90.026602
http://dx.doi.org/10.1103/PhysRevLett.90.026602
http://dx.doi.org/10.1103/PhysRevLett.90.026602
http://dx.doi.org/10.1103/PhysRevLett.90.026602
http://dx.doi.org/10.1063/1.1784878
http://dx.doi.org/10.1063/1.1784878
http://dx.doi.org/10.1063/1.1784878
http://dx.doi.org/10.1063/1.1784878
http://dx.doi.org/10.1103/PhysRevB.70.075204
http://dx.doi.org/10.1103/PhysRevB.70.075204
http://dx.doi.org/10.1103/PhysRevB.70.075204
http://dx.doi.org/10.1103/PhysRevB.70.075204
http://dx.doi.org/10.1103/PhysRevLett.94.186406
http://dx.doi.org/10.1103/PhysRevLett.94.186406
http://dx.doi.org/10.1103/PhysRevLett.94.186406
http://dx.doi.org/10.1103/PhysRevLett.94.186406
http://dx.doi.org/10.1103/PhysRevB.73.241305
http://dx.doi.org/10.1103/PhysRevB.73.241305
http://dx.doi.org/10.1103/PhysRevB.73.241305
http://dx.doi.org/10.1103/PhysRevB.73.241305
http://dx.doi.org/10.1103/PhysRevLett.101.186804
http://dx.doi.org/10.1103/PhysRevLett.101.186804
http://dx.doi.org/10.1103/PhysRevLett.101.186804
http://dx.doi.org/10.1103/PhysRevLett.101.186804
http://dx.doi.org/10.1088/0034-4885/72/9/096501
http://dx.doi.org/10.1088/0034-4885/72/9/096501
http://dx.doi.org/10.1088/0034-4885/72/9/096501
http://dx.doi.org/10.1088/0034-4885/72/9/096501
http://dx.doi.org/10.1103/PhysRevB.84.161305
http://dx.doi.org/10.1103/PhysRevB.84.161305
http://dx.doi.org/10.1103/PhysRevB.84.161305
http://dx.doi.org/10.1103/PhysRevB.84.161305
http://dx.doi.org/10.1103/PhysRevB.88.245130
http://dx.doi.org/10.1103/PhysRevB.88.245130
http://dx.doi.org/10.1103/PhysRevB.88.245130
http://dx.doi.org/10.1103/PhysRevB.88.245130
http://dx.doi.org/10.1103/PhysRevLett.110.046604
http://dx.doi.org/10.1103/PhysRevLett.110.046604
http://dx.doi.org/10.1103/PhysRevLett.110.046604
http://dx.doi.org/10.1103/PhysRevLett.110.046604
http://dx.doi.org/10.1038/nphys2844
http://dx.doi.org/10.1038/nphys2844
http://dx.doi.org/10.1038/nphys2844
http://dx.doi.org/10.1038/nphys2844
http://dx.doi.org/10.1088/0953-8984/26/43/435301
http://dx.doi.org/10.1088/0953-8984/26/43/435301
http://dx.doi.org/10.1088/0953-8984/26/43/435301
http://dx.doi.org/10.1088/0953-8984/26/43/435301
http://dx.doi.org/10.1103/PhysRevB.90.121406
http://dx.doi.org/10.1103/PhysRevB.90.121406
http://dx.doi.org/10.1103/PhysRevB.90.121406
http://dx.doi.org/10.1103/PhysRevB.90.121406
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1103/PhysRevLett.95.226801
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://dx.doi.org/10.1103/PhysRevLett.98.106803
http://dx.doi.org/10.1103/PhysRevB.79.195322
http://dx.doi.org/10.1103/PhysRevB.79.195322
http://dx.doi.org/10.1103/PhysRevB.79.195322
http://dx.doi.org/10.1103/PhysRevB.79.195322
http://dx.doi.org/10.1038/nature08916
http://dx.doi.org/10.1038/nature08916
http://dx.doi.org/10.1038/nature08916
http://dx.doi.org/10.1038/nature08916
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature06843
http://dx.doi.org/10.1038/nature08234
http://dx.doi.org/10.1038/nature08234
http://dx.doi.org/10.1038/nature08234
http://dx.doi.org/10.1038/nature08234
http://dx.doi.org/10.1103/PhysRevLett.104.016401
http://dx.doi.org/10.1103/PhysRevLett.104.016401
http://dx.doi.org/10.1103/PhysRevLett.104.016401
http://dx.doi.org/10.1103/PhysRevLett.104.016401
http://dx.doi.org/10.1103/PhysRevB.81.235411
http://dx.doi.org/10.1103/PhysRevB.81.235411
http://dx.doi.org/10.1103/PhysRevB.81.235411
http://dx.doi.org/10.1103/PhysRevB.81.235411
http://dx.doi.org/10.1103/PhysRevB.81.241414
http://dx.doi.org/10.1103/PhysRevB.81.241414
http://dx.doi.org/10.1103/PhysRevB.81.241414
http://dx.doi.org/10.1103/PhysRevB.81.241414
http://dx.doi.org/10.1103/PhysRevB.82.155142
http://dx.doi.org/10.1103/PhysRevB.82.155142
http://dx.doi.org/10.1103/PhysRevB.82.155142
http://dx.doi.org/10.1103/PhysRevB.82.155142
http://dx.doi.org/10.1103/PhysRevB.87.075430
http://dx.doi.org/10.1103/PhysRevB.87.075430
http://dx.doi.org/10.1103/PhysRevB.87.075430
http://dx.doi.org/10.1103/PhysRevB.87.075430
http://dx.doi.org/10.1088/0953-8984/25/28/286001
http://dx.doi.org/10.1088/0953-8984/25/28/286001
http://dx.doi.org/10.1088/0953-8984/25/28/286001
http://dx.doi.org/10.1088/0953-8984/25/28/286001
http://dx.doi.org/10.1103/PhysRevB.89.035125
http://dx.doi.org/10.1103/PhysRevB.89.035125
http://dx.doi.org/10.1103/PhysRevB.89.035125
http://dx.doi.org/10.1103/PhysRevB.89.035125
http://dx.doi.org/10.1021/nl203851g
http://dx.doi.org/10.1021/nl203851g
http://dx.doi.org/10.1021/nl203851g
http://dx.doi.org/10.1021/nl203851g
http://dx.doi.org/10.1103/PhysRevLett.106.206802
http://dx.doi.org/10.1103/PhysRevLett.106.206802
http://dx.doi.org/10.1103/PhysRevLett.106.206802
http://dx.doi.org/10.1103/PhysRevLett.106.206802
http://dx.doi.org/10.1103/PhysRevLett.103.196804
http://dx.doi.org/10.1103/PhysRevLett.103.196804
http://dx.doi.org/10.1103/PhysRevLett.103.196804
http://dx.doi.org/10.1103/PhysRevLett.103.196804
http://dx.doi.org/10.1103/PhysRevB.83.075424
http://dx.doi.org/10.1103/PhysRevB.83.075424
http://dx.doi.org/10.1103/PhysRevB.83.075424
http://dx.doi.org/10.1103/PhysRevB.83.075424
http://dx.doi.org/10.1103/PhysRevLett.101.246807
http://dx.doi.org/10.1103/PhysRevLett.101.246807
http://dx.doi.org/10.1103/PhysRevLett.101.246807
http://dx.doi.org/10.1103/PhysRevLett.101.246807
http://dx.doi.org/10.1103/PhysRevLett.66.3048
http://dx.doi.org/10.1103/PhysRevLett.66.3048
http://dx.doi.org/10.1103/PhysRevLett.66.3048
http://dx.doi.org/10.1103/PhysRevLett.66.3048
http://dx.doi.org/10.1088/0305-4608/11/11/020
http://dx.doi.org/10.1088/0305-4608/11/11/020
http://dx.doi.org/10.1088/0305-4608/11/11/020
http://dx.doi.org/10.1088/0305-4608/11/11/020
http://dx.doi.org/10.1103/PhysRev.149.491
http://dx.doi.org/10.1103/PhysRev.149.491
http://dx.doi.org/10.1103/PhysRev.149.491
http://dx.doi.org/10.1103/PhysRev.149.491
http://dx.doi.org/10.1143/JPSJ.74.95
http://dx.doi.org/10.1143/JPSJ.74.95
http://dx.doi.org/10.1143/JPSJ.74.95
http://dx.doi.org/10.1143/JPSJ.74.95
http://dx.doi.org/10.1103/PhysRevB.71.115312
http://dx.doi.org/10.1103/PhysRevB.71.115312
http://dx.doi.org/10.1103/PhysRevB.71.115312
http://dx.doi.org/10.1103/PhysRevB.71.115312
http://dx.doi.org/10.1209/epl/i2005-10126-y
http://dx.doi.org/10.1209/epl/i2005-10126-y
http://dx.doi.org/10.1209/epl/i2005-10126-y
http://dx.doi.org/10.1209/epl/i2005-10126-y
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512
http://dx.doi.org/10.1103/PhysRevLett.68.2512



