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We study the two-channel Kondo problem in the context of two interacting helical liquids coupled
to a spin-% magnetic impurity. We show that the interactions between the two helical liquids signif-
icantly affect the phase diagram and other observable properties. Using a multichannel Luttinger
liquid formalism, we analyze both the Toulouse limit, where an exact solution is available, and the
weak coupling limit, which can be studied via a perturbative renormalization group (RG) approach.
We recover the results for the ‘decoupled’ limit (interactions between the helical liquids switched
off) and point out deviations from the known results due to this coupling. The model under study
is mapped to a model of two effectively decoupled helical liquids coupled to an impurity. The per-
turbative RG study shows that each of these channels can flow to either a Ferromagnetic (FM) or
an Anti-Ferromagnetic (AFM) fixed point. We obtain the phase diagram of the coupled system as
a function of the system parameters. The observable consequences of the interaction between the
two channels are captured using linear response theory. We compute the negative correction to the
conductance due to the Kondo scattering processes and show how it scales with the temperature as

a function of inter-channel interaction.

I. INTRODUCTION

Topological systems have been at the center of research
in condensed matter physics due to their exotic prop-
erties, one of them being the existence of topologically
protected boundary modes [1-3]. In the case of two-
dimensional topological systems, these modes are robust
one-dimensional channels. The quantum spin Hall insu-
lators, for example, host helical channels at the edge of
the sample by virtue of time-reversal symmetry (TRS) of
the bulk Hamiltonian [4—6]. For the purpose of our study,
we specifically focus on one-dimensional helical channels
present in two-dimensional topological systems. We em-
phasize that the low energy regime of these systems is
spanned by the states representing helical channels of
one-dimensional nature.

A peculiarity of one dimension is that, in spite of the
presence of Coulomb interaction, the system remains ex-
actly solvable, under certain conditions. It is well under-
stood that the interacting physics of these edge modes
is described by the Luttinger liquid (LL) theory [7-9].
The applicability of the LL formalism can be attributed
to the linear dispersion of the edge states at low energies
and to the topological protection against various back-
scattering processes. However, such systems may not be
exactly solvable in the presence of impurities. Here, we
are interested to study the effect of a single magnetic
impurity on the one-dimensional helical channels formed
at the boundary of two-dimensional topological systems,
taking Coulomb interaction into account. The LL formed
by the helical channel in the presence of Coulomb inter-
action is termed helical liquid (HL).

It is well known that the Kondo effect describes the
interaction between conduction electrons and a localized
magnetic moment [10-15]. This phenomenon can also

be investigated when Coulomb interaction is present in
the conduction channel [16, 17]. So far, there have been
studies addressing the problem of a spin—% magnetic im-
purity coupled to a single helical liquid [18-21], as well
as to two helical liquids [22-25]. In particular, Posske
et al. [22] have studied the problem of two helical liquids
decoupled from each other and coupled to a magnetic im-
purity. They have considered the Toulouse limit, where
the model is exactly solvable, and have analyzed the be-

havior of the Kondo screening cloud.

Here, we study a model of two interacting helical lig-
uids coupled to a spin—% magnetic impurity, allowing for
forward scattering processes between the two helical lig-
uids which preserve the symmetries of the bare Hamil-
tonian. We show that the inclusion of all forward scat-
tering processes allowed by symmetry modifies the prop-
erties of the system and has observable consequences.
The model can be mapped to a model of two decoupled
channels interacting with the impurity. For a specific
set of parameters values (the so-called Toulouse point)
the mapping is essentially an Emery-Kivelson [26] map-
ping, which reduces the interacting system to an exactly
solvable two-channel resonant-level model [26-28]. Away
from the Toulouse point, the mapping still works, but
the model is no longer solvable. We then use perturba-
tive renormalization group techniques to study the effects
of the Kondo interaction. Perturbative RG techniques
have been very instrumental in the study of Kondo ef-
fects [7, 10, 11]. One can use this technique to study
the fixed points of the model, even though the model
is not exactly solvable. One can further look into how
these fixed points are modified as a function of system
parameters. We note that previously the effect of scalar
disorder has been studied in the context of a two channel
Luttinger liquid set-up [29, 30] using the multichannel
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FIG. 1. Schematic picture of the system under study. Two he-
lical liquids, labeled by the index j = 1, 2, propagate along the
translational invariant direction . The right-moving fermions
carry a spin up (1) index and the left-moving fermions a spin
down () index. The two helical liquids are in close proximity
to each other and are coupled to a Spin-% impurity, located
at x = 0.

Luttinger liquid (MLL) formalism. Our analysis extends
the study of impurities in a multichannel Luttinger liquid
set-up to magnetic impurities as well.

The plan for the rest of the paper is as follows. In
Sec. II, we introduce the model of two interacting he-
lical liquids coupled to a Spin—% impurity. We diago-
nalize the interaction terms (without the impurity) and,
by using unitary transformations, recast the coupling to
the Kondo impurity into a simpler form. In Sec. III,
we focus on the Toulouse point, where the model can
be reduced to an exactly solvable one, and compute the
impurity spectral function. In Sec. IV, we move away
from the exactly solvable point and use the perturba-
tive renormalization group (RG) method to obtain the
Kondo temperatures for both channels and to study the
fixed points as function of the system parameters. In
Sec. V, we present the explicit form of the correlation to
the conductance as a function of the temperature. Fi-
nally, in Sec. VI, we present our conclusions and provide
an outlook. Throughout this paper, we set A = 1.

II. MODEL

We consider a system of two interacting helical liquids
coupled to a magnetic impurity expressed by the model
Hamiltonian H = Hy1, + Hk, where Hy, describes the
bulk of the HLs and Hyk represents a magnetic impurity
coupled to the HLs. The bulk Hamiltonian takes the well-
known form Hyy, = Ho+ Hin, where Hy is the bare part
and H;,; accounts for the Coulomb interaction present in
the HLs. We begin by writing the bare part of the model
as [4, b, 7-9]

H() = —Z'ZSUj/daj\I/;’saz‘I]j,sa (1)
J»s

where W are the field operators for the j** channel, with
j € {1,2}, and v; are the Fermi velocities. We assume
that the right-moving modes, denoted by s = +, carry
spin up and the left-moving modes, denoted by s = —,
carry spin down.

Next, we write down the interacting part of the model
arising from the (screened) Coulomb interaction. We al-

low forward scattering processes between the two chan-
nels, which we write as

1 2
Hiny = /dfc {gff)(pfa +02) + 208 prrprr + 02 (03

2 12
+p31) + 295 )P2RP2L + 294(1 )

+ 29512)

(p1RP2R + P1LP2L)
(p1rp2L + P1LP2R) |, (2)

where p; ; = \I/;r.ys\lijs is the fermionic density operator.
Here gg, gi follow the standard g-ology convention with
gg denoting forward scattering processes involving den-
sity operators of movers in opposite directions and gg de-
noting processes with movers in the same direction. The
superscript ¢ = 1,2 denotes scattering within individ-
ual channels j = 1,2, whereas ( = 12 denotes scattering
involving both channels. We note that the bare Hamilto-
nian Hy is topologically protected and the terms included
in Eq. (2) are allowed by TRS. In addition, these inter-
acting liquids are coupled to a Spin—% impurity, with the
Kondo Hamiltonian given by

Hy = J. ;s (0)%,(0)0

+ 3 T (V0w (00 +he),  (3)

§=1,2

where J, ; and J ; are the Kondo couplings for the jth
channel, and 0%, o0& = o® £ io? are the spin—% operators
for the impurity located at x = 0.

To proceed further, we employ the bosonization tech-
nique [31-33]. Since an HL has the same number of de-
grees of freedom as a spinless LL [18], two bosonic fields
¢;,0; are sufficient to bosonize the Hamiltonian H. We
bosonize the fermion operator using the identity [31-33]

N} (Qﬁgj)fl/%fiﬁ(@rw]-)’ (4)

Js =
where ¢; is a microscopic cut-off length for channel j.
The Klein factors have been neglected since they always
appear in pairs in the quantities of interest we compute.
We note that p; s = ﬁaw(qu —s6;) and II; = 0,0;. By
combining the bosonized Hy and Hi,, we arrive at the
multichannel Luttinger liquid (MLL) Hamiltonian

Hrip, = Ho + Hing
1
- / de (0,87 My2,® + 0,07 My0,0),  (5)

where we have used the notation ® = (¢; ¢2)7, © =
(91 GQ)T and

(4) (4) (12) (12)
ij +g g +g
My = (vi + Z—2)d;5 + S———(1 = 6y;), (6)
- 0 _ () (12) _ (12)
M;] — (vi 4 94 - 92 )5” + 94 - 92 (1 _ 51’]’)- (7)



We can now diagonalize Hrp, using standard methods
(see, e.g., [34, 35]). We assume that HLL is diagonal in
O and @ fields, where ® = (¢1 ¢2)7, © = (6; 65)T and
1:Ij = 8I§j. These fields are related to the ® and O fields
via linear transformations ® = V¢<1:> and © = Vgé such

that ©T® = @T®. The explicit forms of Vy and Vj, are
found to be

V, = UID,*u" D, ®)
T 37Ty
Vy = UTDIUTD 1, (9)

where U, is a matrix that diagonalizes M, of Eq. (6),
Dy is a diagonal matrix with the eigenvalues of My as its
diagonal entries. The orthogonal matrix ¢/ and the diag-
onial matrix D are obtained from the prolduct of matrlices
D; U¢M9U$Dd§) by diagonalizing as D} U¢M9U$D§ =
UTDU. This procedure enables us to write the two-
channel Luttinger liquid Hamiltonian Hyy, = Hg + Hing
as

HLLquJ/da: ao

7j=1,2

+(0:0,?]. (10)

where the renormalized velocities u; are the diagonal en-

tries of D2. The Kondo Hamiltonian, in terms of the
new fields, takes the form

+JL,j (62'2\/F[V¢{1<1~51((J)-O—V'QZQGZQ(0)]0-"-_’_h.c.):|7 (11)

= > LVl (12)

k=1,2

At this point, we make a short digression to understand
the decoupled limit from the calculations done so far. We
notice that if we neglect the inter-channel interactions,

géf ) =0, then Mg ¢ are diagonal. Hence V4 and Vp are

also diagonal and given by quj = /K;d;; and V(;j =

(5ij/\/Kj, where

(J) (J)
K; \/1+ 92 /\/1+

is the usual Luttinger liquid parameter for channel j.
Therefore, ¢j = QSJ/\/ij, = \/711], u; = v;/Kj,
and Jm = Jm/\/f?], and we recover the Hamiltonian
considered in [22, 24].

The Hamiltonian (10) describes two effectively decou-
pled HLs obtained by the diagonalization procedure when

(12) # 0. The new decoupled fields gbj have been used
to rewrlte the Kondo Hamiltonian. We observe from

Eq. (11) that both fields #1 and ¢o appear in each of
the exponential terms of Hi. This is a manifestation of
the finite inter-channel scattering processes géf ). Hence,
even if Hyy, can be cast into a diagonal form, the Kondo
Hamiltonian still couples the two fields. We proceed fur-
ther to reduce the full Hamiltonian H to a Hamiltonian
describing two decoupled interacting channels coupled to
a single Kondo impurity, by devising a unitary transfor-
mation Uy = e2VT(M1(0)+2202(0)0% and choosing A; o

appropriately to arrive at H=U4HU dT given by

=2 [u da 112 + (9,6;)
j=1,2 / ! j|
—L\];;»Tjﬁj(o)UZﬂL

Jij (eizﬁnj$1(0)0+ +h.c.> )
2mé;

(13)
where

Kj = Vdfj — ng and J.;=J.;— QWUngj. (14)
Here, j = 2,1 for j = 1,2. We refer to App. A for the
details of the derivation. We use this Hamiltonian in
Sec. IV to derive the RG flow of the Kondo couplings.
Alternatively, we can use the unitary transformation

to cancel the J, j-terms. This is accomplished by setting
N = -

27ru ’

=3 [“J/dxnﬂxqs])}

j=1,2

as shown in App. A. We then arrive at

+JJ-’j (6i2ﬁ2kﬁjk$k(0)0++h,c,) ’ (15)
271'5]'

where we have defined

Jz,k

ik
ki = VI% — .
gk ¢ 27ruk

(16)

This Hamiltonian is the starting point for the calculation
of observables. In the next section, we study a particular
limit in which H = Hy1, + Hk is exactly solvable, and in
Sec. IV we use the perturbative RG approach to study
the weak coupling limit beyond the solvable point.
Before moving on, we briefly comment on the nonlinear
terms that have been omitted in the interacting Hamil-
tonian. In general, the inclusion of interaction-induced
backscattering operators can open a gap and render the
gapless Luttinger liquid physics invalid. However, a heli-
cal liquid is topologically protected against intra-channel
backscattering terms. We consider here a regime in which
also the inter-channel backscattering terms are negligi-
ble [9]. Furthermore, we assume that the system is away
from half-filling and neglect all Umklapp processes [9], as
further discussed in App. B. In the same appendix, we
also show that the Kondo spin-flip scattering involving
two different channels becomes irrelevant under certain



conditions imposed on the system parameters. We only
take into account the Kondo spin-flip scatterings within
the same channel, assuming that the aforementioned ir-
relevance is satisfied.

III. EXACTLY SOLVABLE POINT

In this section, we show that for special values of
the system parameters the model admits an exact solu-
tion [26, 38]. In fact, for the Hamiltonian (15), there are
two possible sets of conditions under which the mapping
can be achieved. The first set of conditions is
9 1

"5%2 = Ra1 = 5- (17)

K11 = Kkog = 0, B

The first condition ensures that the two channels de-
couple, i.e., only one field appears in each exponential
operator in the Kondo interaction. The second ensures
that the Kondo interaction has the scaling dimension of
a fermionic field. Using Eq. (16), this set of conditions
can be written in terms of V;, and jz,j as

sz = 27T’IL1V¢11, jz72 = 27TU2V22, (18)
1
(V! = V32 = (V52 = Vy?)? = 5. (19)

These conditions can only be satisfied when Vj is a non-
diagonal matrix. When these conditions hold, the two-
channel Kondo problem can be mapped to a resonant-
level problem [26-28]. We can find out the solution in
terms of the system parameters, using the definition of
V.

Note that the alternative choice

1
K12 = R91 = 07 I{%l = KSQ = 5 (20)

becomes

Jop=2mu V3, T =2musVy?, (21)
(Vi =V = (V2 = Vj2)? = % (22)
We see that Eq. (22) is precisely the same as Eq. (19).
Both choices lead to the reduction of Eq. (15) to a
resonant-level model with two non-interacting channels
coupled to a single magnetic impurity. Since the exact
solution depends on relationships between different pa-
rameters of the model, it is clear that as the parameter
values change, it is only for certain values that we will get
an exact solution. In Fig. 2 we plot the two conditions
(VI — V22— L=Vl = 0and (V2 - V22— L=
V2, =0 as a function of two parameters at a time (the
other parameters have been fixed at the values given in
Table I). Then, the intersections of the curves V!, = 0
and VSQOZ = 0 give the points where an exact solution is

possible. As discussed in the previous section, one has to

4

choose the parameters in a way such that Eq. (15) is suf-
ficient to describe all possible scattering processes. Fol-
lowing the analysis done in App. B, we make the choice
of the parameters in a way such that

PSS DUV RCY
j=1,2 ]

j=1,2

(a)

va /1

0.1 02 03 04 05 0.6
(12)
9a /Ul

FIG. 2. Two lines given by Vi, = 0 and V2, = 0 are plotted
as a function of system parameters. The intersection of these
two lines denotes an exactly solvable point, where the model
can be transformed into a model of two non-interacting chan-
nels coupled to a single impurity. These intersections are de-
noted by separate symbols A; and B;. Changing the system
parameters shifts the exact solution. In (a) we have varied

géw) and gim). The origin corresponds to the decoupled limit

of the problem. In (b), vy and g{'® are varied. All the pa-
rameters are scaled by vi. The other parameters which are
required to generate this plot are listed in Table. I.



va/v1 |8 1|9 fvr | g8V fur | 6§ Jur |95 fon g5 fn
A1l 1.5 | 207 | 247 | 227 | 2.5 .. ..

Az| 0.5 | 1.257 | 1.4xw 1.4m 1.57
Azl 0.4 1.27 1.47 1.6m 1.57 ...
Bi| ... | 1.457 |1.4757| 1.6m 1.6 0.35
Ba| ... | 1457 |1.4757| 1.5w | 1.5w 0.5
Bs| ... | 1.457 | 1.657 | 1.6m | 1.757 | 0.75

TABLE I. Values of the system parameters used in Fig. 2.
The blank boxes with dots stand for the parameters which
are varied in the plots.

The choice of the parameters for the mapping to the
resonant level model has been made in a way such that
the vertex operator, ¢2V™ 2k %ix¢x(0) can be refermion-
ized using the same bosonization identity that we used
earlier so that the model reduces to that of free fermions.
We can write the non-chiral boson fields used for describ-
ing the HL as ¢; = (¢, + ¢;,r) and 0; = (¢,.L. — ¢ r)
where R and L denote the right and left movers. In or-
der to cast the Hamiltonian as an exactly solvable non-
interacting fermion model, we first focus on the Luttinger
liquid defined on the positive and negative x-axis, sepa-
rately. The system on the right and left half-lines is “un-
folded” [26, 31, 39] so that the Hamiltonian is presented
in a chiral form. We follow the convention of writing
¢j r(z) and ¢; 1 () fields defined on the positive z-axis
in terms of (ZEJER(;L‘) and (;ijR(—x) fields defined on the full
x-axis. This is done as follows: é;R(x) = ¢;.r(r) and
~§’R(—x) = ¢;.1.(2). One can obtain two chiral liquids in
the bulk of the channel using these identities. Then, one
must identify the chiral boson fields to be equal at z =0
Le. ¢5 1 (0) = @5 r(0). We notice that the Kondo scatter-
ing term is defined only at z = 0. We choose one chiral
field out of ¢¢ (0) and ¢5 ; (0), to write the vertex oper-
ator of the Kondo interaction term. After doing so, the
Hamiltonian can again be written on the full line in terms
of chiral fields only. However, depending on the choice of
the chiral field used to write down the vertex operator in
the Kondo scattering term, one chiral field remains de-
coupled from the impurity and can be discarded from the
resonant level model. In what follows, we use the right-
moving bosonic field to write down the exact solution.
The bosonization identity ¥, = (21&;)~/2e!?V™.x can
be used to write the model in terms of fermions. In this
limit, Eq. (15) can be expressed in terms of chiral spinless
fermions W;(z) [19] as

Hr = Z [—iuj /dx@j(m)@m\llj(x) +eqd'd
J

+£ (dT\I/j(O) + \I/;f(o)d)] , (24)

\/277'5]'

where the impurity spin residing at £ = 0 has been mod-
eled by a discrete level, such that o, = dfd — 1/2. The

operator df creates a spinless fermion in the discrete level
and €4 is the chemical potential at the site of the dis-
crete level. We refer to App. C for the details of the
exact solution. At the exactly solvable point, one can
self-consistently compute the energy spectrum and the
impurity spectral function [40]. In our case, the spectral
function turns out to be a Lorentzian with a level width
r=>% i 4;{22 -. We see that the two contributions com-
57 %

ing from the two independent channels add up directly.

In the decoupled limit (which can be obtained by

switching off the interchannel forward scattering pro-
cesses géf)), our result matches with one of the ex-
actly solvable points derived in [22]. In this limit, My g
are diagonal and K; = w5 = (V(Zj )2. We have chosen

Kj = 1/v/2 and as a result K+ K, = 1. We note that our
exact solution does not require the channels to have equal
velocities. In fact, due to the presence of off-diagonal
terms in My g, the renormalized velocities of the diago-
nalized Hamiltonian are not equal in our case. At the
exactly solvable point choosing K; = 1 leads to an effec-
tively non-interacting fermionic model coupled to mag-
netic impurity, if inter-channel processes are switched off.
This particular limit is not of our interest. However we
note, this would lead to another exactly solvable limit
derived in [22].

IV. BEYOND THE EXACTLY SOLVABLE
LIMIT

In this section, we use the perturbative renormaliza-
tion group technique to analyze the flow of the Kondo
couplings [41, 42]. By using the effectively decoupled
Hamiltonian in Eq. (13), we find that for each channel j
the RG equations (up to second order in the couplings)
are given by

dJ.

3 72
vl @)
dJy J
TJ = (1—/{?)JL7j+Vj/fjJ;,jJLj7 (26)

where v; = ﬁ [? ]. We emphasize that the MLL for-
malism is instrumental in mapping the results to a form
similar to the known one-channel counterpart [7, 18, 41].
The details of the derivation are provided in the App. D.

The equations (25) and (26) can be put in a more com-

pact form by defining v;J, ; = Vj/ijJ;J» +1- Ii? as

dl = th:?‘]i,]W (27)
dJ, .
dl ] — l/szJ‘Jl’j. (28)

The trajectories of the flow equations are given by
(n?JL’j)z —(J.,j)* = ¢, where c is a constant. It is known
that a single channel either flows to an anti-ferromagnetic
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FIG. 3. Schematic representation of the RG flow in Egs. (27)
and (28). In panel (a) and (b) we show two sets of flow tra-
jectories pertaining to the two different channels. The symbol
O denotes the point (J1 j,J. ;) = (0,0). The position of the
starting point of the trajectory relative to C; (rather than to
O) determines whether the system flows to a FM or an AFM
fixed point.

(AFM) or a ferromagnetic (FM) fixed point (FP) [10, 18].
Earlier works have shown how the RG flow in such a sys-
tem depends on the Luttinger parameter [7, 18]. In our
case, each of the effectively decoupled channels behaves
like a single Luttinger liquid wire and can flow to either
FM- or AFM-FP separately. However, the inclusion of
inter-channel interactions in Eq. (2) modifies the range
of parameters of the system for which the couplings flow
either to the FM or the AFM fixed point.

We plot a schematic flow diagram pertaining to the
above RG equations in Fig. 3. If the Kondo couplings of
channel j of Eq. (13) flow to infinity, then the impurity is
strongly coupled to channel j. On the other hand, if J ;
renormalizes to zero, then the impurity is weakly coupled
with channel j. The transition point C; separates the .J] ;
axis into two portions having opposite flows. To study
different FPs, we choose J| ; = 0 of Fig. 3 as the initial
condition. On this line, whether the system flows to FM
or AFM fixed point is decided by the position of Cj;.

In Fig. 3, the position of the transition point C; on j;’j
axis depends on the solution of v;x; j;J +1- Iﬂ?? =0. We
know from Eq. (14) that x; = Vq{j - V(Zj. Hence, we
see that inter-channel interactions shift the position of

(a) 025

93%/01

g91% /01

(b)

0.78

0.76

0.74

02/1)1

0.72

0.70

AF
0.68 AA

0.66

0.00 0.04 0.08 0.12
12
gi-/v1

FIG. 4. The above diagrams show the different FPs to which
the two channels flow, as a function of the system parameters.
We refer to these diagrams of the parameter space as phase
diagrams. Each of the effectively decoupled channels can flow
to either the A or the F fixed point, starting from J, ; =0,
(see the discussion in the main text). In panel (a) we set
va/v1 = 0.75, gél)/vl = 0.65m, ¢\ Jv1 = 0.7n, gfll)/vl =
1.2757, gf)/vl = 1.5m. In panel (b) we set gél)/vl = 0.5,
gf)/vl = 0.6m, gil)/vl = 1.27, gf)/vl = 14m, gém)/ful =
0.175.

the transition point on j;] axis. As long as k; # 1 the

transition point does not lie at JZ’ ; = 0 which we denote
by O.

Next, we look into the RG flow of each of the effectively
decoupled channels of Eq. (13). It is easy to identify, from
Fig. 3(b), that for ky > k5 " there is a region on the posi-
tive .J . o axis between Cy and O, where even if the Kondo
coupling is positive i.e. AFM like, the system flows to an
FM fixed point. We denote these fixed points by F. By
the same token, a channel can flow to an AFM FP de-
spite being expected to flow to an FM FP. Such FPs are
denoted by A. For example in Fig. 3(a), the transition



point C1 lies to the left of O and FPs of type A are ob-
tained for the choice k; < /<a1_1. We can combine these
FPs of both channels and name them ‘P;P;.’, where P;
denotes the FP of channel j and can be either A or, F.
Once we have identified the fixed points we can study
their dependence on different parameters, as shown in
Fig. 4. The phase diagrams in Fig. 4 are representations
of the parameter space of the Hamiltonian, where differ-
ent fixed points are reached in different segments of the
parameter space. These parameters have to be chosen
in a way such that conditions written down in Eq. (23)
are satisfied. We note that a similar analysis can also be
done for different choices of J ;, as an initial condition.

The characteristic feature of an FM FP is the renor-
malization of J, ; to zero. We note that the spin-flip
scattering processes are governed by this coupling and as
a result, in an FM FP no strongly coupled bound state
formation takes place between the conduction electron
and the impurity spin. Another way to understand this
is that, if J, ; flows to zero then the conduction electrons
of channel j do not take part in spin-flip Kondo scatter-
ing processes. However, if J ; flows to infinity, then the
electrons of the effectively decoupled channel (j) partic-
ipate in spin-flip scattering processes leading to the for-
mation of a bound state between the electron of channel
4 and the impurity spin. This is a feature of AFM FP.
Thus, in either AF or FA phase, there is only one channel
that contributes to bound state formation. This bound
state is a spin singlet and in these two phases, the impu-
rity is screened. In the FF phase, none of the channels
are strongly coupled with the impurity and hence there
is no screening. In the AA phase, both channels try to
couple anti-ferromagnetically and as a consequence over-
screening of the impurity can take place. One should
keep in mind that the phenomenon of overscreening is
extremely sensitive to the anisotropy of the Kondo cou-
pling and is only expected to be observed for isotropic
coupling [12]. For an anisotropic case, the channel with
the larger value of Kondo coupling would win over the
other channel and form a singlet.

From Egs. (25) and (26), we can calculate the Kondo
|

0G = £1T2(K§1+H§2)—2 +£2T2(H§1+H§2)—2 +£3T2(H11N12+H22N21)—27
=5 () () ()
T \ong A A 7/ T(2(k3 + K2,

. 77672 Tia)2 o 263, 2 2K3, (1)27@(,{%14_%%2
2T\ 2ng A A 7/ T(2(k3 + K2,

e JiaJia (%)2“11'“2) (
L3=—— =ikl

where

_5 (271')25152 X

The result takes a form similar to the known case of one

temperature for the two channels. We define o/ =
\/(j;,j’0)2/(JL7j70)2 — 1, where j;,j.,o’ J1 0 are the bare
values of the J/ ., J 1,j couplings. With A being the band-
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width of the original system, the Kondo temperature T}

for channel j is given by

) inh™ (.
T = Aesp - M),
OéjVjJJ_’j’()

(29)

We note that T }( is the characteristic energy scale of the
Kondo effect pertaining to each of these channels.

V. OBSERVABLE CONSEQUENCE

The Kondo effect gives rise to a negative correction,
0G(w), to the conductance of the HLs, originating from
spin-flip scattering processes mediated by the magnetic
impurity. This correction vanishes for HLs as temper-
ature T — 0 and also in the DC limit when frequency
w — 0 [18, 19]. However, the signature of Kondo scat-
tering can still be captured by computing the correction
at non-zero T" and w. In order to study the scaling of the
correction to the conductance, one can compute 0G(w)
by incorporating a difference of chemical potential be-
tween the right and left movers, respectively. This is
equivalent to computing 0G(w) from the spin-flip cur-
rent obtained by introducing an effective magnetic field
which creates an energy difference between the spin up
and the spin down components of the impurity [19, 21].
We assume weak backscattering by the impurity such
that §G(w) < €? where e is the electron charge.

Following [19], we attach Hy, = —eVo* to the Hamil-
tonian of Eq. (15) and compute transport properties in
response to the spin-flip current using Hy. One can use
the Kubo formula [19, 21, 40] to compute this correction.
The details of the calculation, including the general form
of the correction, are given in App. E. One can write
down the exact expressions for the conductance correc-
tion in the limit Jij < w K T. The temperature scaling
of 0G is given by

(30)
)2
)’ (31)
)2
a3 (32)
2K22k21 1\ 2 mT(k11K12 + n22m21)2
) (E) D(2(k11k12 + K2zka1)) »

(

HL coupled to a Kondo impurity [18, 19]. We notice that,



at the exactly solvable point, the integral from which L3
is obtained, goes to zero, as discussed in App. E and
one is left with £; and L. The assumed limit for the
above expression is important, as we see that at high
temperature (i.e. T > w > Jij) the Kondo scattering
gives rise to a negative correction, implying deviation
from standard scaling of the conductance in HLs in the
absence of Kondo impurity. We also see that in this limit
the correction is independent of w.

VI. CONCLUSION

In this paper, we have presented a general framework
for studying two interacting helical liquids coupled to a
Kondo impurity, including both intra-channel as well as
inter-channel interactions.

We have derived the conditions under which an exact
solution of the model can be obtained with the addi-
tional restriction of x; = 1/\/5, where k; is defined in
Eq. (14). This solvable point has been calculated us-
ing an Emery-Kivelson type of transformation. We have
included inter-channel forward scattering processes yield-
ing exact solutions to the problem examined beyond the
scenarios captured by Refs. [22, 26, 38]. In Sec. III we
have shown how the exact solutions of the decoupled limit
(obtained by switching off gi%) can be derived from our
calculation. At the solvable point, we have calculated the
spectral function. We have shown that the level width is
the sum of contributions coming from each channel. The
spectral function has experimental significance in many
systems; for example, quantum dots show the Kondo ef-
fect where the hallmark of Kondo physics is the differ-
ential conductance which is proportional to the spectral
function [43-46].

We have studied the model away from the exactly solv-
able point, by mapping it to a pair of effectively decou-
pled HLs interacting with a single magnetic impurity,

J

as derived in Eq. (13). By using a perturbative RG ap-
proach, we have shown that these two renormalized chan-
nels can separately flow to either the FM or the AFM
fixed point. Here, the AFM fixed point indicates the for-
mation of a bound state between the conduction electron
and impurity spin, whereas the FM fixed point means
the absence of the same, although a finite residual cou-
pling can be present in the FM case. In Fig. 3 we show
a schematic flow diagram pertaining to the RG equa-
tions derived in Sec. IV. The phase diagrams obtained
from our RG analysis are shown in Fig. 4. As noted ear-
lier, these phase diagrams represent the parameter space
of the Hamiltonian where the effectively decoupled HLs
reach different FPs in different segments of the diagram.
In Sec. IV, we also have discussed the nature of the impu-
rity screening at different fixed points. In the FF phase,
there is no singlet formation due to the absence of screen-
ing. In the FA and AF phases, the impurity is screened
and in the AA phase, the impurity is either screened
or overscreened depending on anisotropy in Kondo cou-
plings. In Sec. V, we have presented a study of the linear
response of the system in the weak coupling limit. We
have shown that the Kondo effect gives rise to a negative
correction to the conductance of the HLs. The temper-
ature scaling of this correction as a function of system
parameters has been shown explicitly.
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Appendix A: Unitary transformations

Under the action of the unitary transformation

U = e2VTad1(0)+222(0)0"

the Luttinger liquid Hamiltonian Hyp, transforms as

Hyy, — Hyp, = UH Ut = Z
j=1.2

while the Kondo Hamiltonian Hgk transforms as

Hyx — Hx = UHKUT = Z

j=1,2

7 .. J
— 22T (0)0® 4 S
[ \/7? J 27T£j

(A1)
[;/dx (112 + (0.6, —2\/77Ajujnj(0)o—ﬂ, (A2)



(We have omitted an unimportant constant.) We then arrive at a decoupled-channel Hamiltonian with either of the
two following choices:

A=V or N =V (A4)

(We use the notation j = 2,1 for j = 1,2). We select the second option, and collecting Hyp, and ﬁK, we arrive at the
Hamiltonian

77
T uj 2 132 S 7 2 JLi ([ iovmR;d(0) +
A=Y [2/@: [Hj + (826;) } - A0 + 5 (e VAR 65(0) +h.c.) : (A5)
Jj=1,2
where we have defined
jé_’j = jz,j — 27T'Lijgj, Iij = V{gj — ng (AG)
We use this Hamiltonian for the calculation of the RG flow of the Kondo couplings in Sec. IV and App. D.
Alternatively, in the unitary transformation (A1) we can set A\; = — Q‘I;HJJ and we obtain
7o uj ) 72 J1 i2¢/7 S, ik bk (0) _+
e [ [ arli o ] g (o200t ne)]. o

where we have defined
jz,k
omuy,

Kjp = VI - (A8)

We employ this form of the Hamiltonian in the discussion of the solvable point in Sec. III and for the perturbative
calculation of the correction to the conductance in Sec. V.

Appendix B: Interaction Hamiltonian

In this appendix we establish the conditions under which it is justified to retain only the interaction terms included
in Eq. (2). Following [9], the interaction Hamiltonian for a two-channel HL in general comprises terms that lead to
nonlinearities in the bosonized theory. These terms include the Umklapp scattering processes

\II;LT(x)\II}LT(m +a)¥; (z +a)W; (x)e 7T L he, j=1,2 (B1)

We omit these processes on account of the fact that we consider the generic incommensurate situation, i.e., 4kp
different from a reciprocal lattice vector.
Next, let us consider Kondo scatterings between different channels. They are described by the following operators:

U] Wo — W] Wy o VRV V0 sin(Vr(V) - VI + (V2 - V)de)), (B2)
vy~ VTV =V 01+ (Vg2 = Vi) 02) o —in/T (V3 + VI d1+(Va 2+ V) 62) (B3)

Calculating their scaling dimensions, we find that these terms are irrelevant (and can thus be omitted) if the following
two conditions hold:

i > (VGU —V92j>2+% > (V(;j:FV;j)2 > 1. (B4)

=12 =12

Appendix C: Two-channel resonant-level model

In this section, we briefly discuss the solution of Eq. (24). We Fourier transform the Hamiltonian in this equation
to cast it into a resonant-level model consisting of two non-interacting channels coupled to a discrete level modeled
by d operators. The Hamiltonian becomes

Hy = Z e;w-c;jck,j +eqdtd + th |:CL7jd + ck’de . (C1)
k.j k,J
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Here, t; = \/% and €;; = ujk. We look for new fermionic operators fi = ijMi kczj + L,d' such that
T84 ) ) )
Hr =Y E,f}f, + const. We then have [Hr, fi] = E, f}, and from Eq. (C1)
(e, 1] = ;[MJ wehgCh A M d 4t Dach ]+ eaLnd. (©2)
J
We have used [ab, ¢] = a{b,c} — {a, c}b. Hence

Enfl =Y M) pex el + ;M) dl +t;Lncl ] + ealnd’,
k.j

E, [ZM%,CCL + LndT] = Z[Mi}keku»c;j + thnCL,j] + [Z tjMfl"de + edLndT]. (G3)
k,j k,j k,j
If we introduce a resonant level coupled to a two independent channel set-up, then
En M =M €+ t;Ln,
Lo=3t; 3" MJ, + can. (C4)
j k

One would get
2
“LUXE e, St (C5)

The above equation can be graphically solved for finite system [40]. We use the following relation [40] to evaluate the
sum over k

For e; =0

7T2» e
E, = Z i cot(Enl ). (C7)

One can solve the above equation numerically to obtain the energy E,,. We can further derive the spectral function
from the impurity Green’s function. We note that in path integral formalism

o= [~ [ i
B —
Sy = / dr {d(aT 4 ed)d], ©s)
0
/B —
Sc = Z/ dT|:Z Ek,j(a'r + Gk’j)chj + Z(tjék,jd + Ck,jd):| .
J 0 k k
From the above expressions we can write

/Dd ﬁdr T+ed)di| /D[c ] fﬁ dr[zk ak‘l(aTﬂk,l)ck‘l+Zk(taak,1d+ck,1¢i)}

(C9)
- Oﬁ dr [Ek Ek,2(8r+€k,2)0k,2+zk(taék,2d+0k,zg):|
Diese .

One can integrate out cj ;’s to obtain

ZN/Ddexp{—/ drd(0, +6d_284tr26,”)d] (C10)
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Here we are showing the relevant term which depends on d operators. We next perform Fourier transformation
d(t) = B~1/2 Yo dne” "7, where wy, is nt" Matsubara frequency and f3 is inverse temperature. This enables us to
replace 0; by —iw

t2
/Ddexp — Y dn(—iwy + €a — Z m)dn] (C11)

’LOJ,L
Hence the impurity green’s function can be written as

1
iwy, — €4+ 10sgn(wy)’

Galiw,) = (C12)

and the spectral function, defined as —1Im(Gg), becomes a Lorentzian with width

2
r:er:Zwiﬂj. (C13)
J J

Appendix D: RG analysis

For completeness, in this appendix we provide the derivation of the flow equations for the Kondo couplings in the
model (13) using the perturbative RG approach. (See, e.g., [41]). The (euclidean) action for the Kondo problem
corresponding to the Hamiltonian (13) is S = Sy + Sk, where

= /—| wllps (@), (1)

J=1,2

E z,J L.J 2R+ 12¢/TKRjp;
SKf /dTlfjaT pjo j(e o' +e g )‘| (D2)

Jj=1,2

Here we use the notation ¢;(7) = (;NSJ- (0,7), and 7 denotes imaginary time. Following [41] Sy is obtained by integrating
out ¢;(x # 0,7). The action S contains a large frequency cutoff A, i.e., w| < A in all frequency integrations, where
we identify A = g—]

J

The RG approach proceeds as follows [41, 42]. We introduce a rescaled cutoff A’ = A/b, where b = ¢! > 1is a
scaling factor, with ¢ < 1. We separate the field into slow and fast components, ¢; = <,0j< + <pj>, where the first
contains only frequency components smaller than A’, and the latter contains frequency components between A’ and
A. We perform the same separation on ¢ as we do for the ¢; fields. We are using time-ordered bosonic correlation,
hence for consistency of the calculation one has to use the time-ordered product of impurity spin as well. This is
given by T[oZ(1)oZ ()] = L +oZsgn (1 —7') [41]. We then integrate over the fast component and obtain an effective
action for the slow component, which has the same form as the original action, but with renormalized coefficients,
from which we can read the RG equations.

After integrating out the fast modes, the effective action for the slow modes up to second order in the Kondo
couplings takes the following expression:

Senle<] = Sol™] + (Sklel)> — 5 ((SELel)> — (k). (D3)

where (...)s denotes the integration over the fast modes, i.e., using the action Sy[¢~]. Let us begin with the
calculation of the first-order correction. Here, we have used (9;¢;)> = (“)Tgof and ((gaj>)2>> = 5-logb. We now need
to restore the cutoff to its original value A, which can be accomplished by rescaling the time 7 — b7 and redefining
the field @3 (1) — ¢ (b7) = @(7). Then we get

It i} . _
(Sklol)> = Z/dT [ ’ja @ 0%+ 7L72]7r§' ’ ((312\/;“7‘“‘710'Jr —|—612ﬁ“j“"10)] . (D4)
J

This results implies that jéj is not renormalized at first order, while for J; ; we find

dJy

v :(1_K?)JJ_J'.
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At the second order we find

—iJ! T /. .
<512([<,0]>> _ Z dr dT’< [Iz,J1 87—90]’1 (r)o* + L1 (ezQ\/?mjﬁ@jl (Mgt + e—z2ﬁr€j1<ﬂj1(‘r)g—)‘| x

Ji.d2 T 2mi,
j _rizg i, (7)o + LLJZ ((3142\/;’”2“”2(Tl)JJr + e‘igﬁ”12“’j2(7/)0_) > . (D5)
fujz o 2775]'2 >
We calculate only the quantity of interest:
) TR (T 28 128\/TTK T
(Va0 (51)) = =2V G2 i0s0 05,0007 (7103 (1) (D6)

747’

Next, we make the change of variables t = 7 — 7/ and T = , and Taylor-expand the fields around ¢ = 0, so that
they are only functions of the center of mass coordinate T'. The t-integral is performed using a cut-off 1/A. Collecting
together the dominant terms, we obtain

—iJ! J
U ’jaTQOJ( Jo® +

(Sic) = / ar o

; oA - - . _
) <1 + (,{? _ UA) (612ﬁﬁj¢j(T)g+ + 622ﬁﬁj¢j(T)a>‘| ’

1 2 sz i24/Th P —q o< —
J— 3 1 el VTR Pj (T) 5+ 12\5”]@;‘ (T)
B ((Sk)> — Ez / 27260, ogb o +e o
- JJ-,J < 1
E e 4/7r3io” | dTOry; (T)Fdl' (D7)
Jj=1

We then arrive at the effective action with rescaled couplings

i (1 T (D) /. _ ‘ .
Set[@] = So[@] + /dT \/;;OaT(pj(T)Jz + ;;5() (ez2ﬁww(T)U+ + 6—12\/&;%@)0—)] . (DS)
J J
where the couplings satisfy the following RG equations:
dJ! . K3
A= ) (D9)
J
dJy Ki =
djj = (L= w1+ LTl (D10)
j
In terms of the unshifted couplings jz,j, we find
djz . KZS
7’1 = 7rTij(Jl,j)Q, (D11)
dJi ;

- Kj =
1l = (1 — /Q? — 2/€de{j)JJ_7j + %Jz)jjj_’j,

)

= (1— (V)2 — (V) I + J 2L (D12)

The first term in the last line can be easily understood: it is the scaling dimension of the J, operator in Eq. (11),
after the diagonalization of the bulk Hamiltonian, but before any unitary transformation. In the limit of decoupled
channels,

V) =Ky V) =0y/VE, Tl = 1/VE k= VK,

and we find
szj KJ2 2
J_ T D13
dl 7T’U,j( J—7J) ? ( )
dJ ; 1
J (1 K. . ) - D14
dl ( J)JLJ + mu; Jz,JJLJ ( )



13

The equations differ from those in [18], which read

dJ, ; 1 9
— = —(J D15
dl 7ruj( J-J) ) ( )
dJy; 1
a (1 - KJ)JLJ + mu; Jz,JJLJ- (D16)

This can be understood as being due to the fact that the equations in [18] are only meant to be valid for weak e-e
interactions, i.e., K; =~ 1 (see comment in [41]).

We notice that the equation for J, ; can be easily obtained by using the Hamiltonian (15). Indeed, in this case we
just need the scaling dimension of the J, operator:

dJ
L’J = (1 —ank JLj. (D17)

We observe that

2 ~ 2
. J! -~
2 ko _ yik _ T2k ykk D18
275 Z( 2) Z<¢ w0 ) o

k

~ (vii _vii)* _ ij_vijQQZ,g_ T D19
(i -vd) - (v =) (©19)

U, I oyt

In the last line we used the definition of J ; j in Eq. (14) and we omitted terms of order J?. Inserting this expression
in Eq. (D17) we recover Eq. (D10).

Appendix E: Conductance for weak coupling

In this section we give some details of the calculation of the correction to the conductance at finite temperature
and frequency. We start with the Hamiltonian H in Eq. (15), which we rewrite here for convenience:

7 U 2 332] 4 T (Li2vE Y, kidi(0) o+
H=3" [2/dx (112 + (0252 + o3 (e et Ot 4 e | (E1)
7j=1,2
The spin flip current is given by 61 = —ed;o* [19]. In our case this expression turns out to be
= J1 eI2VT T, Bk 12V 3 Kk Pk
(5]—26_2 Wﬁj[ k e k1 a}. (E2)

1,2

The correction to the conductance 0G(w) can be computed using the Kubo formula [21, 40], which amounts to
calculating the current-current correlator from Eq. (E2) [19, 21]. For these calculations one needs to use the finite
temperature bosonic correlators defined as [31, 32]

(T [3,7) = 5,0 ) = o log [(fjg‘)n (57) ] , (E3)

where 7 is imaginary time, § = 1/T, and &; = u;/A. We then obtain 6G(w) = I + I + I3, where

2 2 .
Jia\2 [ me \ 0w\ e > (et —1)/iw
I = —2¢2 : — —= 2 2 / dt
1 (& <2ﬂ'€1> Bul 6'“2 sin (7(-(/911 + KlQ)) 0 | Sinh(%t)‘Q(’*%lJ”‘%z) )

2 2 .
Jl o 2 & 2K s 2K ' oo (ezwt _ 1)/iw
I :—262( . ) ( —= sin (7(k32, + K2 / dt ,
? 2m&o Bus Pus (rlon + 122)) 0 | sinh (%t) |2(531++32) (E4)
Jiad12 <7T§1 >2(K11K12) <7T€2 >2K22K21 . /oo (ef =1)/iw
I3 = —4e? === | 52 —= sin (w(k11K12 + Kagk dt
3 2m)26:6 \ Buy Buy (m(K11K12 + K22K21)) ;

| sinh (%t) ‘2(H11512+n22n21) '
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In the limit Ji ; €w T we can simplify the above expressions as follows:

I — e (JJ_,l )2 (27TT>2K%1 (27TT)2R%2 (L)2 (k3 + Kip)?
4 \2n& A A L(2(k, + K1)

T
[ @ (T 2 fonT\ 2 [onT\ 2k (L)2 (K3 + K35)?
7 \2ng A A 7T/ T(2(k2, + KZ,))

€2 JiaJLs (2wT>2““““)(2nT

I3

2 (21)266 \ A

(E5)

)2”22"21 <L>2 7l (K11K12 + Koaka1)?
7T/ T'(2(k11k12 + Kozka1))

The reduction of each of the integrals in Eq. (E4) to the three corresponding expressions in Eq. (E5) also depends on
the fact that the terms w2, + k25, K2, + K25, K11K12 + Ka2ko1 are non-zero. One can observe from Eq. (E4) that these
three terms correspond to Iy, Is and I3 respectively. If any of these three quantities becomes zero, the corresponding
integral goes to zero. We extend this argument to see from Eq. (E4) that I3 vanishes in the exactly solvable limit.
This shows that in this limit the correction takes the form of a sum of two contributions coming from two effectively
independent channels, as in the case of the level width of the spectral function in Sec. III.
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