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We revisit the problem of a single quantum impurity on the edge of a two-dimensional time-reversal invariant
topological insulator and show that the zero-temperature phase diagram contains a large local moment region
for antiferromagnetic Kondo coupling, which was missed by previous poor man’s scaling treatments. The
combination of an exact solution at the so-called decoupling point and a renormalization group analysis a la
Anderson-Yuval-Hamann allows us to access the regime of strong electron-electron interactions on the edge
and strong Kondo coupling. We apply similar methods to the problem of a regular one-dimensional array of
quantum impurities interacting with the edge liquid. When the edge electrons are at half-filling with respect
to the impurity lattice, the system remains gapless unless the Luttinger parameter of the edge is less than 1/2
in which case two-particle backscattering effects drive the system to a gapped phase with long-range Ising
antiferromagnetic order. This is in marked contrast with the gapped disordered ground state of the ordinary

half-filled one-dimensional Kondo lattice.
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I. INTRODUCTION

Topological insulators'? are recently discovered states of
quantum matter that are topologically distinct from conven-
tional insulators such as diamond or silicon. Topological
insulators are characterized by a bulk energy gap, just like
conventional insulators, but support gapless boundary modes
that are unusually robust to external perturbations. The two-
dimensional (2D) quantum spin Hall (QSH) insulator® is the
first time-reversal invariant topological insulator to be exper-
imentally observed,®® following its theoretical prediction in
HgTe quantum wells.” Its 1D boundary modes form a gapless
helical liquid in which a Kramers’ pair of states with opposite
spin polarization counterpropagate at a given edge. The helical
liquid is itself a new 1D gapless state of matter protected
by time-reversal symmetry,'%!! distinct from the conventional
spinless and spinful Luttinger liquids.'? As long as the 2D bulk
gap does not close, the helical liquid is robust against potential
scatterers of arbitrary strength, concentration, or degree of
randomness, provided that the strength of repulsive electron-
electron interactions in the helical liquid does not exceed a
critical value, which is finite,'° rather than infinitesimal as
is the case for the ordinary spinless and spinful Luttinger
liquids."?

However, the helical liquid is not necessarily protected
against magnetic impurities. Classical magnetic impurities,
i.e., static magnetic moments, act on the helical liquid just
as potential scatterers do on a spinless Luttinger liquid. In
the presence of such impurities, infinitesimally weak electron-
electron repulsive interactions are sufficient to renormalize
the conductance of the helical liquid to zero at zero tem-
perature. The physics is more subtle in the case of quantum
impurities. Time-reversal symmetry allows for two types of
such perturbations:'® dynamical, local magnetic moments
coupled by magnetic exchange to the spin of neighboring edge
electrons, and localized interaction centers that backscatter
two edge electrons at a time. Those kinds of quantum
impurities might occur in the HgTe QSH state due to potential
inhomogeneities which can trap bulk electrons in a small
region and force them to interact with the edge electrons.
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As has been argued previously,'* such localized perturbations
might account for the deviation of the observed longitudinal
conductance from its predicted quantized value of 2¢?/h as
well as its unusual temperature dependence.'> Experimental
efforts are underway!'® that might help test those predictions.

In addition to being a question of experimental relevance,
the study of quantum impurities interacting with the helical
edge modes of the QSH state acquires a broader theoretical
significance in the context of the study of strong correlation
effects in topological insulators, which is a topic of tremendous
current interest.!’>! Recent quantum Monte Carlo studies?’*®
of the Kane-Mele-Hubbard model indicate that as the strength
U of the on-site Hubbard interaction increases from zero to
some critical value U, the 2D bulk remains paramagnetic and
time-reversal invariant while the effective Luttinger parameter
K of the edge decreases from the noninteracting value K = 1
to values K < 1/2. This means that it is possible to reach
a regime, at least numerically, where the helical edge liquid
is strongly interacting, i.e., where 1 — K ~ O(1). However,
previous studies'®!'* of a single quantum impurity interacting
with the helical edge liquid are in fact perturbative in 1 — K,
as will be seen. Those studies are also perturbative in the
Kondo coupling J between the impurity and the edge liquid.
In order to further our understanding of strong correlation
effects in topological insulators, it is desirable to revisit
those studies and extend them beyond the weak coupling
regime 1 — K < 1 and pJ < 1 with p the density of states
of the helical liquid. Finally, it is natural to ask what
happens when several quantum impurities are present along
the edge. From an experimental point of view, impurities are
not necessarily isolated and interimpurity coherence effects
might play an important role in transport properties at low
temperatures. From a theoretical point of view, one expects
that effective interactions of the Ruderman-Kittel-Kasuya-
Yosida (RKKY) type will be mediated between quantum
impurities by the helical edge electrons,?? and it is natural
to ask what particular quantum phases will be formed by a
collection of quantum impurities under the influence of such
interactions.
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In this paper, we revisit the problem of a single quantum
impurity interacting with the edge of a QSH insulator (see
Sec. II) and construct an improved zero temperature phase
diagram in the (K, J;) plane where J, is the Kondo coupling
for spins in the z direction. We consider the original model
of the QSH state as two copies of the quantum Hall state
with opposite spin and chirality,>* where the z component of
the total spin is conserved. Our revised phase diagram [see
Fig. 2(b)] differs markedly from that which is inferred from
previous results [see Fig. 2(a)], especially due to a newly found
large portion of the phase diagram for antiferromagnetic J,
which does not exhibit Kondo screening. We then generalize
this problem to a regular 1D array of quantum impurities (see
Sec. IIT) for which we derive a zero temperature phase diagram
(see Fig. 3). This phase diagram can be contrasted to that of
the ordinary 1D Kondo lattice.*® The most striking difference
is found at half-filling, where our system remains gapless for
K > 1/2 but becomes gapped and develops long-range Ising
antiferromagnetic order for K < 1/2, while the ordinary 1D
Kondo lattice is gapped but has no long-range magnetic order.

II. REVISITING THE SINGLE-IMPURITY PROBLEM

Our first goal is to obtain a phase diagram for the single-
impurity problem as a function of the Luttinger parameter
K of the helical liquid and the Kondo coupling J,. As
mentioned before, previous analyses'®!'* were perturbative
in 1 — K and in J;, such that only the regions 1 — K < 1
and pJ, <« 1 were accessible. In Sec. IT A, we describe the
special “decoupling” line pJ, = 2K along which the Kondo
Hamiltonian becomes exactly solvable. In Sec. II B, we obtain
the phase diagram of the single-impurity problem for all J,
and 0 < K < 1 using renormalization group (RG) equations
which are perturbative in J; but exact in 1 — K and in J,.
We derive those equations using a method that is equivalent
to the Anderson-Yuval-Hamann procedure** but simpler in its
application.

The Hamiltonian of the single-impurity problem in the
bosonized representation is'%!#

H=Hrn +H,+H;

VF 2, 1 ’ s

= — [ dx| K> + —(3:¢)* | = —=S°TI(0
! / x[ + K( ) } Jr ®
42 (G20 | ey, W

2n &

where vp is the Fermi velocity of the edge electrons, K is
their Luttinger parameter, a is the size of the impurity, & is
the penetration length of the edge states into the bulk and acts
as a short-distance cutoff, and ST = §* £/ S” and S¢ are the
spin-% operators for the impurity spin localized at x = 0. The
bosonic fields ¢(x) and IT(x) describe the low-energy degrees
of freedom of the helical liquid and satisfy the equal-time
canonical commutation relations [¢(x),I1(x")] = i6(x — x').
The first term in Eq. (1) is the Tomonaga-Luttinger Hamilto-
nian which describes the translationally invariant, unperturbed
helical liquid in the absence of impurities. The second
and third terms represent the anisotropic Kondo interaction.
The helical liquid has no SU(2) spin rotation symmetry,
hence the Kondo interaction is generally anisotropic. The
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Hamiltonian (1) has two conserved charges, O, = f dx \/LE 0
corresponding to the U(1), electromagnetic gauge invariance
and Qg = % fdx(—\/%?)l'l + S% corresponding to the U (1), or
XY spin rotation symmetry. Although the U (1), symmetry is
not required by the topology of the QSH state,® it is present
in the simplest model of the QSH state®* as two copies of the
quantum Hall state with opposite spin and chirality.

A. Decoupling limit

We first consider a particular line in the space of coupling
constants for which the Hamiltonian (1) becomes exactly
solvable. A solution of this type was considered recently,
which corresponds to the well-known Toulouse limit*” of
the Kondo problem in which the Kondo Hamiltonian reduces
to a noninteracting resonant level problem. The solution we
are considering here is the “decoupling limit”*® in which
the Kondo Hamiltonian reduces to a problem where the
impurity effectively decouples from the conduction electrons.
The decoupling limit corresponds in fact to the unitarity limit
6 = m /2, where § is the scattering phase shift of the conduction
electrons (see Appendix). For a Kondo impurity embedded
in a 3D metallic host, the scattering phase shift § is given
by tan$ o pJ.,** hence the decoupling limit is unphysical
because 6 = /2 corresponds to an infinite coupling J, = oo.
However, for a 1D metallic host the scattering phase shift is
given by § o« pJ;, hence the decoupling limit corresponds to
a finite value of J, and is therefore physical.

We begin by introducing a unitary transformation'**° that
we will use repeatedly in this paper. We define the unitary
operator U = e/*#©5" ynder which the various fields transform
as

Uf($x),0:(x), .. )UT = f($(x),0:0(x),...), (2)

UTI(x)*UT = TI(x)* — 2AS°TI(0)8(x),
USTUT = %290 A3)
USU' = §°,
where f is any function of ¢ and its spatial derivatives. Using
these relations, we find that the Hamiltonian (1) transforms as

A=UHU' = Hy[6.11] - 22 s7100)
—_— - TL ) \/E
JJ_CZ

+ S [T VTR0 L He ),
2 &
where J.a = J.a + A/mvr K. We observe that the exponent
of the vertex operator can be canceled by choosing A =
—2./m. Choosing A as such, we obtain fza = J.a —2nvrK,
such that for the special value

pJ; =2K, “

where p = a/m v is the density of states of the helical liquid,
the transformed Hamiltonian is simply
- Jia
H = Hr[¢,T] + =S - &, 5)
43
where € = X. The impurity spin completely decouples from the
conduction electrons, since the two terms in Eq. (5) commute.
Since [S-€&,H] =0, the projection of S onto € is a good
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quantum number under H. In the ground state of H, we
therefore obtain S-€ = —% sgn J, . However, S - & is not a
good quantum number under the original Hamiltonian H,
because of the transformation law (3). We have

—3sgnJy =(S-&)z = (U'SU-&)y = (S &p(0))n.
where we define the unit vector

&(p(0)) = % cos 2¢/m(0) — ¥ sin 24/ H(0). (6)

The impurity spin is entirely in the xy plane, and the angle that
it makes with the x axis is locked to the local charge-density-
wave (CDW) phase 2./ ¢(0) of the helical edge electrons. The
dynamics of the impurity is therefore entirely controlled by the
Hamiltonian Hrp of the conduction electrons. The impurity
correlation functions are easily obtained by making use of
the unitary transformation U. The imaginary time transverse
spin-spin correlation function at zero temperature is given at
long times by

x1(t) = (T:57(1)S™(0))
= (T.S*(1)S(0) g (™7~
1 4 el
= —, 7
AT @
where A = vp/& is a high-energy cutoff, we define w, =
|J1|a/mE, and we have used the expression'?

K 2 2 2
(T P00 = = n [’w] L®
x :

for the propagator associated to the Tomonaga-Luttinger
Hamiltonian as well as the fact that

(eHOO=0ON) 1 = exp[A*(T: p(T)$(0)) 5],

since Hryr, is a quadratic boson Hamiltonian. The frequency-
dependent transverse susceptibility x| (w) is defined as the
imaginary part of the Fourier transform of the retarded
correlation function xf(t) =i0@){[ST(t),S7(0)]) 5, which
can be obtained directly from Eq. (7) by analytic continuation
in the time domain,*!

xl(@) =3 / dre' [x ] (it) — x (D),
—00
where Xf are defined by x,(7) = 9(r)xf(r) +0(=1)x (7).
We obtain at low frequencies,

—2K

1 T
1@ = I 5%

+ (o] — 0 ) 0(lw] — o )]sgnw,  (9)

which is odd in frequency, as required for a bosonic spectral
function. The longitudinal spin-spin correlation function is
given by

(T: 5 (0§ O) = (T $(1)S*(0) 5
e Tl (10)

x:(7)

1

=3

hence the frequency-dependent longitudinal susceptibility is

given by

" T
Xz (@) = 78(jw] —w)sgno, )
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and is entirely unaffected by the interactions in the helical
liquid. Note that the results (9) and (11) are not only exactin J,
and K on the decoupling line (4), but they are also exactin J; .

B. Away from the decoupling limit: Anderson-Yuval-Hamann
approach

The results Eq. (9) and (11) that we found for the impurity
spin susceptibilities hold only in the decoupling limit (4),
which is a line in the plane of K and J.. In this section,
we derive renormalization group (RG) equations [see Eq. (23)
and (24)] that will allow us to explore the phase diagram of
the single-impurity problem away from that special line. RG
equations for the single-impurity problem have been derived
previously'? and read

dJ,

—r ==Kt pl, 12)
dJ. s
e 2 13
ac ~ P 4

Those equations were obtained using Anderson’s poor man’s
scaling approach,*?> and as such are perturbative in both J,
and J,. The poor man’s scaling approach considers the first
term of Eq. (1) as the unperturbed Hamiltonian, and the J, and
J, terms as perturbations. This is reasonable because the first
term of Eq. (1) is the free boson Hamiltonian, which is exactly
solvable. However, the original approach of Anderson, Yuval,
and Hamann®* in which the Kondo problem is viewed as a
succession of x-ray edge problems is exact in the phase shift
associated to J,. In this approach, one considers the first two
terms of Eq. (1) as the unperturbed Hamiltonian. In the basis
of eigenstates of S%, this Hamiltonian is simply that of a free
boson scattering off a potential impurity and is also exactly
solvable in terms of scattering phase shifts. Therefore it is not
necessary to treat J; as a perturbation. As we will see, Egs. (12)
and (13) are also perturbative in 1 — K. This is because
they were obtained using the poor man’s scaling approach
in the fermion language, where the interactions between edge
electrons are treated perturbatively. We will use the bosonized
description of the edge electrons in which electron-electron
interactions represented by the Luttinger parameter K can be
treated exactly. Our treatment is conceptually equivalent to the
Anderson-Yuval-Hamann approach, but is made technically
simpler by the use of bosonization techniques.'?

The imaginary time action at zero temperature corre-
sponding to the Hamiltonian (1) is S = Sy + S, with Sy =
STL + SZ + Swz, where

S = /d“’| @) (14)

=% | o Nt
J.a o

S, =— dt S%id. ¢, 15
: ﬁvF/O T S0, (15)
Jia [ TN

S =— dt(S7e + c.c.), (16)

27§ Jo

and Swz is the Wess-Zumino or Berry phase term for the
impurity spin** whose exact expression is not needed because
we will revert to the operator formalism for the computation
of impurity spin correlators. As our notation suggests, Sy
including the J, Kondo term is used as the unperturbed action.
We have defined ¢(r) = ¢p(x = 0,7), and St in Eq. (14)
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is obtained from the full (1 4+ 1)-dimensional Tomonaga-
Luttinger action by integrating out ¢(x # 0,7)."3

We use the standard Wilsonian RG procedure in which we
define slow fields ¢, S_ and fast fields ¢-., S,

A/b dw
b-(1) = / .=
dw —iwt
¢>(T) = / 2 i ¢>(CU)
A/b<|w|<A 7T

and likewise for S_(tr) and S.(t), where A ~vgr/£ is a
high-energy cutoff and b = 1 4 d¢ is the rescaling parameter.
Note that ¢(t) = ¢ (1) + ¢~ (t) and S(t) = S_(1t) + S (7).
To simplify the notation, we use the collective variable ¢ =
(¢,S) to denote all the fields in the functional integral. Because
So is quadratic in @, we have

S[P] = So[® <]+ So[P-]+ SL[P< + D]

We define the effective action S<[P_] with reduced cutoff
A/btobe

e ST = /Dq>>e—5[¢‘] — e—So[¢<]ZO> (e_SL[¢<+¢‘>])>’

e (w),

where Z; = fDCI>>e’SO[¢>] and (---). denotes an expecta-
tion value with respect to Syp[®-]. Using the linked cluster
theorem, we obtain

S<[@L] = So[@]+ (SL[P- + D-])-
—3USLIP AP TP). —(SLIP4D.1)2), (17)

to (’)(Ji). The first-order term contains the expectation value
((SiE + Sf)eiizﬁ(¢<+¢>))>, which is given by the sum of two
terms,

Siteiﬂﬁm <eii2~/77¢>>> + eii2ﬁ¢< (S::eii2~/77¢>>>

= §EetiavTo-, (18)

Using the unitary transformation U introduced earlier enables
us to compute correlators in the (---). ensemble exactly,
without having to expand in powers of J,. Passing to the
operator formalism, we consider U = ¢*%-5> which leaves S%
and the vertex operators eF2VTe- unchanged, but under which
the S* operators transform as ST — USTUT = §e* - [see
Eq. (3)]. Instead of choosing A = —2./7 as in the decoupling
limit, here we choose A = —J.a/ /mvrK, which implies
that the J, term in the transformed Hamiltonian cancels
altogether.'* Note that this cancellation occurs for any values
of J; and K, i.e., we are not assuming the decoupling limit
Eq. (4). Performing this transformation, we trade correlators
of $* and e*>V™%- in an ensemble governed by St + S.
for correlators of S*e**¢- and ¢*2v7?®-  respectively, in an
ensemble governed by Stp. alone. Applying these results to
Eq. (18), we obtain

(eii2ﬁ¢>)> — (eii2ﬁ¢>>>,TL = 1,
(ST = (SEAVTAPy 1
= (SE). (T Ty =0,

from which Eq. (18) follows. We have defined x =1+
A/2/T =1— pJ. /2K, which can be seen as a measure of
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the deviation from the decoupling limit x = 0. As a result, we
obtain

(SL[Pc+ D])s = Si[P] 19)

We now consider the second-order term in Eq. (17). The first
term is

(S1 [P

J
e / dt / dr'
271&
X({[Si(f)-i-Si(f)]elzf[¢<(r)+¢>(r)]+C.C.}
<{[SE(r) + SE(T)]e VT g e )y

Expressions containing the ¢ and S_ fields factor out of the
average. However, because the average (- - -). is time ordered,
products of the noncommuting operators ST and S_ need
to be time ordered as well. Using the unitary transformation
introduced earlier, we obtain

T, SE(0)ST(r') = [5 + S%sgn(r — 7/)] MO0
where T is the time-ordering operator in imaginary time, and
the time dependence of ¢ and S on the right-hand side of the
equality is governed by Stp.[®_]. The products 7, SE(7)S%(z)
are zero. The remaining expectation values are

(eiizﬁ[¢>(r)—¢>(t')])> — (eiﬂﬁ[¢>(f)—¢>(r’)]>> TL

— e47t D.(t—1") (20)
and
<Si(l-)S:F(T/)eiﬂﬁ[%(T)—¢>>(T')])>

= (SE(0)ST(r))o e P,

1 4nx*D.(t—1'
= LD, 1)

where D-(t — 1) = (¢~ (1) (t))>.m is the propagator
associated to St [®.]. Correlators involving Sf(r)Sf(r’)
vanish. Substituting Egs. (20) and (21) in the expression for
(82)., we find three terms, one involving sin2./7 x (¢ —
@), one involving cos2./7 x (¢~ — ¢_), and one involving
cos 2./ (¢~ — ¢_), where we have denoted ¢. = ¢(7)
and ¢ = ¢_(7'). The fields ¢. are slow fields and their
expectation value (¢_) vanishes in the unperturbed ensemble
StL[P -], which governs their time dependence. Therefore we
will perform a gradient expansion of the sines and cosines
in powers of time derivatives of ¢.. The lowest-order term
for the sine is a single power of d;¢. ~ w@(w), which is a
marginal operator at the Tomonaga-Luttinger fixed point. This
term will lead to a renormalization of J,, which is precisely
what we are looking for. The lowest-order term for the cosine
is the quadratic term ~(3;¢.)*> ~ w?|$p-(w)|?, i.e., a quadratic
kinetic energy term. However, the kinetic energy term Eq. (14)
in the unperturbed action is proportional to ||, hence the
®” term is irrelevant and can be neglected. In particular, this
means that the Luttinger parameter K is not renormalized.
This is physically intuitive: a perturbation that exists only at
x = 0 cannot renormalize a bulk parameter.'? Therefore only
the term containing sin 2/7 x (¢~ — ¢’.) needs to be kept.
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The boson propagator D-.(t — t’) in Eq. (20) is given by

, do .
D.(t—1)= s—¢ " D(w),
AJb<lwl<A 270

where the propagator D(w) = K/2|w| is read off of the
unperturbed action Eq. (14). We have

, Ado 1 ,
D.(t—1)=K — —cosw(t — 1)
AJb 2T w

K |:/‘da) ,:|
= — —cosw(t — 1)
2 w

K
= 2—d€ cos A(t — ')+ O@e?), (22)
T

A

AJb

hence we obtain to O(d¥),
1UST)s = (S02)
2

_ (M) /oodT fwdt/[ede[cosA(T*T,) — 1]
2n&) Jo 0

xi % sgn(t — v')sin 2¢/7 x[p(7) — ¢ (z)].

We expand the exponential to O(d{) and are led to consider
the following integral:

Ig-] = /oodr /oodr'cosA(r )
0 0
x sin 24/7 x[¢-(v) — ()] sgn(z — 7).

Changing variables from 7 and t’ to center-of-mass T =
%(t + 7’) and relative t = © — t/ variables, we observe that
cos A(t — t’) = cos At oscillates with a high frequency A.
As a result, the integral over ¢ will be cut off at the short time
~A~" and we can expand the functions of ¢_(7) — ¢_(7') in
powers of . We obtain

oo 1/A
1]~ / dr / 12T 1111076 -(T) + O]
0 _

1/A
o0
= ZﬁxA*Z/ dT dr¢- + O(A™),
0

and the effective action Eq. (17) becomes
8(J;a) [°

- VTUE Jo

where the correction to J, is given by

8(J. Jia\’
ﬂ — <;a) K xdt,
TVUF TTVF

ST[P<] = S[P]

drSid, ¢,

so that using the definition of x in terms of J,, the RG equation
for J, is given by

dJ, o\
— =pK|l—-—)J]. 23
a0 o ( 2K> 1L (23)

We have effectively computed the one-loop contribution to
the RG equations. The tree-level contributions are obtained by
performing a scale transformation to restore the cutoff A /b to
its original value A, or alternatively** by computing the scaling
dimensions of the perturbation. In our case, we treated Sy =
St + S; as the unperturbed action, hence the only perturbation
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is S, . The scaling dimension A of an operator O(7) is defined
by44

(00T ~ |t — 7|74,

where the expectation value is taken at the appropriate fixed
point, which in our case is the unperturbed ensemble governed
by So = St + S.. Defining O, = S*Te/2Y™ 4 H.c. and using
the unitary transformation mentioned earlier, we have

(0L(D)0] ()0 ~ (SHD)S™ (1) VT tcc.

2K x?

47 x> D(t—1') — |7,' _ _L_/l_
b

~e
where the full boson propagator, as opposed to the propagator
of Eq. (22) for the fast field ¢, is given by D(t — 1) =
—(K/2m)In |t — 7'|. We therefore have A, = K x2, and the
RG equation** for J is given by

dJy pJ; ?
Lok (1-2 . 24
de [ ( 21() - @24

Equations (23) and (24) are the main result of this section
and are perturbative in J, but exact in J, and in K. In the
weak-coupling limit pJ, < 1, Eq. (24) reduces to the poor
man’s scaling result Eq. (12), but Eq. (23) becomes

dlJ, 2

ae ~ PRI
which agrees with Eq. (13) except for a factor of K. Since
K — 1 in the noninteracting limit, we conclude that Eq. (13)
is perturbative in the strength of electron-electron interactions
in the helical liquid.

From Eq. (23) and (24), we immediately see that there is a
quantum critical point at J{ = 0 and J7 such that K x> =1
For a generic value of K with 0 < K < 1, there are in fact two
critical points at pJ = 2(K + V'K), which merge as K — 0.
In contrast, the RG equations (12) and (13) predict a single
critical point at pJ = K — 1 = —g, where we have defined
g = 1 — K as the strength of electron-electron interactions in
the helical liquid. In the limit g < 1 of weak interactions, we
find

pJ™ = 2K —VK) = —g + 0(g>), (25)

Pt =2K +VK)=4-3g+0@H.  (26)

In other words, in the weak interaction limit K >~ 1, we
recover the critical point (25), which has been previously
predicted,'®'* but we also find a new critical point [see
Eq. (26)] atlarge J_, which has been missed in previous studies.
The RG flow in the (J,, J, ) plane for all J, and small J, and for
different values of K is easily obtained by a numerical solution
of Egs. (23) and (24), and is of the Kosterlitz-Thouless type
[see Fig. (1)] as could be expected for a single-channel Kondo
impurity problem.** For J, close to the J, = O critical points
J, the Kosterlitz-Thouless separatrix is given by

1
Ji=+—=U: = I+ O = J)),
L «/? z z
and separates a strong-coupling antiferromagnetic (AF) phase
where J, flows to infinity from a weak-coupling “local
moment” (LM) phase where J, flows to zero. The AF phase
is a Kondo screened phase for which a qualitative description
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pd,

SR SR

FIG. 1. Kosterlitz-Thouless RG flow for the single-impurity
problem, with two critical points at ,o]z*'i = 2(K £ +/K). The dotted
lines correspond to the Kosterlitz-Thouless separatrix.

2 la Nozieres® has been given previously.'%!* The LM phase
is described by an effective Hamiltonian of the form of Eq. (1)
but with J; = 0 and J, = J where J (not to be confused
with the critical point J) is the renormalized value of J;, i.e.,
the £ — oo limit of the solution J,(¢) of the RG equations
(23) and (24), which is finite in the LM phase (See Fig. 1). The
spin-spin correlations are easily obtained from this effective
Hamiltonian by applying the unitary transformation U with
= —Jra//mupK to remove the S¢ term from the effective
Hamiltonian. We thus obtain in the LM phase

7 A—PII2K
20 (pJ*/2K)
X (@) = 0.

Xl (@) = ]2 sgn o,

C. Two-particle backscattering

The Hamiltonian (1) describes a spin-% local moment
interacting by magnetic exchange with the helical liquid.
However, as argued in the introduction, a generic quantum
impurity on the edge of a QSH insulator can also give rise to
a local two-particle backscattering term, which is allowed by
the topology of the QSH state.'®!! In the bosonized language,
this amounts to adding to Eq. (1) the term

Hopps = %’ cos /T (0). @)

This term breaks the full U(1); = {€/*% : @ € [0,27)} sym-
metry of the original Hamiltonian (1) down to the subgroup
{1,679} = Z,. Indeed, this operator flips the spins of two
conduction electrons and thus violates the conservation of the
total S*. However, this operator is allowed because it does not
violate time-reversal symmetry. Recently, it has been realized
that the inelastic backscattering term [329(0)]e’>V™#© + H.c.
with #(x) = ffoo dx'TI(x") the dual boson, which is a con-
formal descendant of the time-reversal symmetry breaking
single-particle backscattering operator cos 2./ ¢(0), does not
itself break time-reversal symmetry and is thus an allowed
perturbation.’>#® However, this operator has the scaling di-
mension K + 2, which is always greater than one for repulsive
interactions 0 < K < 1, and is thus always irrelevant. Since
we are only interested in the zero-temperature phase diagram,
this operator can be safely ignored here.
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We first consider the effect of Eq. (27) in the decoupling
limit pJ, = 2K. Because any function of ¢ alone commutes
with the unitary transformation U [see Eq. (2)], the trans-
formed Hamiltonian H still exhibits the decoupling of the
impurity spin from the conduction electrons,

A= Hip.+ %S e, (28)
b4

but the conduction electron part of H is
Aa
H[¢,T1] = Hr[$,TT] + 7:—5 cos4/TH0),  (29)

i.e., the boundary sine-Gordon model. We still have (S -
e(p(0)))y = —% sgn J, with the unit vector &(¢(0)) defined
in Eq. (6), but now there is the possibility that the local
CDW phase 2,/7 ¢(0) might get pinned because of the cosine
potential in Eq. (29). As can be inferred from the RG equation'”

dl,

— = (1 —4K)A,, 30

T, ( JA2 (30)
this occurs when K < 1/4, and 2./w¢(0) is pinned in the
ground state at (n + %)n for A, > 0 and nx for A, < 0, with
n € Z.From Eq. (6), this means that é(¢(0)) = £§ for A, > 0
and é(¢(0)) = X for A, < 0, hence

(Sy) = +lsgnJ,
(Sx) = £5sen /.,

)\.2>0,
)\2<0,

where the sign in £ is picked by spontaneous breaking of the
Z, symmetry. That spontaneous symmetry breaking is allowed
in this (0 4 1)-dimensional problem at zero temperature can
be seen by mapping the boundary sine-Gordon model (29)
to a 1D classical gas with long-ranged, logarithmic two-body
interactions.!? In contrast to the A, = 0 case where the ground
state is paramagnetic with (S) = 0, for K < 1/4 and any A, #
0, the ground state is an Ising ferromagnet with (S) # 0. For
K > 1/4,the two-particle backscattering term is irrelevant and
the ground state is paramagnetic.

Away from the decoupling limit, one may wonder whether
the scaling dimension of the two-particle backscattering
operator Eq. (27) deviates from its value 4K in the de-
coupling limit. Since the two-particle backscattering opera-
tor commutes with the unitary transformation U = /¢S
with A = —J,a//mvpK for any value of J,, its scaling
dimension is independent of J, and is always equal to
4K for weak coupling, pis,pJ; < 1. Furthermore, in the
single-impurity problem, K is a bulk property, which is
invariant under the (0 + 1)-dimensional RG flow.!? Therefore
the RG equation (30) is valid for all J;, and the two-particle
backscattering term is relevant for K < 1/4 and irrelevant for
K > 1/4 independent of J,. More formally, we can repeat
the perturbative analysis of Sec. II B after adding the term
Sopg = ?5—5' f0°° dt cos4./m¢ to the action. The first-order
contribution is (Spg[P - + P.]). = Spp[P -] as expected.
The second-order contribution contains two terms, the mixed
term (S, Sopg)~, which vanishes, and (S%PB)>, which only
gives irrelevant terms. The only new contribution to the RG
equations (23) and (24) is the tree-level equation (30).
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FIG. 2. (Color online) Zero-temperature phase diagram of a
single Kondo impurity in the helical edge liquid of the quantum
spin Hall state for small J, . (a) Previously derived (incorrect) phase
diagram based on perturbation theory in pJ, and 1 — K, with a
Kondo screened strong-coupling phase (AF) and an unscreened
local moment phase (LM). (b) Phase diagram based on the RG
equations (23) and (24) exact in pJ, and K. The decoupling
limit pJ, = 2K (thicken dashed line) and the Toulouse limit (thick
dotted line, Ref. 36) both lie in the AF phase. The new AF-LM
phase boundary (thick solid line) is contrasted with the previously
derived phase boundary (thin solid line) of (a). (c) Phase diagram
in the presence of impurity-induced two-particle backscattering,
with an additional symmetry-breaking Ising ferromagnetic phase
(Ising FM).

D. Phase diagram of the single-impurity problem

Based on the results just described, we can construct
a revised zero-temperature phase diagram for the single-
impurity problem in the space of coupling constants K and
J; and in the limit p|J, | < 1 and pi, < 1 (see Fig. 2).
The previously obtained poor man’s scaling equations (12)
and (13) predict the existence of a single Kondo screened
strong-coupling phase (AF) and a single unscreened local
moment phase (LM) separated by a single phase boundary
at pJ, = K — 1 [see Fig. 2(a)]. In particular, they predict that
for antiferromagnetic J, > 0 a Kondo screened phase will
always result. Our new RG equations (23) and (24) predict a
different topology for the phase diagram [see Fig. 2(b)]. The
AF phase is sandwiched between two LM phases. This leads
to the surprising result that for large enough antiferromagnetic
J; > 0, a LM phase will result, with no Kondo screening. The
decoupling limit studied in Sec. I A and the Toulouse limit
studied in Ref. 36 both lie inside the AF phase. Figures 2(a)
and 2(b) both correspond to the absence of two-particle
backscattering A, = 0. For A, # 0, the ground state is an
Ising ferromagnet (Ising FM) for K < 1/4 [see Fig. 2(c)]. The
phase diagrams are independent of the sign of J, as can be
seen from the fact that the RG equations are symmetric under
J 11— —J 1.

III. KONDO LATTICE PROBLEM

We now consider a regular array of spin-% magnetic
impurities interacting with the helical liquid via exchange
interactions. The Hamiltonian of this 1D Kondo lattice
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problem is given in the bosonized representation by

H=Hn+H,+H,

VE 5 1 ) J.a

L ax | KM+ =, — 22N s
zfx[ + 2o ¢)] ﬁzrm

LS (srermeoe he), G

r

where )" is a sum over the positions r of the impurity
spins S,, which are equally separated by a distance a,
i.e., r =na, n € Z. An important difference between the
single-impurity Hamiltonian (1) and the lattice Hamiltonian
(31) is the presence of the 2kpr phase factors in the latter
case, where kr is the Fermi wave vector of the helical
liquid. Whereas the Fermi wave vector plays no role in the
single-impurity problem, it plays an important role in the lattice
problem, especially when two-particle backscattering terms
are considered (see Sec. IIIC). As will be seen, the phase
diagram of the Kondo lattice problem depends crucially on
whether the system is at half-filling (2kpa = ) or away from
half-filling (2kra # m). Although this can be expected from
the physics of the 1D Kondo lattice problem in an ordinary
spinful 1D Fermi liquid,** there are important differences,
which will be pointed out in due course. As in the single-
impurity problem, the Hamiltonian (31) has continuous U (1),
charge and U(1); spin rotation symmetries, but the generator
of U(1); now contains the z component of the total impurity
spin, O, = 1 [ dx —\/L;)H + >, SE

The model (31) is similar to an orbital analog of the
1D Kondo lattice model studied earlier*’ in which physical
impurity spins were replaced by impurity pseudospins that
couple to the orbital states of the conduction electrons rather
than to their true spin. In both models, the z component of the
impurity (pseudo-)spin couples to the local electronic current
Jx(r) = —%;H(r). In the model of Ref. 47, this occurred be-
cause the impurity pseudospin was assumed to carry an electric
dipole moment which would thus couple to the conduction
electron current. In the helical liquid, however, this is the form
taken by the physical magnetic exchange interaction, because
the local current of the conduction electrons corresponds to the
z component of their local magnetization, due to the helical
property of the QSH edge states.

A. Decoupling limit

The unitary transformation of Sec. Il A can be generalized
to the lattice case*’ by choosing U = exp(iL Y., ¢(r)S?).
For A = =2,/ and in the decoupling limit pJ, = 2K, the
transformed Hamiltonian H = U HU reads

- Jia N
H = Hro[¢,T1] + = Zsr &, (32)

where €, = X cos 2kpr — ¥ sin 2kpr. As in the single-impurity
case, the impurity spins decouple from the conduction elec-
trons: the two terms in Eq. (32) commute and can be diago-
nalized independently. Furthermore, we have [S, - &, H1 =0
for all impurity sites r, hence S, -€&, is a good quantum
number for all » under H. In the ground state of H, we have
S, -é = —% sgn J, forall », which appears to indicate that the
system has long-range helical spin-density-wave (SDW) order
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in the xy plane. However, this is not necessarily so for the
same reason as before: S, - €, is not a good quantum number
under the original Hamiltonian H. We have
—3sgnJL = (S, &)z =(U'S,U- &)y
= (Sr . ér(¢(r))>H’
where we define the unit vector
&.(o(r)) = Xcosa, — §sina,, (33)

with a, = 2/7¢(r) + 2kpr. In this case, the orientation of
each impurity spin in the xy plane is controlled both by
the local dynamical phase 2krr and the local CDW phase
2/ p(r) of the helical conduction electrons. If ¢ fluctuates
strongly enough as is the case at the Tomonaga-Luttinger fixed
point of the conduction electrons, there is no long-range helical
SDW order. The impurity spin part of the ground-state wave
function for the transformed Hamiltonian (32) is easily found,

1 ei2kpr
|O>H=HE<—sgnJl>’ (34)

r

in the S? direct product basis. As in the single-impurity case,
the correlation functions of the impurity spins can be evaluated
with the help of the unitary transformation U. Defining S;* =
S*% + S;'§, we obtain

xL(r —r', 1)
= (TS} (z) - S} O)

= 3[(TeS7 (08700 (M0 4y cc ]

1 cos2kp(r — ') + e~ LTls(r — 1)

by +(A|r|>2T

X:(r = 1", 1) = (T S{(1)S5.(0)) . = (T S{(T)S;.(0)) g
= %ef“’i‘rlé(r —r). (36)

, (35)

and

In the local limit r — ' = 0, the correlation functions of
the Kondo lattice reduce to those of the single-impurity
problem Egs. (7) and (10). We define the momentum- and
frequency-dependent impurity spin transverse susceptibility
x| (g,w) as the imaginary part of the Fourier transform of the
corresponding retarded correlation function xX(r — ;1) =
i0(0)([SF(1),S,(0)]). As can be seen from Eq. (35), the
contribution of the first term in Eq. (35) is almost the same as
the 2k part of the particle-hole susceptibility of the spinless
1D electron gas, which was calculated by Luther and Peschel.*
We obtain

x1(q.0) = A(lo| — 0 7'0(|lo| — ©1) sgno
+ B[|o*—v2(q — 2kp)?|* " 0wl —vrlg—2kr])
+lo? — v2(g + 2k 00l — vrlg
+2kr])] sgn o, 37

where A and B are (g,w)-independent constants. The longitu-
dinal susceptibility is given by

b1
x!(g,w) = Z(S(|a)| —w))sgnw, (38)
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that is, it is purely local (g-independent) and equal to the
single-impurity susceptibility Eq. (11).

B. Away from the decoupling limit: 2D Coulomb gas approach

As in the single-impurity case, the results Eqgs. (37) and
(38), which we found for the impurity spin susceptibilities, are
valid only in the decoupling limit pJ, = 2K. In this section,
we derive RG equations that will allow us to explore the phase
diagram of the Hamiltonian (31) away from that special limit.
One way to proceed is to take the continuum limit of the
impurity lattice at the outset and bosonize it. One then obtains
a problem of two coupled boson fields for which RG equations
can be derived either directly or by first mapping it to a classical
2D Coulomb gas problem.*® Taking the continuum limit of the
impurity lattice is usually done by first adding by hand to the
Hamiltonian (31) a short-range exchange interaction term of
the form ~Jy Y S, - S,44, the XY part of which generates
a standard Tomonaga-Luttinger kinetic term.'? The resulting
Hamiltonian is of the Kondo-Heisenberg form. On the other
hand, if one were to integrate out the conduction electron field
¢ in Eq. (31), one would generate long-range RKKY-type
spin-spin interaction terms* of the form ~3Y_ . J97 S S7
with J;’r‘," o |r — r'|7Y for some power y which depends on
the Luttinger parameter K of the helical liquid. Therefore it is
not clear that the Kondo-Heisenberg model with finite Jg, or
anisotropic versions thereof, faithfully represents the original
Kondo lattice model (31). For that reason, we follow the
approach of Novais et al.,** which does not require the adding
by hand of a kinetic term for the impurity spins. This approach
is essentially an extension of the Anderson-Yuval-Hamann
procedure to the lattice case, where the Kondo lattice problem
(31) is mapped to a classical 2D Coulomb gas, for which RG
equations can be derived using the real-space renormalization
procedure introduced by Kosterlitz.>® The main steps of the
procedure are as follows.*> As in Sec. IIB for the single-
impurity problem, we use the unitary transformation U to
eliminate the J, term in Eq. (31) and formally expand the
partition function in powers of J,.>*! We then perform the
path integral over impurity spins and over the conduction
electron field ¢ in the Tomonaga-Luttinger ensemble. The
resulting partition function is that of a classical 2D gas
of particles with unit charge m = %1 interacting through a
two-body logarithmic potential. It is well known that this
problem is equivalent to the classical 2D XY model and
that the associated RG equations are the Kosterlitz-Thouless
equations.>’-?

The quantum partition function associated to Eq. (31) is

Z= f D¢ (]—[ f DS,) e S19:S, (39)

Because the partition function is invariant under unitary trans-
formations, we can choose to evaluate Eq. (39) using the trans-
formed Hamiltonian H = UHU' with A = —J.a//mvrK,
in which case the J, term disappears and the Euclidean action
S in Eq. (39) becomes

S[¢,S:] = St + S1. + Swz

_ VF * 2 L 2
_21(/0 dT/dx[@x(ﬁ)-i—v%(@r(ﬁ)}
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J oo . .
+ ﬁ dr Z[S:r(f)elzﬁm("”“z"” +c.c]
+ 3 SwalS/1, “40)

where x =1 — pJ,/2K as in Sec. II B, and Swz[S;] in the
last line of Eq. (40) is the Wess-Zumino term for a single
impurity spin. Here again, we do not require the explicit form
of the Wess-Zumino term because spin-spin correlators will be
evaluated using the operator formalism. We formally expand
the partition function Eq. (39) in powers of J,

Z = /Dqﬁ (H/Dsr) ef(STL[d)HZ, Swz[S:1)

(L) (1w x)

x [S;T(Tl)eizﬁx‘b(rl-Tl)+i2kpr1 +ecl]
y [Sr_;(_L_N)eizﬁxﬂrw,m)-#ﬂk”ﬂ/ +c.c]. 4D
The factors involving impurity spin flips can be written as
S:Z(_L_Z)eizﬁ)uﬁ(*’z7fz)+i2k1‘” + c.c.
= Y S(ueliVIxsnotizkenin - (49)
me==+1

with the obvious symbolic notation ™ = S* for m = =+1,
where we have introduced N Ising variables m, = £1, £ =
1,...,N, which correspond to spin-flip events in spacetime.
Substituting Eq. (42) in Eq. (41), we obtain

oo

J
- S (50) 2 o oo (1175
N=
N
x e~ S1l?l exp {Z[ﬂﬁx(ﬁ(ﬂz)ml + iZkF”m@]}

(=1

N
X e~ > SwzlS/] 1_[ S:'Zi(re), (43)

where we introduce the 2D coordinates n = (r,t) and the
associated integration measure

N N o
/Dn:l_[/dznzzl_[/(; d‘[gz,
=1 =1 0

and we denote the sum over all possible configurations of the
Ising variables m, by

ZHZ

{m} =1 my=%£1

The path integral over impurity spins in Eq. (43) can be
performed first,

N
<1_[/’Dsr> e~ 2 SwzlS/] 1_[ S:,Z{(TZ)
r =1

= Zs(T: S (x)S)2(12) - - - S|V (7)), (44)
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where Zs = ([], [ DS,)e X 5251 is the partition function
of the unperturbed impurity spins. Since only the Wess-
Zumino term appears in the action, the expectation value
on the right-hand side of Eq. (44) is with respect to a zero
Hamiltonian. As a result, the spin operators have no time
dependence. However, the order of the operators does still
matter because of the time-ordering operator. We calculate the
expectation value in the S* basis,

Zs(T: S ()81 (1) - - - SI ()
=D _(STUSSE - SPHSY), @5)
{5}

where we assume the ordering t; > 17, > --- > 7y. The
nonvanishing of the correlation function (44) imposes some
constraints on the Ising variable configurations {m}. First,
because only ST and S~ operators appear in Eq. (44) with
no S¢ operators, N must be even. Second, in order for the final
state to be the same as the initial state, there must be an equal
number of ST and S~ operators, i.e., Z?’:l mp = 0. This is
a global neutrality condition that is typical of sine-Gordon
and Coulomb gas models.”> However, there are two more
constraints on {m} that are specific to Kondo models. Since for
S = 1/2 spins we have (S¥)* = 0 for each r, the Ising variable
m, must necessarily alternate in imaginary time*! for fixed
r = ry. For the expectation value in Eq. (45) to be nonzero,
this means that in addition to the global neutrality condition,
we have a “local” neutrality condition » , _ m, = 0 for each
r.* These constraints can be illustrated by examples with few
spins. For N = 2, we have

D USHIS SIS )
{57}
= S tma08n=rs Y _({STHSIS, ™ {S)
{s2}
= 8m1+m2,0871:h Z SS;'lz—
{53}
= 2Ns“es_]8m1+m2,06r1:r27

where Njiees 1S the number of impurity sites. For N = 4, we
have

D (STHST S S S ()
{57}
= 82?:1 mg,0
x Z (8’"l+m2,08"12728r3=r465'§1:%171185,‘73:%”13
{57}
+5m|+m3,05r1=r35r2=1‘4837 :Lmlas;;:%mz
+ 8m1+m4 08"1—’45V2—r385 =1im 8S,2 2mz)

— 9 Nsites—2
= e 822:1ml‘yo(gml+m2,08r1:r25r3=r4

+ 8ml+m3,08r1 =r3 8r2:r4

+ ‘Sm1+m4,08r1:r48r2:r3)~
The Kronecker deltas enforce the local neutrality condition
for each impurity site. The average contains a factor of

2-N/2_ which can be absorbed in the factor containing J, [see
Eq. (43)]. The factor of 2™ is simply the partition function
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Zs of the unperturbed impurity spins. The partition function
Eq. (43) becomes

00 N 7/
2w (wa) TS feee
Z=2 Dy | Dp e *ml9)
2N, (2ﬁn§ R

N
X exp { Z[izﬁx¢(m)me+i2kmme]}, (46)
=1

where the prime on the sum over {m} indicates the neutrality
constraints mentioned earlier. The local neutrality condition
>_,—m¢ = 0 for each r implies that } |, rym, = 0, hence the
term proportional to 2k in Eq. (46) vanishes. The path integral
over ¢ is Gaussian and can be performed exactly,

/D(be StLlé] exp { Z[lZJ_X(p(I]K)m[ + leFrgmg]}
(=1

= Z1L exp {
o

2w’y mem4/<TT¢<m>¢(w>>TL} :

(47)

where Zt is the partition function of the Tomonaga-Luttinger
liquid. We see from Eq. (8) that (T;¢(n")¢(n")) — In(1) =0
for |p — 5’| < &, hence the £ = £’ term can be removed from
Eq. (47). We have therefore rewritten the partition function
of the Kondo lattice problem (31) as that of a 2D classical
Coulomb gas,>

YN
Z = ZTLZSZZ / Dx e 5o, (48)
|AX|>&

where Y = p|J,|/2+/2 is the fugacity of the gas, and
Xe/|
Scc = —18 Z memy ln (49)
oy E

is a two-body logarithmic interaction potential with interaction
strength ¢ = 2K x>. We have introduced 2D coordinates
with dimensions of length x = (r,vr7). Appr0x1mat1ng the
discrete sum over impurity sites by an integral ) f T the
integration measure is

/Dx—]_[/dx". (50)

The subscript |Ax| > & in Eq. (48) signifies that the configu-
ration space integral (50) is subject to the hard-core constraint
|x; — x| > & for all £ # ¢'. As mentioned previously, this
constraint comes from the short-distance behavior of the
Tomonaga-Luttinger propagator Eq. (8). We also note that the
dimensionless fugacity Y does not depend on the sign of J,,
because N is even. Finally, the unperturbed partition functions
Z1, and Zg in Eq. (48) do not contain any thermodynamic
singularities and will be ignored in what follows.

The RG equations for the single-component Coulomb gas
(48) are the well-known Kosterlitz-Thouless equations:’*2

dy

2—— Y, 51
< = ( g) (51)
dg 2y2.2

— = 27“Y*g“. 52
70 TY’g (52)
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There is a quantum phase transition in the 2DXY universality
class at the position g = g.(Y) of the Kosterlitz-Thouless
separatrix, which for small Y is given by g.(Y) =4 + 87Y +
O(Y?). For pJ; <« 1 corresponding to ¥ < 1, the transition
occurs on a curve in the (K, J;) plane defined by K x2 = 2.

C. Two-particle backscattering

As discussed in Sec. II C, a quantum impurity on the edge
of a QSH insulator can generally give rise to two-particle
backscattering processes. In the case of a regular array of
impurities, this corresponds to adding to the Kondo lattice
Hamiltonian (31) the term

A
Hopg = nig Z Cos[d/Td(r) + dkpr], (53)

in the boson representation. As in the single-impurity case,
Hypp explicitly breaks the continuous U(1); spin rotation
symmetry of Eq. (31) to a discrete Z, symmetry {1,e/"<},
where Q; is given at the end of the paragraph following
Eq. (31).

We first consider the effect of Eq. (53) in the decoupling
limit pJ, = 2K . Following the same steps as in Sec. III A, the
transformed Hamiltonian H = UHU is

J
H = H¢.T1] +ﬁzsr &,

where

A
H[¢.T1] = Hr[¢.T1] + nig > coslay/mp(r) + 4kpr),

(54)

i.e., the transformed Hamiltonian in the conduction electron
sector is a periodic sine-Gordon model. This problem can
be solved exactly in two limits: at the Luther-Emery point>*
K = 1/4, where the problem can be mapped to free fermions,
and at the free boson point K — 0.

We first discuss the solution of Eq. (54) at the Luther-Emery
point K = 1/4. We rescale the boson fields IT — 1 = %I‘I
and ¢ — ¢ = 2¢, which preserves the canonical commutation
relations [@(x), [1(x")] = [¢(x),T1(x)]. The Hamiltonian (54)
becomes

A = /dx[n2+(a 7

Aga ~
+ 2 Z cos[2/T(r) + 4kprl,  (55)

which can be refermionized by defining the new spinless
fermion field W (x) = e™*r*Jr(x) + e~ ***1Jr; (x) with the slow
fields

l«/ﬂﬂ:(l;(X)fﬁ(X)]

«/271& '

with [T = 3,9 and kp = 2kp, in terms of which the Hamilto-
nian reads

. = —ive / dx(Fhanin — ¥ o)

VR L(x) =

+ fdx[v*(x)l/?,llh + VT UR],
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where V (x) = ¢2*#% Vj(x) is a single-particle potential with

o0
Vo(x) = Aa Z §(x — na),
n=—00
i.e., a periodic Kronig-Penney potential, Vy(x) = Vo(x + a).
The phase e¢**7* can be removed from the potential by
a chiral rotation ¥ (x) — e’”‘””slﬁ(x) with y° =0, and
¥ = (¥g ¥ )7, Passing to a first-quantized description, the
time-independent Schrodinger equation for the single-particle
wave function ¥ (x) is

[—ivpo,dy + Vo(x)o 1Y = EV.

This Dirac-Kronig-Penney problem has been studied before>
in the context of one-dimensional quark models of the nucleus,
and the single-particle spectrum is given by

E, (k)= :tv—F cos™! [sech(wpAy)cos kal] + 2nvpz,
a a
n=0+1+2,..., (56)

where n is a band index and the principal branch 0 <
cos™!x < 7 is taken. The crystal momentum k lies in the
first Brillouin zone —x/a < k < m/a. In the absence of two-
particle backscattering A, = 0, we recover the massless Dirac
spectrum Ej 4 (k) = *vp|k|, while for A, # 0, a gap of magni-
tude 2A opens at k = 0 with A = vra~ ! cos™![sech(rpiy)].
In the weak-coupling limit 7pA, < 1, we have A >~ |X,|. The
low-energy spectrum near the center of the zone (k K m/a)
has the form

2
Eos(k) =+ [A TR O(k“)} :
2m*
where we define a Newtonian effective mass m* =
(vra)~'sinh(mp|Az|). In the weak-coupling limit we have
A >~ m*v%, i.e., a massive Dirac-like spectrum.

The many-body system is gapped only if the Fermi level lies
in a gap, which corresponds to integer fillings of the spinless
Luther-Emery fermions with respect to the impurity lattice.
Because the wave number & of the Luther-Emery fermions
¥ is twice that of the constituent fermions 1, the many-body
system will be gapped only if the constituent fermions are at
half-filling with respect to the impurity lattice, i.e.,kr = 7w /2a.
Therefore, at the Luther-Emery point K = 1/4 and for half-
filling of the conduction electrons with respect to the impurity
lattice, the system acquires a gap A for any nonzero A,, where
A >~ | Ay | for small pA,. Away from half-filling kg # 7 /2a,the
system is gapless and is described by a Fermi surface of free
Luther-Emery fermions with Fermi wave number kr = 2kp.
Since ¢ =2¢ and 1 = %1'[, we conjecture that these carry
charge 2e and S, spin /4.

The Hamiltonian Eq. (54) can also be studied in the
free boson limit K < 1, which corresponds to very strong
electron-electron interactions in the helical liquid. We perform
a more general rescaling of the boson fields IT = v/ K IT and
& = ¢ /K of which the Luther-Emery point K = 1/4 was
a special case. At half-filling, kr = 7 /2a, and for K < 1,
we can expand cos4+/m K@ ~ —8m K¢? + const, which is
appropriate for A, < 0 for which 44/ K¢ = O(mod 27) in
the ground state. Therefore, in the continuum limit, the boson
¢ develops a mass term ~ 1 M?$? with M o< [15]'/%.
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It is not difficult to ascertain the physics of the decoupling
limit beyond those limiting cases. In the long-wavelength limit
k « m/a, we can take the continuum limit @ — 0. Then the
discrete sum over impurity sites » in Eq. (54) can be replaced
by an integral over x, and we obtain

A= [ a4 0.6
)»261 ~
+ _é dx cos(dvVmw K¢ + dkran),
g

where n = x/a is integer (not to be confused with the Luther-
Emery band index in Eq. (56)). If kr 7 7/2a, the integral over
the cosine term averages to zero and we have a free massless
boson Hamiltonian with a gapless spectrum. The physics is the
same as that of Sec. Il A. At half-filling kr = 7 /2a, we have
4kpan = 2mn and the cosine term survives the averaging,

H. = %/dx[ﬁz—i—(axqu)z] + %/dxcos@/nl(&,

i.e., the usual sine-Gordon model. A term of the form cos ﬂqf&
is relevant in the infrared*® for B2 < 87. Here we have
ﬂ2 = 16 K. On the one hand, if K > 1/2, the cosine term is
irrelevant. The spin U(1); symmetry is dynamically restored
at low energies, the conduction electrons remain gapless, the
field ¢ fluctuates wildly and there is no long-range order
of the impurity spins. Once again, the physics is the same
as that of Sec. III A. On the other hand, if K < 1/2 the
cosine term is relevant. The ground state spontaneously breaks
the Z, spin symmetry with long-range order of the field
¢. The Luther-Emery and free boson points are particular
points in that phase. The conduction electrons open up a
gap'® A o | 1|40 for pA, « 1, which agrees with the
expressions A o< |A;| and A o |A2]'/? in the Luther-Emery
K = 1/4 and free boson K — 0 limits, respectively. As in
Sec. I1C, the local CDW phase 2./w¢(r) is pinned in the
ground state at (n + 1/2)m for A, > 0 and nx for A, < 0 with
n € Z. To the difference of the single-impurity case, however,
here there is long-range spatial order of the CDW phase. Using
Egs. (33) and (34), one can see that the impurity spins develop
long-range Ising antiferromagnetic order:

(Sry) = :I:%(—l)’/“ sgnJ,,
(S} =£i(—=D7"sgnJy,

)\.2>0,
)»2<0,

i.e., the order is either in the y or x direction depending on
the sign of A,. The &+ sign corresponds to the two degenerate
antiferromagnetic ground states and is picked by spontaneous
symmetry breaking.

As in Sec. II C, one can ask whether the scaling dimension
of the two-particle backscattering term at half-filling is
affected by the impurity spin sector away from the decoupling
limit. It is still true that the two-particle backscattering
operator commutes with the unitary transformation U =
exp[ir )y, ¢(r)S?] with A = —J.a//mvpK for all J; and
hence that the correlator (cos 4./ ¢(x,T) cos 4/ $(0,0)) is
independent of J,. Therefore the scaling dimension of the
two-particle backscattering operator is still 4K. However, in
the Kondo lattice problem, the bulk Luttinger parameter K
does renormalize under the (1 4 1)-dimensional RG flow. In
particular, K is renormalized by the impurity spin sector even
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in the absence of two-particle backscattering, as the Kosterlitz-
Thouless equations (51) and (52) show. One could therefore
expect that the phase boundary at K = 1/2 is changed by the
presence of the Kondo lattice.

To check whether this is the case or not, we repeat the
analysis of Sec. IIIB in the presence of the two-particle
backscattering term Srpg = *drt >, cos[4/Top(r,T) +
4kpr]. The technical details of the mapping to a Coulomb
gas are similar and will not be reproduced here. The main
differences with the 1, = 0 problem are as follows. In addition
to the Ising variables m, = +1 representing spin flips, we
need to introduce another set of Ising variables e; = +£1 rep-
resenting two-particle backscattering events. Because two spin
flips also backscatter two conduction electrons, the dynamics
of the m, and e; particles are coupled. After neglecting the
noninteracting factors Ztp and Zg [see discussion following
Eq. (48)], the zero-temperature partition function of the
Kondo lattice in the presence of two-particle backscattering is
exactly mapped to that of two coupled 2D classical Coulomb
gases, 0

o YNm YN
Z= / Dx* / Dx" ¢ Sco ,
IWZ—OI;JJ%; Nt NelJjaxei>¢ |AX™|>&
(37

where N,, and Y,, = p|J.|/2+/2 are the total number of
spin flips and their fugacity [i.e., the same as N and Y in
Eq. (48)], N, and Y, = p|A;|/2 are the total number of two-
particle backscattering events and their fugacity, the primed
sum over spin-flip configurations {m} is the same as that in
Eq. (48), the primed sum over two-particle backscattering
event configurations {e} is subject to the global neutrality
constraint ) _; e; = 0, and the integration measures J Dx" and
f Dx¢ are as in Eq. (50), subject to the hard-core constraints
Ix} — x| > &,¢# ¢ and Ixi —x%| > &, j # Jj’, for particles
of same type. The action in Eq. (57) is

1
SCG - _§<gmm Zmﬁmé/ In ——— | + 8ee Ze ej

LA J#J
X ln—’Xj ;Xj,’ + Zem %:Eijln —|X ;Xe )
—|—4lkF Zr‘?ej, (58)

J

where g, = 2[()(2 [i.e., the same as g in Eq. (49)], g.. = 8K,
and g., = 8K x. The last term in Eq. (58) is pure imaginary
and can be thought of as a Berry phase effect, with r{
the spatial coordinate of the jth two-particle backscattering
event [recall that x = (r,up7)]. Unlike for the spin flips,
there is no local neutrality condition that would allow us to
set this term to zero. However, due to the presence of the
impurity lattice ¢ is an integer multiple of a. Furthermore,
ej = %1 is an integer. Therefore, at half-filling 2kr = 7 /a,
we find that 4kg Zj rje; is an integer multiple of 27, hence
exp(—4ikp Y ;T5ej) =1 and the Berry phase term does not
contribute to the partition function. Away from half-filling,
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TABLE 1. New particles generated under renormalization and
their scaling dimensions.

Particle type a Scaling dimension A,

(1,0)=m K x?

2,0) 4K x?

(p.0) K x*p?
O,)=e 4K

0,2) 16K

0,9) 4Kq?

(L,1) Kx*+4K

(P.q) Kx*p* +4Kq’

this complex factor is oscillatory and strongly suppresses
configurations of e particles. Only the trivial configuration
with N, = 0, i.e., with no e particles whatsoever, survives the
partition sum. In other words, the fugacity Y, o |A,| becomes
an irrelevant variable under the RG. We thus confirm the
result expected from the analysis in the decoupling limit that
the two-particle backscattering term is irrelevant away from
half-filling, regardless of the value of J..

In the following, we focus on the half-filled case 2kr =
7 /a, where both m and e particles need to be retained, and
the action is given by Eq. (58) without the Berry phase term.
The scaling dimensions of the fugacity variables Y, and Y,
can be obtained by rescaling the cutoff £ — & + d& in the
integration measures [ Dx and in the logarithmic interaction
potentials In(|x — x'|/£).5 In general, to find all the relevant
variables, one also needs to consider the fugacities of new
particle types which are not present in the original problem but
are created along the RG flow by particle “fusion.”>* Those
particles are generally of the type (p,q), which means that they
are composite objects of p particles of type m and g particles
of type e. The scaling dimensions of all possible such particles
are indicated in Table I. A particle of type a is relevant if
its scaling dimension A, < 2. For K > 1/2, all particles of
the type (p,q > 0) are irrelevant, i.e., only pure spin flips are
relevant.

What about the renormalization of K due to spin flips? This
effect which corresponds here to the renormalization of g,
occurs at one-loop level. To illustrate the physics, we compute
the one-loop RG equations taking into account the e and m
particles as well as the next most relevant composite spin flip
operator (2,0) = /1, which corresponds to double spin flips.
We find

CZ = (2 ge) Y.

ddlzn = (2= Lgum) Yo + 27, Y,
"% = (2= 2gun)¥n + Y2,

djzg —27?[¥2g2 + (Y2 +4v2)g2 ],
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% = —2m?[(¥2 +4Y2) g2, + Y22 ],
d em
S = 2 [¥2 g + (Y7 4 4Y]) 8 e

The B function of g, is negative, which means that Y, tends to
be more relevant as we flow into the infrared than if there was
no renormalization of g... However, the  function of g, is
second order in all the fugacities, which for small J; and X, are
small. The consideration of higher-order spin flips (p > 2,0)
will give additional contributions to the 8 function of g, but
they will all be quadratic in the corresponding fugacities, and
therefore small for small J; and X,. We therefore conclude
that for small J, and A,, the phase boundary between the
gapped Ising antiferromagnet and the gapless disordered
state does indeed occur at K = 1/2 regardless of the value
of J,. We expect that the phase boundary will be affected
by the one-loop RG flows for finite J; and X,, but this
is a regime where the perturbative approach described here
eventually fails. For the same reasons, we also expect that the
lattice version Y {[82(r)]e’>Y79") 4 H.c.} of the inelastic
backscattering operator’>*® mentioned in Sec. IIC remains
irrelevant forall 0 < K < 1.

D. Phase diagram of the Kondo lattice problem

We now discuss the phase diagram of the Kondo lattice
problem based on the results obtained thus far (see Fig. 3).
There are four cases to distinguish: at half-filling (2kpa =

pJ, (@) pd, (o)

XY 2DXY transition o XY

pld | << 1 pld,| << 1
2kga = m: any A, 2kea = m, p|A,| << 1

2kra=m:2, =0

FIG. 3. (Color online) Zero-temperature phase diagram of the 1D
Kondo lattice in the helical edge liquid of the quantum spin Hall state
for small J,. (a) In the absence of two-particle backscattering for
any filling, or in the presence of two-particle backscattering but away
from half-filling (2kra # ), there are two gapless phases: a Kondo
screened strong coupling phase (AF) and an unscreened XY phase,
separated by a quantum phase transition in the 2DXY universality
class. The decoupling limit (dashed line) lies in the AF phase. The
single-impurity phase boundary of Fig. 2(b) is drawn for comparison
(dotted line). (b) In the presence of two-particle backscattering and
at half-filling (2kra = ), there is an additional gapped phase with
long-range Ising antiferromagnetic order (Ising AF) for K < 1/2.In
contrast to the ordinary half-filled 1D Kondo lattice (see Ref. 33),
for noninteracting conduction electrons (K = 1) the system remains
gapless.
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) or away from half-filling (2kra # m), with two-particle
backscattering (A, # 0) or without (A, = 0). In three out
of these four cases (away from half-filling without two-
particle backscattering, away from half-filling with two-
particle backscattering, and at half-filling without two-particle
backscattering), the phase diagram is given in Fig. 3(a). There
is a Kondo screened strong coupling phase (AF) sandwiched
between two XY phases. In the AF phase, the spin flip fugacity
Y,, and hence |J, | flow to infinity. Based on the exact solution
in the decoupling limit (see Sec. III A), we expect that impurity
spin correlations are gapless in the xy plane but gapped in the
out-of-plane z direction with a gap of order |J,|. In the XY
phase, Y,, flows to zero and the system is described by an
effective Hamiltonian similar to Eq. (31) but with J; = 0 and
renormalized values of K and J,. As in the single-impurity case
(see Sec. II B), the impurity spin correlations can be computed
in this phase by applying the unitary transformation U on
the lattice to remove the ), S*I1(r) term from the effective
Hamiltonian; they are gapless in the xy plane and vanish in the
z direction. Although the phase diagram of the Kondo lattice is
qualitatively similar to that of the single-impurity problem in
Fig. 2(b), one interesting difference is that for noninteracting
conduction electrons (K = 1), aferromagnetic J, < Ocan give
rise to a strong-coupling AF phase at low energies, which did
not occur for a single impurity.

At half-filling and in the presence of two-particle backscat-
tering, there is an additional gapped phase with long-range
Ising antiferromagnetic order (Ising AF) for K < 1/2 [see
Fig. 3(b)]. The Luther-Emery point at K = 1/4 and pJ, =
2K =1/2 is one point in that phase. For K > 1/2, two-
particle backscattering is irrelevant and that portion of the
phase diagram is the same as Fig. 3(a). In particular, for
noninteracting conduction electrons (K = 1) the system re-
mains gapless, being either in the AF or the XY phase. This
is in marked contrast to the ordinary 1D Kondo lattice with
nonhelical spinful conduction electrons, in which case the
ground state of the system is a gapped spin liquid.**%>° The
Kondo lattice in a helical liquid can open a gap, but only for
K < 1/2 and at the cost of developing Ising antiferromagnetic
long-range order, which is also qualitatively different from
the usual spinful case. The Mermin-Wagner theorem, which
forbids the existence of long-range magnetic order in quantum
(1 4 1)-dimensional spin systems with a continuous spin
rotation symmetry, has recently been extended to the case
of lattice spins coupled to itinerant charge carriers such as
the 1D Kondo lattice.* The disordered ground state of the
half-filled SU(2)-invariant 1D Kondo lattice is a good example
of this general result. However, in the presence of spin-orbit
interactions magnetic order is not excluded.®® In our case,
the two-particle backscattering operator breaks the continuous
U (1) spin rotation symmetry to the discrete Z, symmetry, and
microscopically arises from electron-electron interactions in
the presence of spin-orbit coupling.'® This allows the system
to escape the extended Mermin-Wagner theorem and develop
long-range Ising AF order.

IV. CONCLUSION

We have generalized previous studies of quantum impuri-
ties on the 1D edge of a 2D time-reversal invariant topological
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insulator (QSH insulator) in two directions. First, we derived
the zero-temperature phase diagram of the single-impurity
problem in the (K, J;) plane for all values 0 < K < 1 of the
Luttinger parameter K of the helical edge liquid, correspond-
ing to repulsive electron-electron interactions, and all values of
the Kondo coupling J, in the z direction. Previous treatments
were restricted to the weak coupling regime 1 — K <« 1 and
plJ.| < 1. We found that a large portion of the phase diagram
for strong antiferromagnetic J, > 0 was occupied by a local
moment phase that usually occurs only for ferromagnetic
J; < 0. This result had been missed by previous works. Our
new results were derived in part by making use of an exact
solution in the so-called decoupling limit pJ, = 2K that
corresponds, at least in the noninteracting limit K = 1, to
the unitarity limit § = £m/2 for the scattering of the edge
electrons on the z component of the impurity spin. The solution
in the decoupling limit was exact for all J, . This analysis was
supplemented by a calculation a la Anderson-Yuval-Hamann
that allowed us to derive improved renormalization group
equations for the Kondo couplings, and to explore the phase
diagram away from the decoupling limit.

Second, we generalized the single-impurity problem to a
Kondo lattice problem where a regular 1D array of quantum
impurities interacted with the edge electrons. The solution in
the decoupling limit was extended to the lattice. We found
that the topology of the zero-temperature phase diagram was
similar to that of the single-impurity problem. However, an
interesting difference was that in the noninteracting case
(K = 1), ferromagnetic Kondo couplings could give rise to a
Kondo screened phase in the lattice case but not in the single-
impurity case. More importantly, the physics of the Kondo
lattice problem was found to depend crucially on the filling
of conduction electrons with respect to the impurity lattice.
Away from half-filling, we found two gapless phases separated
by a quantum phase transition in the 2DXY universality
class. At half-filling, we found an additional gapped phase
for K < 1/2 with long-range Ising antiferromagnetic order.
This was contrasted with the disordered ground state of the
half-filled Kondo lattice in an ordinary spinful 1D electron gas.
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APPENDIX: DECOUPLING LIMIT AND UNITARITY LIMIT

In this appendix, we show that for noninteracting edge
electrons (K = 1), the decoupling limit pJ, = 2K =2 cor-
responds to the unitarity limit § = 4 /2 for scattering on the
z component of the impurity spin, where § is the scattering
phase shift. For noninteracting electrons, we can work in the
fermion representation where the single-impurity Hamiltonian
(1) in the absence of the J, term is

H = —iv; / dx(Why d¥my — Wi, 00L)

—i—JZaSZ(l/fLTI/fRT - WL Yy )x=0,

where WLT and wz , are the fermionic creation operators
for the spin-up right-moving edge electrons and spin-down
left-moving edge electrons, respectively. Since [H,S*] = 0,
we can work in the S$* basis and treat S* = :I:% as a ¢
number. Furthermore, H is also diagonal in the electron spin
sibasis, H =Y, _,, [ dx ¥} H, 1, where the first-quantized

Hamiltonian H, is

H, = —iovpdy + 0 J.aS?8(x).

The time-independent Schrodinger equation H,¢ = E¢ is
solved by the ansatz g, (x) ~ ¢/ “%+/®) with f such that
dyf =0 for x #£0. For x # 0, the Schrodinger equation
reads —iovpd@re = E@is, Which gives the expected linear
dispersion E = vpk. Substituting this result in the Schrodinger
equation at x = 0, we obtain vgd, f + J,aS*8(x) = 0, which
is solved by f(x) = —mpJ S°6(x) where p = a/mvp is the
density of states of the helical liquid and 6(x) is the Heaviside
step function. As a result, the edge state wave function is

Dr () ~ @TKEITPISO)
- .
The scattering S matrix is defined by
Sk = et = P =00 impss
Pro(x =07)

hence the scattering phase shift §; = § is
8= —%anZSZ = i%np]z,

since S° = £1/2. In the decoupling limit, we have pJ, = 2,
which corresponds to the unitarity limit § = £ /2.

'M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).

2X.L. Qi and S. C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).

3C. L. Kane and E. J. Mele, Phys. Rev. Lett. 95, 146802 (2005);
95, 226801 (2005).

“B. A.Bernevig and S. C. Zhang, Phys. Rev. Lett. 96, 106802 (2006).

S5For a recent review, see, e.g., J. Maciejko, T. L. Hughes, and S. C.
Zhang, Annu. Rev. Condens. Matter Phys. 2, 31 (2011).

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

7A. Roth, C. Briine, H. Buhmann, L. W. Molenkamp, J. Maciejko,
X. L. Qi, and S. C. Zhang, Science 325, 294 (2009).

8C. Briine, A. Roth, H. Buhmann, E. M. Hankiewicz,
L. W. Molenkamp, J. Maciejko, X. L. Qi, and S. C. Zhang, Nature
Phys. 8, 486 (2012).

°B. A. Bernevig, T. L. Hughes, and S. C. Zhang, Science 314, 1757
(2006).

10C, Wu, B. A. Bernevig, and S. C. Zhang, Phys. Rev. Lett. 96, 106401
(2006).

245108-14


http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1103/RevModPhys.83.1057
http://dx.doi.org/10.1103/PhysRevLett.95.146802
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.96.106802
http://dx.doi.org/10.1146/annurev-conmatphys-062910-140538
http://dx.doi.org/10.1126/science.1148047
http://dx.doi.org/10.1126/science.1174736
http://dx.doi.org/10.1038/nphys2322
http://dx.doi.org/10.1038/nphys2322
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1126/science.1133734
http://dx.doi.org/10.1103/PhysRevLett.96.106401
http://dx.doi.org/10.1103/PhysRevLett.96.106401

KONDO LATTICE ON THE EDGE OF A TWO- ...

1C. Xu and J. E. Moore, Phys. Rev. B 73, 045322 (2006).

12T, Giamarchi, Quantum Physics in One Dimension (Clarendon
Press, Oxford, 2003).

3C. L. Kane and M. P. A. Fisher, Phys. Rev. Lett. 68, 1220 (1992);
Phys. Rev. B 46, 15233 (1992).

14]. Maciejko, C. X. Liu, Y. Oreg, X. L. Qi, C. Wu, and S. C. Zhang,
Phys. Rev. Lett. 102, 256803 (2009).

ISM. Konig, Ph.D. thesis, University of Wiirzburg, 2007.

M. Konig, A. Garcia, M. Baenninger, C. Briine, H. Buhmann,
L. W.Molenkamp, and D. Goldhaber-Gordon, APS March Meeting,
Dallas, 2011.

7M. W. Young, S.-S. Lee, and C. Kallin, Phys. Rev. B 78, 125316
(2008).

18S. Rachel and K. Le Hur, Phys. Rev. B 82, 075106 (2010).

19J. Goryo and N. Maeda, J. Phys. Soc. Jpn. 79, 095001 (2010).

20M. Hohenadler, T. C. Lang, and F. F. Assaad, Phys. Rev. Lett. 106,
100403 (2011).

21T, Goryo and N. Maeda, J. Phys. Soc. Jpn. 80, 044707 (2011).

22Y. Yamaji and M. Imada, Phys. Rev. B 83, 205122 (2011).

2W. Wu, S. Rachel, W.-M. Liu, and K. Le Hur, Phys. Rev. B 85,
205102 (2012).

2S.-L. Yu, X. C. Xie, and J.-X. Li, Phys. Rev. Lett. 107, 010401
2011).

23C. Griset and C. Xu, Phys. Rev. B 85, 045123 (2012).

26D.-H. Lee, Phys. Rev. Lett. 107, 166806 (2011).

?D. Zheng, G.-M. Zhang, and C. Wu, Phys. Rev. B 84, 205121
2011).

M. Hohenadler and F. F. Assaad, Phys. Rev. B 85, 081106(R)
(2012).

%M. Hohenadler, Z. Y. Meng, T. C. Lang, S. Wessel, A. Muramatsu,
and F. F. Assaad, Phys. Rev. B 85, 115132 (2012).

39T. Yoshida, S. Fujimoto, and N. Kawakami, arXiv:1111.6250.

31J. Yuan, J.-H. Gao, W.-Q. Chen, Y. Zhou, and F.-C. Zhang,
arXiv:1201.1698.

32J. Gao, W. Chen, X. C. Xie, and E-C. Zhang, Phys. Rev. B 80,
241302 (2009).

33H. Tsunetsugu, M. Sigrist, and K. Ueda, Rev. Mod. Phys. 69, 809
(1997).

3P. W. Anderson, G. Yuval, and D. R. Hamann, Phys. Rev. B 1, 4464
(1970).

PHYSICAL REVIEW B 85, 245108 (2012)

35T. L. Schmidt, S. Rachel, F. von Oppen, and L. I. Glazman, Phys.
Rev. Lett. 108, 156402 (2012).

30Y. Tanaka, A. Furusaki, and K. A. Matveev, Phys. Rev. Lett. 106,
236402 (2011).

¥G. Toulouse, C. R. Acad. Sci. Ser. B 268, 1200 (1969).

BA. 0. Gogolin, A. A. Nersesyan, and A. M. Tsvelik, Bosonization
and Strongly Correlated Systems (Cambridge University Press,
Cambridge, 1998).

P. W. Anderson and G. Yuval, Phys. Rev. Lett. 23, 89 (1969).

40V, J. Emery and S. A. Kivelson, Phys. Rev. B 46, 10812 (1992).

4 A. M. Tsvelik, Quantum Field Theory in Condensed Matter Physics
(Cambridge University Press, Cambridge, 1995).

“2P. W. Anderson, J. Phys. C 3, 2436 (1970).

“3E. Fradkin, Field Theories of Condensed Matter Systems (Addison-
Wesley, Redwood City, 1991).

4], Cardy, Scaling and Renormalization in Statistical Physics
(Cambridge University Press, Cambridge, 1996).

43P, Nozieres, J. Low Temp. Phys. 17, 31 (1974).

4N. Lezmy, Y. Oreg, and M. Berkooz, arXiv:1201.6197.

47V, J. Emery and S. A. Kivelson, Phys. Rev. Lett. 71, 3701
(1993).

8 A. Luther and 1. Peschel, Phys. Rev. B 9, 2911 (1974).

“E. Novais, E. Miranda, A. H. Castro Neto, and G. G. Cabrera, Phys.
Rev. Lett. 88, 217201 (2002); Phys. Rev. B 66, 174409 (2002).

0. M. Kosterlitz, J. Phys. C 7, 1046 (1974).

S1G. Yuval and P. W. Anderson, Phys. Rev. B 1, 1522 (1970).

2J. M. Kosterlitz and D. J. Thouless, J. Phys. C 6, 1181 (1973).

53B. Nienhuis, in Phase Transitions and Critical Phenomena, edited
by C. Domb and J. L. Lebowitz (Academic Press, London, 1987),
Vol. 11.

34A. Luther and V. J. Emery, Phys. Rev. Lett. 33, 589 (1974).

3B. H. J. McKellar and G. J. Stephenson, Phys. Rev. C 35, 2262
(1987).

%D. R. Nelson and B. I. Halperin, Phys. Rev. B 21, 5312 (1980).

7], L. Cardy and S. Ostlund, Phys. Rev. B 25, 6899 (1982).

3H. Tsunetsugu, Y. Hatsugai, K. Ueda, and M. Sigrist, Phys. Rev. B
46, 3175 (1992).

¥ A. M. Tsvelik, Phys. Rev. Lett. 72, 1048 (1994).

%D. Loss, F. L. Pedrocchi, and A. J. Leggett, Phys. Rev. Lett. 107,
107201 (2011).

245108-15


http://dx.doi.org/10.1103/PhysRevB.73.045322
http://dx.doi.org/10.1103/PhysRevLett.68.1220
http://dx.doi.org/10.1103/PhysRevB.46.15233
http://dx.doi.org/10.1103/PhysRevLett.102.256803
http://dx.doi.org/10.1103/PhysRevB.78.125316
http://dx.doi.org/10.1103/PhysRevB.78.125316
http://dx.doi.org/10.1103/PhysRevB.82.075106
http://dx.doi.org/10.1143/JPSJ.79.095001
http://dx.doi.org/10.1103/PhysRevLett.106.100403
http://dx.doi.org/10.1103/PhysRevLett.106.100403
http://dx.doi.org/10.1143/JPSJ.80.044707
http://dx.doi.org/10.1103/PhysRevB.83.205122
http://dx.doi.org/10.1103/PhysRevB.85.205102
http://dx.doi.org/10.1103/PhysRevB.85.205102
http://dx.doi.org/10.1103/PhysRevLett.107.010401
http://dx.doi.org/10.1103/PhysRevLett.107.010401
http://dx.doi.org/10.1103/PhysRevB.85.045123
http://dx.doi.org/10.1103/PhysRevLett.107.166806
http://dx.doi.org/10.1103/PhysRevB.84.205121
http://dx.doi.org/10.1103/PhysRevB.84.205121
http://dx.doi.org/10.1103/PhysRevB.85.081106
http://dx.doi.org/10.1103/PhysRevB.85.081106
http://dx.doi.org/10.1103/PhysRevB.85.115132
http://arXiv.org/abs/1111.6250
http://arXiv.org/abs/1201.1698
http://dx.doi.org/10.1103/PhysRevB.80.241302
http://dx.doi.org/10.1103/PhysRevB.80.241302
http://dx.doi.org/10.1103/RevModPhys.69.809
http://dx.doi.org/10.1103/RevModPhys.69.809
http://dx.doi.org/10.1103/PhysRevB.1.4464
http://dx.doi.org/10.1103/PhysRevB.1.4464
http://dx.doi.org/10.1103/PhysRevLett.108.156402
http://dx.doi.org/10.1103/PhysRevLett.108.156402
http://dx.doi.org/10.1103/PhysRevLett.106.236402
http://dx.doi.org/10.1103/PhysRevLett.106.236402
http://dx.doi.org/10.1103/PhysRevLett.23.89
http://dx.doi.org/10.1103/PhysRevB.46.10812
http://dx.doi.org/10.1088/0022-3719/3/12/008
http://dx.doi.org/10.1007/BF00654541
http://arXiv.org/abs/1201.6197
http://dx.doi.org/10.1103/PhysRevLett.71.3701
http://dx.doi.org/10.1103/PhysRevLett.71.3701
http://dx.doi.org/10.1103/PhysRevB.9.2911
http://dx.doi.org/10.1103/PhysRevLett.88.217201
http://dx.doi.org/10.1103/PhysRevLett.88.217201
http://dx.doi.org/10.1103/PhysRevB.66.174409
http://dx.doi.org/10.1088/0022-3719/7/6/005
http://dx.doi.org/10.1103/PhysRevB.1.1522
http://dx.doi.org/10.1088/0022-3719/6/7/010
http://dx.doi.org/10.1103/PhysRevLett.33.589
http://dx.doi.org/10.1103/PhysRevC.35.2262
http://dx.doi.org/10.1103/PhysRevC.35.2262
http://dx.doi.org/10.1103/PhysRevB.21.5312
http://dx.doi.org/10.1103/PhysRevB.25.6899
http://dx.doi.org/10.1103/PhysRevB.46.3175
http://dx.doi.org/10.1103/PhysRevB.46.3175
http://dx.doi.org/10.1103/PhysRevLett.72.1048
http://dx.doi.org/10.1103/PhysRevLett.107.107201
http://dx.doi.org/10.1103/PhysRevLett.107.107201

