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Antiferromagnetic nuclear spin helix and topological superconductivity in *C nanotubes
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We investigate the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction arising from the hyperfine coupling
between localized nuclear spins and conduction electrons in interacting '*C carbon nanotubes. Using the
Luttinger liquid formalism, we show that the RKKY interaction is sublattice dependent, consistent with the
spin susceptibility calculation in noninteracting carbon nanotubes, and it leads to an antiferromagnetic nuclear
spin helix in finite-size systems. The transition temperature reaches up to tens of mK, due to a strong boost by
a positive feedback through the Overhauser field from ordered nuclear spins. Similar to GaAs nanowires, the
formation of the helical nuclear spin order gaps out half of the conduction electrons, and is therefore observable
as a reduction of conductance by a factor of 2 in a transport experiment. The nuclear spin helix leads to a density
wave combining spin and charge degrees of freedom in the electron subsystem, resulting in synthetic spin-orbit
interaction, which induces nontrivial topological phases. As a result, topological superconductivity with Majorana
fermion bound states can be realized in the system in the presence of proximity-induced superconductivity without
the need of fine tuning the chemical potential. We present the phase diagram as a function of system parameters,
including the pairing gaps, the gap due to the nuclear spin helix, and the Zeeman field perpendicular to the helical

plane.
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I. INTRODUCTION

The search for topological superconductivity and exotic
quasiparticles supported by it, such as Majorana fermions
(MFs), remains an ongoing challenge. MFs, being their own
antiparticles, exhibit non-Abelian statistics and are promising
candidates for realization of quantum computation [1,2].
Despite intensive experimental [3—8] and theoretical [9-13]
efforts, the observation of MFs still remains inconclusive. It
is therefore important to propose experimentally achievable
devices for the realization of such particles and even more
exotic parafermions [14—19]. In this respect, carbon nanotubes
(CNTs) seem promising due to advantages such as the
availability of high-quality samples, high tunability, and strong
electron-electron interactions due to the spatial confinement
[20-23], which is crucial for fractional statistics.

In a nanowire with free carriers (electrons) and localized
spins, such as spins of atomic nuclei, these two subsystems are
coupled by the hyperfine interaction [24-26]. With parameters
typical for semiconducting nanowires, this interaction is weak
on the scale of the electronic Fermi energy. It can then
be recast as the Ruderman-Kittel-Kasuya-Yosida (RKKY)
exchange interaction [27-30], the electron mediated pairwise
interaction between localized spins (see also Ref. [31] for
systems beyond the RKKY picture). The strength of this
pairwise interaction is given by the many-body state of the
electron subsystem, and reflects its properties. For example,
the RKKY coupling as a function of distance is modulated
at the electron Fermi wavelength [32], while the spin-orbit
interaction of electrons results in spin anisotropies [33,34] or
suppression [35] of the RKKY coupling. In low dimensional
systems, the effect of electron-electron interactions becomes
striking [36-38]. Namely, the RKKY interaction is strongly
enhanced, formally seen as the renormalization of the exponent
describing the power-law decay of correlators calculated in
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the Luttinger-liquid formalism [39]. The stronger the electron-
electron interactions, the more pronounced is this enhancement
around the electronic Fermi momentum, which leads to a
sharp resonant peak in the RKKY coupling in one-dimensional
systems. At low enough temperature, this peak results in the
ordering of the localized spins into a helix, which corresponds
to an effective rotating magnetic field (Overhauser field) seen
by the electrons. This macroscopic field changes the electronic
state by opening a partial gap at the Fermi energy. While
this further boosts the RKKY coupling strength, it is also
interesting on its own. Because a rotating field has a definite
helicity, the partial gap opens in a spin selective way [40,41]
and the electronic subsystem also becomes helical. It has been
theoretically suggested to exploit such helical Overhauser
fields for, e.g., dynamical nuclear spin polarization [42],
stabilization of fractionalized fermions [43], or production
of tune-free topological matter [44—46]. Signatures of such
a partial gap opening have been observed in GaAs quantum
wires in transport experiments at sub-K temperature [47].
Subsequent density matrix renormalization-group analysis
[48] also supported the formation of the RKKY-induced
magnetic order discussed in Refs. [37,38].

In this paper we revisit the above picture considering
metallic CNTs enriched by '3C, the atomic isotope with
nuclear spin % [49-52]. While Refs. [37,38] also considered
CNTs, the presence of sublattices was omitted. On the other
hand, the results for the spin susceptibility calculated in
the noninteracting limit [34,53-57] suggest that the RKKY
interaction is locally (between nearest neighbors) antiferro-
magnetic, unlike in, e.g., GaAs where it is ferromagnetic.
The question therefore arises whether in the presence of
strong electron-electron interactions the RKKY interaction
retains its locally antiferromagnetic character, and whether
a macroscopic Overhauser field can still arise, which is
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necessary to push the transition temperature of the nuclear
order to experimentally achievable values, and to offer Bc
enriched CNT as a self-tuned topological matter platform.

To this end, we derive here the RKKY interaction taking
into account sublattices explicitly in a CNT with interacting
electrons. We find that the RKKY interaction is sublattice
dependent, consistent with Refs. [34,53-57], and it leads to
a locally antiferromagnetic nuclear spin helix.! However,
despite a lack of macroscopic spin polarization, the helix
transition temperature is still strongly enhanced, and reaches
several tens of mK. We also confirm that the nuclear spin
helix combining charge and spin degrees of freedom generates
synthetic spin-orbit interaction for electrons, suitable to induce
nontrivial topology [9,10,44] supporting MFs [59,60] without
involving intrinsic spin-orbit interactions that happen to be
still weak in CNTs [61-63]. Therefore, we suggest to pursue
experimentally the possibility to establish the RKKY induced
nuc}gar spin order at low temperatures in CNTs highly enriched
by “C.

This paper is organized as follows. In Sec. II we obtain the
RKKY interaction within the Luttinger-liquid formalism. In
Sec. I A, we first establish the RKKY Hamiltonian in terms
of the spin susceptibility of the conduction electrons, which
are described as Luttinger liquid in Sec. II B; the bosoniza-
tion of the electron spin operators, which enter the spin
susceptibility, are discussed in Sec. IIC; finally, using the
results of Secs. Il A-II C, we obtain the RKKY interaction
in Sec. IID. The resulting Hamiltonian then represents a
spin model for the nuclear spins, allowing us to investigate
the nuclear spin order in Sec. III. We take the ansatz for
antiferromagnetic nuclear spin helix in Sec. III A, and compute
the magnon (spin wave) spectrum; in Sec. III B, the transition
temperature of the nuclear spin helix (without the feedback)
is estimated. In Sec. IV, we examine the feedback effect due
to the nuclear Overhauser field. In Sec. IV A, we show that
the intervalley backscattering terms in the spin susceptibility
are suppressed by the feedback; in Sec. IV B, we analyze the
renormalized Overhauser field; in Sec. IV C, we estimate the
transition temperature in the presence of the feedback, which
is enhanced by more than four orders of magnitude. In Sec. V
we investigate how the proximity-induced superconductivity
affects the RKKY interaction. In Sec. V A, we compute the
spin susceptibility in the presence of the pairing gap; in
Sec. VB, we show that the reduced transition temperature
may still be within experimentally accessible regimes. In
Sec. VI we focus on the topological properties: in Sec. VI A,
a refermionized Hamiltonian is established, which allows us
to find MF solutions straightforwardly; the topological phase
diagram is presented in Sec. VI B. Finally, we give a discussion
on the nuclear spin helix and MFs in CNTs in Sec. VIL
The details of the calculations on the spin susceptibility in
the presence of the pairing gap and solving the Schrodinger

'A different (ferromagnetic) helical order was found in Ref. [58],
which considered semiconducting noninteracting '*C CNTs, unlike
metallic ones which we study here. The difference is expected, since
in the former case the spin susceptibility depends weakly on the
sublattices and is dominantly ferromagnetic, as discussed in Ref. [34].
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equation for MF solutions are given in Appendixes A and B,
respectively.

II. RKKY INTERACTION
A. Hyperfine and RKKY Hamiltonians

Nuclear spins of '*C atoms embedded within CNTs couple
to conduction electrons via the hyperfine exchange interaction.
We consider a single-wall armchair-edged nanotube” with the
Hamiltonian

H = Hel + Hi. (D

Here H,j, discussed in Sec. II B, describes the interacting
conduction electrons, and Hy is the hyperfine coupling
between the conduction electrons and localized nuclear spins.
The dipolar interaction between the localized spins is much
smaller than these two terms and hence neglected [64] (for
systems where this is not the case, the combined effect of
direct and RKKY interactions may lead to, e.g., a canted spin
state [65]).

Assuming the electrons are in the lowest transverse mode
due to a large transverse level spacing of the order of eV, we
obtain an effective one-dimensional hyperfine interaction,

Ag .
Hur = 2}) N—lsa(rj) L)), ©)
where @« = A, B denotes the sublattice index, j =1,...,N

is the site index of cross sections along the tube axis, and
Ay is the hyperfine coupling constant. There is a discrepancy
between the measured hyperfine coupling constant and the
theoretical prediction. The observed value in an isotopically
enriched (~99% 13C) nanotube quantum dot [51,52] was
two orders larger than the theoretical calculation employing
a noninteracting system calculation [24-26]. Whereas the
measured value was extracted through theories developed for
other materials without valley degrees of freedom [66], such
as GaAs, and needs to be further confirmed [67], we take
Ao = 6.0 ueV, which is in the order between the observed
and theoretical values, for the purpose of estimation. We also
note that subsequent measurements in CNTs with natural abun-
dance (~1% '3C) [68,69] corroborate the hyperfine coupling
constant reported in Refs. [51,52].

We split the nanotube into small cylinders of height a,
the length of the atomic scale, and get N, = w Ran; as the
number of the atoms on each sublattice in such a cylinder,
with n; the atomic area density of a graphene sheet. We
group the nuclear spins within one cylinder into an effective
composite spin, I,(r;) =" ju Xa(r;, ), which we refer to as
a spin of a cross section. Because N >> 1, the effective spins
are large, with maximal magnitude N, /, and thus can be
treated semiclassically. We choose a to be the lattice constant
of the CNT (the carbon-carbon bond length is a/+/3), which
for (6,6) CNTs gives N, = 12 and the radius R ~ 4.1 A.
The choice of (6,6) CNTs is partially motivated by the
experiment in Ref. [23], which reports that defect-free CNTs

2Qur calculation applies to any conducting CNTs. Here we focus
on armchair-edged CNTs for the ease of notation.
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with definite chiral index have been made possible. We also
denote the nuclear spin of BCasT = % Further, the effective
one-dimensional electron-spin-density operator is

N
Su(r) = n—jm,mzav — ), 3)

where r denotes the coordinate along the tube, r; the position
operator of the ith electron, o; is a vector with components
formed by the Pauli matrices in spin space of the ith electron,
and | o is the transverse part of the electron wave function
(assumed to be the same for all electrons). We will assume v,
spreads uniformly over the circumference, so that |y L,a|2 =
1/27 R).

Since Ay K €f, we use the Schrieffer-Wolff transformation
to integrate out the electron degrees of freedom [36,70,71],
which results in an effective RKKY interaction between two
localized spins,

Hrkky = N2 DR A R A G N C)

ltjot/S Hnv

where u,v = x,y,z are coordinates in spin space and the
effective RKKY exchange coupling,

2612
Ly ri = ). 5)

J‘Z;(ri - rj) =

The static spin susceptibility is defined as

X;‘;(ri—rj)z—é/() dt e ([ Sk (i), S5(r;,0)]).  (6)

with an infinitesimal positive n and (...) being the aver-
age corresponding to the one-dimensional effective electron
Hamiltonian H, . For the continuum description, we will
replace SK(r;,t)/a with the operators SX (r,1).

B. Electron Hamiltonian and bosonization

In this section, we discuss the one-dimensional effective
electron Hamiltonian and its bosonized form. We start with
the Hamiltonian of an interacting electronic system,

Hel = 7_{0 + Him, (7)

where Hy and H;y, describe the kinetic-energy and interaction
terms, respectively.

The Hamiltonian H, is defined by a tight-binding model
of a carbon lattice, including the nearest-neighbor hopping
terms with the hopping parameter . We neglect the longer-
range hopping, nanotube curvature, and spin-orbit interactions,
which results in a Hamiltonian conserving the total spin.
The spin susceptibility can then be written as X(fﬁv (ri —rj) =
S X:fﬂ(ri —r;) [34]. We Fourier transform H, and expand
it around the Dirac points, K, = yk,2 + %f with k, = %—Z
(¢ and 7 being the unit vectors along the tube axis and
circumference, respectively).> With the assumption that the
conduction electrons are confined into the lowest transverse

30ur definition for k, differs from the one in Refs. [37,38] by a
reciprocal-lattice vector.
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FIG. 1. (Color online) Backscattering processes on the Fermi
surface. K, indicates the two Dirac points with the valley index y =
=+. Thered (green) arrows correspond to the intravalley backscattering
w}vwwvyygr (intervalley backscattering wgw Y7 7.0) processes. The
arrows are mutually independent and the spins are not shown.

mode due to the spatial confinement, the tight-binding model
results in [72]

Ho= Y (ch, (@ ch, @)

a.v,0
0 _yhUFq Ca ya(q)

4 , 8

% (—)/ﬁqu 0 CBy.0(q) ®)

where cng(q) is the creation operator with the sublattice

indexa = A,B (o = *1), valley index y = %, spino = 1,1,

the z component of the momentum g = ¢, is measured from

the Dirac point K, and vr = */EF'L“ is the Fermi velocity.

Equation (8) can be diagonalized by symmetric (§ = +) and
antisymmetric (§ = —) combinations,

w&,y,o(q) = [CA,y,a(q) + (SCB.)/,(T(q)]ﬂ (9)

1
V2
corresponding to the eigenvalues, Es5, = —8yhvpg. There-
fore, the energy spectrum of Eq. (8) exhibits linear dispersions
close to the Dirac points, leading to two copies of Luttinger-
liquid spectrum located at k, = £k, (see Fig. 1).

To proceed, we describe the system in terms of the right
(R =+1) and left (L = —1) moving particles, ¥, »(q),
where for £ = R and L we have

VRy.o(q) = (10a)

I/IL,y’O'(q) =

wzi,y,(r(q)b:—y s

llfa,y,o(CI)b:y, (10b)

respectively. Combining Egs. (9) and (10), we find the relation
between the original electron operators and the right/left
movers,

1

Cot,)/,a(q) - ﬁ[w&y,a(q)u:fy + O”pﬁ,y,a(q)u:yl (11)
One may bosonize Y, , in terms of the bosonic fields 6,4
and ¢, [73,74]. In real space, we have

U, . —i _
lﬂey(r(”) by l(fkp+ykn)re i[lpyo(r) OW(V)]’ (12)

V2ma

where kr is the Fermi wave number, the lattice constant a
sets the smallest length scale of the system, Uy, , is the Klein
factor removing a (¢,y,0) particle from the system, and the
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TABLE 1. The indices defined in Sec. II, the corresponding
degrees of freedom, and the possible values of the indices.

Index Degree of freedom Possible values
o sublattice A(=+1),B(=-1)
v valley +, —
o spin r(=+D,L=-D
8 symmetric/antisymmetric +, —
combination of « = A,B
right/left mover R(=+1).,L(=-1
charge/spin sector c(=+1),s(=-1)
P symmetric/antisymmetric S=+1D),A=-1)

combination of y = +

bosonic fields satisfy the following relations [73]:

T
[¢y(r(rl)79y’(r’(r2)] = iESIgn(r2 - rl)Syy’S(r(r’, (13)

v¢ya(r) = _”[pR,y,a(r) + pL,y,a(r)]s (14’)
veyrr(r) = n[pR,y,(r(r) - pL,y,(r(r)]a (15)
with  the real-space density operator g, () =

‘ﬁg,y,g(")‘pi,%d(")- One can see that the field V6,,(r)/m is
canonically conjugate to ¢, (7),

0 ‘o’ .
[qsya(rl),VyT(”)} —i8(rs — )8, 800, (16)

Including the electron-electron interaction, the electron
Hamiltonian H,; can then be bosonized [75-77],

hd v
Hel = Z/ T;{MVPKVP[VQVP(r)]Z + o [V¢VP(V)]2},
v, P

KvP
(17
where v € {c = +,5s = —} refers to the charge/spin sectors,
and P € {§ = +,A = —} the symmetric/antisymmetric com-

bination of the bosonic fields between the y = £ valleys,
namely,

Oup = 10,4 + 104, + PO_ +v0_ )], (18)

dop = 3di s + v + P(P_y +vo_ D] (19)

The velocities for the (v, P) channels are u,p = vg/K,p. The
indices defined in this section are summarized in Table I
for reference. The noninteracting case corresponds to the
Luttinger-liquid parameters K.g = K.a = Kys = Ksa = 1,
and the repulsive electron-electron interaction leads to K s <
1. The parameter K s depends on the radius of CNTs through
the relation K5 = [1 + (8¢2)/(whvp)In(Ry/R)]™">, where
e is the electron charge and R, ~ 1000 A is the screening
length [75]. Therefore, for CNTs with smaller radius, the
electron-electron interaction has stronger effects due to the
stronger spatial confinement, as expected. However, this radius
dependence is relatively weak because of its logarithmic form.
For R = 4.1—-100 A, K..s ~ 0.16—0.24. In this work, we take
K.s~02and K 4 =~ K;s = Ksp = 1[75,77-79].
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With Egs. (12), (18), and (19), we can write the single-
particle spin operator S% () in terms of the bosonic fields to
compute the correlation functions in Eq. (6). Since the electron
Hamiltonian (17) is a free bosonic system, the correlation
functions can be computed straightforwardly within the
Luttinger-liquid formalism [73].

C. Spin operator in terms of the bosonic fields

To examine the sublattice dependence, we first write the
spin operator in terms of the original electron operators with
the explicit sublattice index «,

1 4
SN =5 00y ooy (). (20)

o0’ vy

which, according to Eq. (11), can be written as S£(r;) =
8% o (rj) + Spy o (rj), where

’

1
Shorj) = 1 Z%ﬂa/ Z[wg,y,g(rj)w,y,af(rj)
Ly

0,0

+awg,y,d(rj)1ﬁf,)7,0"(rj)] (21)

arises from the forward scattering (¢ ~0 or g ~ 2k,)
and

1 .
Shalr) = 3D 00 D WLy o Wiy (7))
o0’ Ly

AU Vo) 22)
corresponds to the backscattering [¢g ~ 2kp or g ~_2(kv +
kr)]. Here Ué}'d, are the Pauli matrices in spin space, { = —/,

¥ = —y, and the inverse Fourier transform of y , ;(g) is
given by

1 .
Vi yolr)) = T ;e'% Veyo(q), (23)

with ¥ ,, »(q) defined in Eq. (10).

Since we consider the temperature 7 much lower than the
Fermi energy €, the states below e are filled, allowing us to
keep only the scattering processes that take place on the Fermi
surface. In contrast to the backscattering term, the scaling
dimension of the forward scattering term does not depend on
K.s, which is the only Luttinger parameter modified by the
electron-electron interaction, so the forward scattering term
produces only local extrema (peaks) in the RKKY interaction
[37,38,73]. Since the nuclear spin order is determined by the
global extrema of the RKKY interaction, in what follows we
may neglect S’ ,(r;), and focus on the backscattering term,
S;:, «(j). Each term of Eq. (22) corresponds to a scattering
process, as illustrated in Fig. 1.

Taking the continuum limit, we obtain

Slél,ot(r) = Slliintra,a(r) + Sll:,inter,a(r)’ (24)

Shinna) = 5 2Ot DV o Wy ()], (25)
o,0’ 4

1
Shinera () = 7 D000 2 WL, o Wiy (1] (26)
g0’ v,
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TABLE II. The scattering processes in S, their corresponding
operators, and the locations and types of the corresponding extrema
in the RKKY interaction in the absence of the feedback.

Scattering process Operator Location Type
Intravalley, forward wg_yvgw.%ar q~0 local
Intervalley, forward I/JZW Ve .07 q ~ 2k, local
Intravalley, back 1//2%01//[%(,/ q ~ 2kp global
Intervalley, back w}ywww q ~ 2(k, £ kr) local

From Eq. (25) we see that the intravalley backscattering term,
S} inura. 18 OppoOsite for the two sublattices. We will see below
that this term gives rise to the ¢ = 2k RKKY peak in the spin
susceptibility. The intervalley backscattering terms in S; ;. .,
on the other hand, do not depend on the sublattice index and
give rise to ¢ = 2(kr — yk,) peaks. The spin susceptibility
in the absence of the feedback thus contains two parts,
the sublattice-dependent g = 2k intravalley backscattering,
and g = 2(kp — yk,) intervalley backscattering, which is
independent of sublattice, as in Refs. [34,53-57]. However,
the latter will be suppressed when taking into account the
feedback (Overhauser field due to ordered nuclear spins), as
will be discussed in Sec. [V. As aresult, in spite of its presence
in the spin susceptibility, the intervalley backscattering will
not influence the nuclear spin order established by the
intravalley backscattering. For clarity, we list the scattering
processes in SY, their operators, and the locations and types
of the corresponding extrema in the RKKY interaction in
Table II.

From now on we shall proceed with the intravalley
backscattering term, Sz/:, intra. and will come back to the
intervalley backscattering term when discussing the feedback
in Sec. IV A. Now the spin operator is expressed in terms of the
operators ¥ , (1), which can be bosonized through Egs. (12),
(18), and (19). To this end, we define the spin-density-wave
operators [73]

Ol , (N =D 0l bk, Wiy,  27)

such that
o n
Silj,intra,a(r) = Z ; (OéLDW,)/(r) + [OgDW,y(r)]l)’ (28)

which can be written in terms of the bosonic operators, 6, p
and ¢, p,

; 1 . .
[OgDW,y(r)]T — 2ﬂaeZIkFr{e—l[¢cs(f)+V¢cA(f)+9ss(F)+V9:A(f)]
+ o HPes()+y Pea (r)*9.;s(r)*)’9m(r)]} (29)
[ngw,y(r)]T — 27[(1eZlkFr{e—l[¢(-s(r)+V¢cA(V)+9.ys(r)+y9m(r)]
_ e—i[¢[-S(V)+V¢<A(r)—ﬂss(r)—}/em(r)]} (30)
[OéDW,y(r)]T — e2ikFr{e_i[¢('S(r)+V¢('A(r)+¢sS(r)+y¢sA(r)]

2ma
— ¢ i$es (N +Y Pea(r)—dss(r)—y dsa(r)] } 31)
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where the Klein factors Uy, , are omitted because they have
no influence.

D. Spin susceptibility and RKKY interaction

With Egs. (28)—-(31), the spin susceptibility can be ex-
pressed in terms of the bosonic fields, and calculated within
the Luttinger-liquid formalism. First, let

_i(Sll:,intra,a(V’I)Sll:,intra,ﬂ(o»’ (32)

where (- --) denotes the time-ordered average corresponding
to the electron Hamiltonian, Eq. (17), and the time argument
appears due to the interaction representation adopted for the
operators. In the continuum limit we have [73]

Xap' (r,1) =

Xag(r) = —Zi/OOOdt e O@) Imi x 5" ()] (33)

Since Eq. (17) is a free bosonic Hamiltonian, the calculation of
the correlation functions is rather straightforward [73]. Upon
the Fourier transform, x.s(q) = [ dre™" xty(r)," the static
spin susceptibility in momentum space reads

Xha@) = —xhp@)
Sin(ﬂ'g'u) ()L_T>2—28M

- 4 )2hur \27a
S ra— ff)r(% — i3Z(q — 2kp) 2’
Sl T(FR™ -k - k)
(34
where we have defined the thermal length A7 = ]ZL;, and I'(x)

is the I" function. The spin susceptibility strongly depends on
the exponents,

1 1 1
=g, =—| K, K. , 35
8 8y 4< s+ A+KsS+KSA> (35)

1
8z = Z(KL'S + KcA + KsS + KSA)' (36)

For the systems with the spin rotational symmetry, we
have K5 = K;4 = 1, which leads to g, = g, = g; and thus
isotropic spin susceptibility, as expected.

In Eq. (34) we obtained the opposite sign for x'i5(q)
explicitly. The antiferromagnetic correlation between spins on
different sublattice sites provides a consistent picture with the
noninteracting calculation [34,53-57]. Our results thus consis-
tently reconcile Refs. [37,38] and [34,53—57], which obtained
the interaction-induced boost for the transition temperature,
and the locally antiferromagnetic coupling, separately.

Since the RKKY coupling is related to the spin susceptibil-
ity by

2

A
Tis@) = =1l (@). 37)

“Here we adopt the definition of x*(¢) in Ref. [38], where x*(g) has
a different dimension than y*(r), whereas both J#(q) and J*(r) have
the dimension of energy. Therefore, the form of Eq. (5) is different
from Eq. (37) by a factor of a.
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o 2n
At kg

Jap(q=2kr)
q
4 kp

-4 -2 2
FIG. 2. (Color online) RKKY interaction from Eq. (37) in mo-
mentum space. The interaction has peaks at ¢ = +2kr with the
width ~ A?’:F . The parameters used here are K.g = 0.2, K.4» = K5 =
Ko =1[75-80], 1 = %, Ay =6.0 peV [24-26,51,52,68,69], vp =
8.0 x 105m/s, kr =4.0 x 108 m™!, a =246 A[38],L = 1.0 um,
and N, = 12 [23]. For the purpose of illustration, we choose an un-
realistically short thermal length, corresponding to an unrealistically
high temperature 7 = 100 K, to demonstrate the RKKY peaks. For
realistic temperatures, the peaks will be much sharper.

we can use Eq. (34) to evaluate the RKKY coupling. Its
momentum dependence is plotted in Fig. 2. We remind that
Eq. (34) contains only the contribution from the g ~ 2kp
intravalley backscattering terms, leading to the global extrema.
The contributions from other scattering processes only give
local extrema, and will be suppressed in the presence of
the feedback (see Table II). The peak value of the RKKY
interaction is given by

J,QLB(q = 2kp)

_ Agasin(rg,) ( Ar 2=28u
327 2hvg 2ma

L —gor(y) |
)

which depends on the temperature through the thermal
length, A7.

. (38)

III. ANTIFERROMAGNETIC NUCLEAR SPIN HELIX

A. Antiferromagnetic helix and magnon spectrum

We now perform the spin-wave analysis to find spectrum
of the low-energy excitations of the RKKY Hamiltonian in
Eq. (4) [81,82]. Since the RKKY interaction in CNTs is
sublattice dependent, it leads to a different nuclear spin order
from the ferromagnetic helical order in GaAs nanowires. We
first consider only the long-wavelength magnons propagating
along the tube axis, and will include short-wavelength magnon
excitations when estimating the transition temperature in
Sec. [II B.

We begin by assuming that in a given cross section (i.e.,
along the transverse direction) the nuclear spins on the same
sublattice sites in the ground state are parallel to each other
and the spins on different sublattice sites point to the opposite
direction, I,(r j) = —I(r 7). Ahelical order means these spins
rotate within a fixed plane as one moves along the tube, with a
spatial period 7/ kr. We denote this (helical) plane as xy and
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()7

HCCCO0ttong

(b))

AROC0C e

FIG. 3. (Color online) A sketch of the antiferromagnetic nuclear
spin helix in the (a) original (X,9,Z) and (b) rotated (é},é?,é;
coordinates. The black and red arrows indicate the spins on the
sublattice sites A and B, respectively. For simplicity, we do not plot

the actual honeycomb lattice here.

the axis perpendicular to it as z. The confinement of the nuclear
spins to the xy plane will be justified in Sec. IV, where we will
show the modified RKKY interaction due to the feedback to
be anisotropic: |J;ﬂ(q)| = |Jofﬁ(q)| > |J(§ﬁ(q)|.

We adopt the standard helical ansatz, generalized for the
antiferromagnetic correlation between the two sublattices [42],

L(rj) = aN  I[cos(2kpr ;)X + sin(Rkpr;)P]. 39)

As demonstrated below, this order forms the Néel order in
a rotated basis. Although in a conventional antiferromagnet
(i.e., Heisenberg antiferromagnet) the Néel order is not the true
ground state, it provides a consistent basis for the spin-wave
analysis [82]. We will make sure this is a legitimate choice
here by checking the stability of the magnon Hamiltonian.
With the order in Eq. (39), the nuclear spins are antiferro-
magnetically aligned on the atomic length scale, whereas they
slowly rotate around the helical axis (z direction) on the length
scale of m/kp, as sketched in Fig. 3.

To derive the magnon spectrum of the antiferromagnetic
helix, we rotate the spin axes [36—38] such that in the local
basis (2},63,27) the nuclear spin model is mapped onto the
Heisenberg antiferromagnet. We write

L) =i+ Depy + 202
= I(rp)et + L@ + e, (40)

where the unit vectors in the original and new basis are related
by a rotation around the helical axis,

51

€j cos(2kprj)  —sinQRkpr;) 0\ (%

&; | = | sinQkprj)  coskery) O[3 41)
J

In the rotated basis, the Néel order forms the staggered spin
orientation along the é} direction, i.e., ia(rj) = aNLIé}, as
sketched in Fig. 3.

The RKKY Hamiltonian, Eq. (4), becomes

1 ~~ = =5
Hrxky = <7 2 2 LT i = I, 42)

Lijap av
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where /i, = 1,2,3 in spin space and the nonzero components
of J (r, r;) are

Tag(ri = 1)) = J5(ri = 1))

= Jyg(ri — rj)cos[2kp(ri —rp)],  (43a)
Tag(ri —r) = —Jag(ri —rj)

= a’fﬂ(ri —rj)sin[2kp(r; — rj)l, (43b)
ToaGri —rj) = Jig(ri —r)). (43c)

We now introduce the Holstein-Primakoff transformation
for the antiferromagnet [82],

Iirj) = NI - dla;, (44a)

) NI

) = | = ~(@] +a)). (44b)

i NIl |

Lo =\ == (=a} +ap, (44c)
2 i

Iy(rj) = —NLI +blb;, (44d)

i NI

Tirj) = \| =~} +b)). (d4e)

i NI

By = — (bT b), (44)

where the higher-order terms in O( A 1) have been neglected.
Using Egs. (43) and (44) in Eq. (42) and performing the
Fourier transform,

| 4
a, =—= ) e '"ig;, (45a)
D

1 .
by =—= Y €“b;, (45b)
N J

we obtain the magnon Hamiltonian in momentum space,

Hinagoon = 577~ Zwmagm<q)D(q>wmagnon<q) (46)
where W (@) = bal bbbl -
magnon q) (aq,a_q,bq,b_q,aq,a,q,bq,b,q), The 8
by-8 symmetric matrix D(q) is
A B
o=(l9 50) e
where the 4-by-4 block matrices A(g) and B(q) are defined as
hi(q) 0 0 hag)
_| 0 hg hag) O
AD= 0 g me o | @
ha(q) 0 0 hi(g)
0 —hx(q)  hi(q) 0
_ | () 0 0 hi(q)
PO=1ng o 0 @] @
0 hi(g)  —ha(q) 0

PHYSICAL REVIEW B 92, 235435 (2015)

with
hi(q) = HJxg(q — 2kp) + T3 5(q + 2kp) + 275 5(9)],
(50a)
ha(q) = [ JIxg(q — 2kp) + T3 5(q + 2kp) — 205 5(9)],
(50b)
ha(q) = 2J35(2kr) — hi(g). (50c)

One can check that D(q) is positive definite, which ensures
the stability of the nuclear spin order and justifies our ansatz
for the antiferromagnetic helix [83].

The excitation spectrum of Eq. (46) is given by twice the
positive eigenvalues of the matrix

Alg)  B(g)
(—B(q) —A(q))' oD

Diagonalization gives two magnon bands [83],

) _
hwq =

I
N—L‘/zJ;gB(sz)

x /205 5 (2kp) —

Jap(q — 2kp) — J3p(q + 2kp),
(52)

21
hwéz) - N_J_\/JXB(sz)[‘]gB(ZkF) B szlB(q)]’ (33)

which are shown in Fig. 4.

In Fig. 4, one can see that there are zero-energy excitations
at ¢ = 0, &£ 2kr. These Goldstone modes are protected by the
symmetries in the system; namely, the rotational symmetry
of the nuclear spins around the helical axis and the rotation
of the helical axis itself [44,84]. Around these nodes, the
low-energy magnon spectrum exhibits linear dispersions. In
the (nonhelical) Heisenberg model, the low-energy dispersion

FIG. 4. (Color online) Magnon spectrum of the antiferromag-
netic helix. The parameters used here are the same as in Fig. 2.
The blue solid and red dashed lines correspond to the " and o
energy bands, respectively. As in Fig. 2, here we use an unrealistically
high temperature to illustrate the dips in the spectrum. The region of

which is much narrower for realistic temperatures.
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of the magnons is quadratic in the ferromagnetic case, whereas
it becomes linear in the antiferromagnetic case [82,85]. Inter-
estingly we find that for one-dimensional helical systems, both
locally ferromagnetic [37,38] and antiferromagnetic orders
contain low-energy magnons with linear dispersions, but
differences in scaling coefficients, as discussed in Sec. III B.

B. Transition temperature of the nuclear spin order
without the feedback

We now estimate the transition temperature by considering
the fluctuations due to the magnons, which reduce the sublat-
tice magnetization. From the magnon spectrum one can see that
the long-wavelength magnons (¢ = 0) and their two replicas at
q ~ £2kr have the smallest energy, with linear dispersion. In
an infinite system, such excitations destroy order at any finite
temperature. Namely, whereas the original Mermin-Wagner
theorem [86] and its extension [87] for oscillatory exchange
interaction in free electron gas do not apply to this system,
an extension of the theorem for a more generic Hamiltonian,
including the electron-electron interaction, rules out any spon-
taneous orders at finite temperatures in the thermodynamic
limit [88]. However, in a finite system with length L, the lowest
allowed momentum is given by ¢; = 7 and the values of the
excitation momenta are discrete (not continuous), so that an
order may be established in principle. This finite-size-induced
finite energy of long-wavelength excitations corresponds to a
gap of the zero-energy Goldstone modes.

In addition, here the peak in the susceptibility is so
sharp that the region where magnons can be considered
long-wavelength (that is, having linear dispersion) is extremely
narrow. In fact, from the analysis in Ref. [84] it follows
that for sample sizes realistic for nanowires and nanotubes,
the long-wavelength magnons are completely negligible and
the transition temperature can be obtained by considering
only the contribution from the short-wavelength magnons.
If 1 > ;= (equivalently kpT < hLﬂ, which in our case is
satisfied flor any realistic length), then these magnons have
approximately a momentum-independent energy, hw,,, of
order |J,4(q = 2kp)|, a property which makes the transition
temperature calculation analytically tractable. Namely, the
temperature dependence of the magnon occupation can be
computed by

, 1
Nex Do i (54)

i=1,2 g¢q

where the summation over i = 1,2 includes both magnon
bands, and the prime on the summation denotes that the
Goldstone modes are excluded. Finally, the prefactor N, is
required to reflect the N, possibilities to flip a spin within a
cross section for a short-wavelength magnon [84].

The order parameter, defined as the ¢ = 2kr component of
the normalized staggered magnetization, i.e., the normalized
sublattice magnetization, can then be expressed as

mZkF(m—l—— > hwm/m oo (59)
i=1,2 ¢q

which equals unity for the fully ordered nuclear spin state, and
vanishes for completely disordered phase.

PHYSICAL REVIEW B 92, 235435 (2015)

The constant magnon energies, hw,, = 21J} ;(2kr,T)/N4,
lead to a generalized Bloch law [38],

T 3-2gx
my,(T) =1— (F) (56)
0

with a nonuniversal exponent (3 —2g,) modified by the
electron-electron interaction. We also define

J2A2 1/(3-2g.
O(A)"™ 2f>’*C<gx)} : (57

kgTy ~ [
where A, = hvp/a is the bandwidth, and

2
r(l—gr()

(%)
We note that even for the noninteracting limit g, — 1, the
exponent in Eq. (56) is still different from the 73/2 law
for Heisenberg ferromagnets [82,85,89] or the T? law for
Heisenberg antiferromagnets [90,91]. The nanotube radius R
has two effects on T: first, as mentioned in Sec. II B, larger R
results in less prominent electron-electron interaction, and thus
a larger exponent g,. Second, larger R, which is proportional
to N, that enters Eq. (57), weakens the finite-size effect, so
the magnon occupation increases, as indicated in Eq. (54).
As a result of both of these effects, CNTs with larger R are
expected to have a lower transition temperature. In addition,
we also note that for CNTs not purely made of *C, say with
the *C concentration of p, Eq. (56) is valid upon replacement
Ayg — pApin Eq. (57), so that the transition temperature will
be reduced as Ty oc p/3=28),

Using Eq. (57) we evaluate Ty ~ 1.9 K, which is too small
for dilution fridge experiments. However, so far we have not
included the Overhauser field due to the nuclear spins, which
acts back on the conduction electrons and further stabilizes the
order. In the next section, we take into account this feedback
and estimate how it modifies the transition temperature.

As a self-consistency check, we examine that the energy
scale of the RKKY interaction, Eq. (4), does not excess the one
set by the original hyperfine Hamiltonian, Eq. (2). The former
energy scale is dominated by the g = 2kp peak, Eq. (38).
Thus, after Fourier transforming Eq. (4) into momentum space
through I*(q) = > e~ [ (r;), we obtain

C(g) = %sin(rrg)(Zn’)zg_4 (58)

Erxy &~ [Via(q = 2k [ Ckp) T (= 2kr)|
1

~ NJyylq = 2kp)I?, (59)

where we keep only the dominant ¢ = 2kr component, and
[¥(q = £2kp) is replaced by its maximal value, NN . The
energy scale of the hyperfine Hamiltonian, on the other hand,
can be obtained by considering all electrons are polarized such
that their spins locally align with the nuclear spins [38]. This
gives

Eys ~ Z——u )l

k
~ NAgI 2 (60)
T
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where ne] = (2kp/3‘[)|1ﬂLa|2 = kp/(]TzR) is the area electron
density, and the electron spin is included through the factor of
%. Here n; = N, /(7 Ra) is the area nuclei density, introduced
in Sec. I A. In the second line we replace I*(r ;) by its length,
N1, and the summation gives a factor of 2N. Combining
Egs. (59) and (60), we obtain the self-consistency condition,

2kra
Jha(q = 2kp) < Ag : : (61)

where J4\ (g = 2kr) is temperature dependent. The above
condition is fulfilled for T = Tj.

IV. FEEDBACK EFFECTS

A. Overhauser field from the nuclear spin order

Since Ay K €f, the characteristic time scales of the slow
nuclear and fast electron dynamics can be considered to be
decoupled. Therefore, we can treat the nuclear spin order
as a static order, which induces a static spatially oscillating
Overhauser field that acts back on the electrons. Including the
antiferromagnetic helix in the hyperfine coupling terms, we
obtain

(T (). (62)

The antiferromagnetic helix with g = 2kp gives
(ia(rj)) = aNImy,[cosRkpr;)X + sinRkpr;)y].  (63)

In the continuum limit we then have
Hn= Y [ dr Bowu(r)- 8,0, (64)

where the nuclear Overhauser field is defined as
Boy.o(r) = aBoylcos 2kpr)x + sin 2kpr)j] (65)

with Bo, = Aolmy,. The summation over o eliminates
the intervalley backscattering terms, Eq. (26), so only the
intravalley backscattering terms, Eq. (25), enter Hyy.

With Egs. (28)-(31), the feedback Hamiltonian can be
written as

_ Boy
H 0

Z/dr CoS (¢es + Y dea + Oss + ybsa)

+cos (pes + Ydea — Ogs — ybsa — 4kpr)],  (66)

where we neglected the forward-scattering part because it has
no influence [37,38]. The cosine in the second term oscillates
except for the commensurate case, 2kra = 27 X integer. The
commensurate case corresponds to an unrealistic gate tuning,
so we assume the system is incommensurate and drop the
second cosine term [37,38]. Consequently we have the sine-
Gordon term

Bo,
) Oa Z / d}’[COS (¢cS + V¢CA + e‘vS + VQVA)L
v

He ~

(67)

which is renormalization-group (RG) relevant in the inter-
acting system as discussed in Sec. IV B. Therefore, it will
gap out the (¢es + Ydea + 055 + ¥054) modes, but leave
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(¢pes + Ydea — Oss — y654) modes gapless, which can still
effectively mediate the RKKY interaction.

Before analyzing the Overhauser field due to the an-
tiferromagnetic nuclear spin helix, let us come back to
the intervalley backscattering terms of the spin operator,
Eq. (26), which would have led to a sublattice-independent
ferromagnetic coupling JX,(q) = J45(¢) <0, and hence a
locally ferromagnetic helical order with g = 2(kp — yk,),

(im.a(r)) = &N LI, —yip{00SI2(kr — yko)rj1t
+ sin[2(kp — yky)r;13}. (68)
The corresponding feedback Hamiltonian is

A
Hﬂ),inter = il Z Sb inter, a(r]) <Itm a(rj)>

a.j

22

BI
0“ Z/dr[cos (Pes — Y Psa — Oss + YOca)l,

(69)

where By, = AoImyu,—yk,), and the oscillating terms are
omitted again. Here the cosine terms will gap out the (¢.5 —
Y®sa — bss + ybeca) modes, but leave the (¢cs + ydsa +
Oss + v0.4) modes gapless. However, while both of the
(¢es + Vsa + bss + v0.4) modes for y = £ may mediate
the ferromagnetic RKKY interaction, they generate different
extrema at g = 2(kr F k,), respectively. On the other hand,
for the intravalley backscattering, both y = = valleys produce
the same extremum at g = 2k, so the absolute value of the
magnitude of the RKKY interaction at g = 2k will be twice
larger than the ones at ¢ = 2(kr — yk,).

Comparing the two scenarios, the energy gains by forming
these two nuclear spin orders are different because of the
different peak heights, even though both the intervalley
and intravalley backscattering terms lead to peaks in the
RKKY interaction. Consequently, the ground state favors the
antiferromagnetic helix with ¢ = 2kp to minimize the energy.
In addition, the gapping of half of the conduction electron
modes reduces the conductance by a factor of 2, as predicted in
Refs. [37,38] for materials with no valley degrees of freedom,
which may have been observed in GaAs nanowires [47].

B. Renormalized Overhauser field

Based on the analysis in Sec. IV A, the system will organize
the nuclear spins to maximize the my, component with
antiferromagnetic helix to lower the energy. Therefore, from
now on we drop the intervalley backscattering contribution to
the feedback effects, and consider only the antiferromagnetic
helix due to the intravalley backscattering terms in Eq. (67). In
terms of the right- and left-moving particles, the feedback term
describes the (L,1) < (R, ) scattering within each valley,

wzmﬂ”&m + ’»”}Le,y,uﬁL,y,T, (70)

as illustrated in Fig. 5. Notice that this is a consequence
of the choice of helicity in Eq. (39); if the other helicity
is chosen, namely, [cos(2kpr;)X — sin(2kpr;)P], then the
antiferromagnetic helix will correspond to the (L,]) < (R,?1)
scattering, which gaps out different spin subbands of conduc-
tion electrons. Even though half of the conduction electrons
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(a)

‘ﬂL,—i _‘p&—i‘ﬁ_L, lﬁR 4
K_

(b)

FIG. 5. (Color online) The antiferromagnetic helix corresponds
to the intravalley backscattering processes (a), gapping out half of
conduction electrons (b). The up and down spins are marked in black
and red colors, respectively. The chemical potential is plotted with the
blue dashed lines. The green arrows describe the scattering processes.
The dispersions for up and down spins are slightly shifted for clarity.

are gapped by the nuclear spin order, the feedback strongly

renormalizes the other half of the electrons, leading to stronger

effective electron-electron interaction, as can be seen below.
To proceed we define a new set of bosonic fields,

> = L[E(des + ydea) + Os + v, (71)

OF = H(@es + yda) £ Oes + v0en)]. 72)

which satisfy the commutation relations [73,74]
¥4
(D7 (r1),0; ()] = zEsgn(rz —r). (73)

In terms of the new fields, the feedback Hamiltonian, Eq. (67),
is

__ Boy Z/dr cos(2d>+) 74)

" 27a

and the electronic Hamiltonian, Eq. (17), becomes
hdr [ _ . _
Hel ~ Z/ g{MK[(V@j)2 + (V@y )2]

_[(VO}) + (VD )2]} (75)

Nl:x
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where the cross terms, such as (V q)ﬁ)(v CI>§) and
(v@f)(v @;), have been neglected because they are marginal
and less important than the relevant cosine terms [38,92]. Here
the modified velocity and Luttinger-liquid parameter in the

presence of the feedback are given by

12
1 Ugp )( Ucp )

- E ucpKep + usp Kspr + ,
4 |:P,P’ < KsP KCP’

u 12
¢ KL Usp
7= ZP(“P Pt ¥ u ) . (76)
pr( Usp AP/+?:)

For the spin isotropic systems, K;s = K4 = 1, we have il =
vr/K. For noninteracting systems, K = 1 and ii = vy are
recovered. For CNTs, we have K ~ 0.38 and ii ~ 2.6vp.

Equations (74) and (75) state that the (<I>+,®;r) and
(@; ,@;) sectors are decoupled, with the former described
by a sine-Gordon Hamiltonian, and the latter by a free bosonic
one. To analyze the sine-Gordon Hamiltonian, we define a
dimensionless coupling constant, y(I) = BOU(l)/Aa(l) with
Ay () = hii /&(l) and correlation length £(1) = ae'. Then, we
obtain the RG flow equation for 5(/) [73],

dy)
dl

where [ is the cutoff length scale. In the systems under
consideration, we always have 2 — K > 0, so (/) grows under
the RG flow as

b1
1l

=2 - K0, (77

() = 5(0)e® K", (78)
and the cosine term is relevant. The renormalized Overhauser
field is then

%- 1-K)
B}, = B0U<;) . (79)

The RG flow will stop when & exceeds the system size L,
the thermal length A7, or at a scale [*, where the coupling
constant becomes of order 1, y(I*) =~ 1, which gives

. TA —1/@-K)
l* = l: = ,
o= =a(22)

(80)
with A, = A,(I = 0) = hii/a. The correlation length is de-
termined by the smallest scale at which any of the above
conditions are reached,

kgT’

In CNTs, a typical system size is of order L =1 yum. In
addition, A7(T = 10 mK) ~ 1.6 mm, and £(/*) ~ 1.8 um, so
L < &(I*) < A7 and we obtain § = L = 1 pum.

The renormalized hyperfine coupling constant, to which the
Overhauser field is proportional, is then

E (1-K)
A* :A0<;> . (82)

For the noninteracting systems K = 1, and the coupling
is the bare one. For CNTs, we get |A*| &~ 180|Ag| =~ 1.1
meV. Importantly, the renormalization is stronger than the

£= mm{L e = g >} (81)
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one obtained within the one-band description (A* &~ 22 ueV)
[37,38] because of the smaller exponent K here. With the
renormalization we still have A* < ep ~ 0.1 eV, so the
Schrieffer-Wolff transformation remains well defined. The gap
due to the antiferromagnetic helix can be obtained from the
RG analysis [73],

.y 1/2=K)

PHYSICAL REVIEW B 92, 235435 (2015)

C. Transition temperature in the presence of the feedback

In this section, we include the feedback into the Hamil-
tonian, and compute the spin susceptibility in the presence
of the Overhauser field. The modified RKKY interaction is
proportional to the modified static spin susceptibility, which
is now evaluated with the modified electronic Hamiltonian,
‘Her + Hp, where Hej and Hy, are given by Eqgs. (75) and (74),
respectively.

a The modified correlation functions .} (r) = —% .4 (r)
which leads to a gap of A,, & 0.77 meV for our parameters. are
J

> X >y —i cos(2kpr) iN20F(F) —i20H(0) iV207(F) —in/203(0)

XA (”)ZXAA'(”)ZWz{(E P DeIVIR Oy (V2 (DmiV2® Oy, (84)
v
R = _’20(25(2’; r) Z [(U/VDIO] (=0, (D+07 () +0, ()] ,~(i/VDLP] (0=, (0167 (0)1+6; (0)]
Ta
v

F (/N2 (D=0, (=67 (7)=6; ()] o =i/ VDI 0)-; 010/ 0)-6; O]y} (85)

where we used the new bosonic fields, dey‘ and @f, and defined
F=(rt).

The relevant cosine term in Eq. (74) tends to order the
CID;,r field, which will be locked into one of the minima or
maxima of the cosine, depending on the sign of By, o Ajy.
The canonically conjugated (H);f field, on the other hand, will
be disordered. Consequently, the correlation functions of the
<I>;,r field will be constants, and those containing the ®;r field
will be exponentially suppressed [41,73,84,92]. In addition,
the local extrema of the RKKY interaction (Table II) are also
exponentially suppressed in the presence of the feedback. The
physical picture is that since the (dﬁj,@j) sector is gapped
due to the sine-Gordon term, its contribution to the RKKY
interaction is much less than the gapless ($),,0)) sector. As
aresult, we may calculate the transverse spin susceptibility by
simply neglecting the @} and ©; fields [38] and following
the same steps as in Sec. IID. In comparison with Eq. (34),
the velocities are replaced by i, and %, acquires an extra
factor of % because its first term in Eq. (84) contains only
the gapped @;L field and is thus suppressed. In addition, the
essential modification, namely the modified exponents, is

(86)

As a result, the modified static spin susceptibility for x,y
components is given by
Xia@) = Za@)
_sin(go) (A )R
© 32n2hi \2na
5 5 2
P(1=g)0(§ —igt(q —2kr))
D(3E —idL(q — 2ckp))

>

k=%

where the thermal length now becomes iy = 5.

(

On the other hand, the z component of the spin susceptibility
is exponentially suppressed by the helical order gap and is
much smaller than the transverse component. The full expres-
sion for )Z;ﬂ (g) is difficult to compute because it involves the
gapped (nonfree) bosons [93,94]. However, since the transition
temperature is determined by X;‘ﬂ(q) instead of Xap(@), the
full expression for ¥,4(¢) is not necessary. Nevertheless, to
understand how the RKKY interaction depends on the gap, we
compute the RKKY peak value at zero temperature [84,92],

1 1 A, (2-28;) |
Achii 2 — 23 |\ A ’

(88)

X;A(q =2kp) = —

with A, being the gap due to the antiferromagnetic helix,
defined in Sec. IV B, and the modified exponent is

= (k44 89
gz—g( +E) (89)

For CNTs, we obtain g, ~ 0.19, and g, ~ 0.38. More details
about the calculation of the RKKY peak in gapped systems
will be given in Sec. V A, where the pairing gap due to the
proximity effect is taken into account. We conclude that the
anisotropic spin susceptibility due to the ordered spins serves
an indirect experimental signature for the nuclear spin order
[92].

The feedback-modified RKKY interaction is given by
Tis(q) = Ajays(q)/2. The value of the RKKY peak mainly
depends on the exponent, which depends strongly on the
parameter K.s, as demonstrated in Fig. 6. The z component
of the static spin susceptibility is exponentially suppressed
by the helical order gap, what results in a larger RKKY
interaction in the transverse direction |J~;ﬁ(q)| > |f§ﬁ(q)|,
further stabilizing the planar magnetic order. Accordingly, this
easy-plane anisotropy, in contrast to Refs. [37,38], naturally
justifies the ansatz of the planar nuclear spin order. In Fig. 7 we
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1.0

FIG. 6. (Color online) Exponents g, and g, as a function of
the Luttinger-liquid parameter, K.s. The blue solid and red dotted
lines give the modified exponents §, = g, and g in the presence
of the feedback, respectively. The green dashed curve describes the
exponent g, without the feedback. The vertical black dashed line
marks the value we use to evaluate, K.s = 0.2. The other parameters
used here are the same as in Fig. 2.

plot the ratio of the RKKY peak value with the feedback to the
one without the feedback as a function of the Luttinger-liquid
parameter, K.s. The RKKY peak is strongly enhanced in the
presence of the feedback, and the ratio increases with smaller
K s, corresponding to stronger interaction.

We evaluate the magnon spectrum using the modified
RKKY interaction, and estimate the transition temperature,
repeating the procedure described in Sec. III B. The tempera-
ture dependence of the order parameter is the same generalized

Bloch law,
i T\ 32
g, (T) =1 — 7 ,

(90)

with a modified exponent, (3 — 2g,), and a modified transition
temperature,

I2A2 -
QAN T2 C(5y)

2N,

1/(3-22:)
} : oD

kg T() ~ |:
which gives Ty &~ 57 mK as shown in Fig. 8. In comparison

with the absence of the feedback, the transition temperature is
enhanced by more than four orders of magnitude.

108,
107,

Q? 106

10°)
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KcS

FIG. 7. (Color online) Ratio of the RKKY peak values, R, =
|25(q = 2kp)/J35(q = 2kp)| at T =50 mK as a function of the
Luttinger-liquid parameter, K.s. The other parameters are the same
as in Fig. 2. The black dashed line marks the value K.g = 0.2.
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FIG. 8. (Color online) Temperature dependence of the order pa-
rameter. Top: the order parameter in the presence of the feedback,
fity, (T), from Eq. (90). Bottom: the order parameter without (red
dashed) and with (blue solid) the feedback from Egs. (56) and (90),
respectively, in the logarithmic scale. The parameters used here are
the same as in Fig. 2.

The feedback not only modifies the exponents and therefore
strongly enhances the transition temperature, but also gaps out
the (®,©)) modes. This leaves an effective Hamiltonian
for the gapless (®,,0)) modes, which mix the charge
and spin sectors of the bosonic fields [see Eqgs. (71) and
(72)]. Consequently this produces a density-wave order that
combines charge and spin degrees of freedom and recon-
structs the electronic states [37,38,40]. The combination of
the charge and spin degrees of freedom signifies no spin-
charge separation in this unusual Luttinger liquid, which is
equivalent to introducing a synthetic spin-orbit interaction
[73]. Indeed, it has been shown that, upon a spin-dependent
gauge transformation, a helical magnetic order is equivalent to
spin-orbit interaction combined with Zeeman field [40,46,95].
This can also be seen from the form of the Overhauser field, a
spatially oscillating field which combines the spin and orbital
degrees of freedom. Since the spin-orbit interaction is crucial
for nontrivial topology, we now consider coupling the system
to a superconductor and discuss the realization of MFs in
CNTs.

V. RKKY INTERACTION IN THE PRESENCE OF
SUPERCONDUCTIVITY

A. Spin susceptibility in the presence of the pairing gap

Since the RKKY interaction in metallic phases is mediated
by conduction electrons, it is a bit surprising that even in
gapped phases there can still be nonvanishing RKKY peaks
which give rise to nuclear spin orders [44,45,92]. In this section
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we show that in the presence of the superconductivity the
RKKY interaction can still form ¢ = £2ky peaks, even though
the strength of the peaks are reduced by the pairing gap.

Here we consider only BCS-type Cooper pairs with zero
momentum. Since there are four Fermi points in metallic
CNTs, Cooper pairs with zero momentum can be formed either
between right movers at the K, valley and left movers at
the K_ valley, denoted as the exterior branches, or between
left movers at the K, valley and right movers at the K_
valley, denoted as the interior branches. In the presence of
the proximity-induced superconductivity [96—100], the pairing
gaps for the exterior and interior branches are in general
different.’

Similar to Sec. II, we shall first consider the system in
the absence of feedback, and include the feedback afterward.
The Hamiltonian now consists of the interacting conduction
electron terms H,, given by Eq. (17), and the pairing terms

Hs = g5 Z / di’[w;%a(r)wzq?ﬁ(r) +H.c.]
'J/,(T

&5 / dr cos (ypea + 0 bss — Oes — 0y bsa),
ma vo

92)

where g, is the coupling of the pairing terms, and in the
second line the pairing terms are expressed in terms of the
bosonic fields. We see that the pairing terms contain the ¢gg
and 6.5 fields, whereas the feedback terms contain their
conjugate fields, 6,5 and ¢.s [see Eq. (67)]. Therefore, the
antiferromagnetic nuclear spin helix and superconductivity
compete with each other. The repulsive electron-electron
interaction increases the feedback but reduces the pairing gap
[45,59,60]. Nonetheless, we will see in Sec. VI A that the
pairing terms are still RG relevant.

The details of the calculation on the spin susceptibility in
the presence of the superconductivity are given in Appendix A.
The zero-temperature value of the peaks of the static spin

SWhen a CNT is brought in contact with a superconductor, Cooper
pairs from the superconductor can tunnel into the CNT through two
processes. In one process a Cooper pair tunnels to either one of the
sublattices with the pairing amplitude, A; 4, while in the other process
the pairings are between electrons on different sublattices with the
pairing amplitude, A, ,. The pairing gaps of the exterior and interior
branches are related to A, ; and A; , by [102]

. hvrk
A(ve/l) — As,d + A”l vip ,
‘ va? + (hvpk)?
where the curvature-induced o = —0.08 meV/R[nm] with R being

the radius of the CNT [62,63]. Strictly speaking the pairing gap
then depends on the wave vector. However, since in this work we
are investigating the topological effect of the synthetic spin-orbit
interaction rather than the intrinsic one, we drop «, and thus neglect
the wave-vector dependence of the pairing gaps. (See also Ref. 98
in Ref. [38].) Therefore, we have A/ = A , + A, ,, which are
constants and may be considered as phenomenological parameters.
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FIG. 9. (Color online) RKKY peak value at zero temperature as

a function of the pairing gap in the presence of the feedback. The
parameters used here are the same as in Fig. 2.

susceptibility reads

Xaalq = 2kp) ~ —

1 1 A\
— == —11.
dmhvp 2 —2g, (AS>
93)

For the noninteracting limit, g, — 1, we have

Aa 94
“(z)’ O

which recovers the logarithmic dependence of the RKKY
susceptibility peak in noninteracting systems without valley
degrees of freedom [44].

K =2kp) ~ — 1
XAA(CI F) A hop

B. Transition temperature in the presence of the pairing gap

The peak value of the RKKY interaction in the presence of
the pairing gap is given by J,_y (A,) = AT‘Z’a|X/’;LA(q = 2kp)|.
In the presence of the antiferromagnetic helix, the feedback
essentially modifies the exponents, g, — g&,. Therefore,
following the same procedure, the enhanced RKKY interaction
due to the feedback can be obtained as

A2 1 A 2-28,)
(A~ —% | [ =2 —1,
g=2kr(A) 167A, 2 — 28, <AS>

95)

where the modified exponent g, ~ 0.19 was obtained in
Sec. IV C. From Eq. (95) and Fig. 9 we can see that the RKKY
interaction depends on the pairing gap, or, more precisely, the
ratio of the pairing gap to the bandwidth, A;/A,.

Assuming the induced superconducting gap is A; = 0.2 K,
the peak value of the RKKY interaction is f;;sz ~ 0.8 K.
This relatively large peak value is due to the small ratio of
the pairing gap to the bandwidth and small exponent g, in
CNTs. However, as can be seen in Fig. 9, the RKKY peak
drops quickly with an increasing pairing gap. Using Eq. (55),
hw,, — 21 J ;=2kp /N1, and Eq. (95), we obtain the transition
temperature of the antiferromagnetic helix,

2

I
kgTy ~ N_J_Jq=2kF’ (96)
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reduced by the induced pairing gap to kzTy ~ 17 mK. We
note that in contrast to Eq. (91), the transition temperature T
now scales as N ' instead of NII/ G289 We also note that
the transition temperature given in Eq. (96) is overestimated
because the temperature dependence of J: =2k, is not included
in Eq. (95). However, this overestimate is negligible for low
temperature, kgT < Aj.

In the previous estimation, we assume the pairing gap of
A; = 0.2 K, somewhat smaller than a typical pairing gap
(~1 K) of parent superconductors used for the proximity
effect. Such reduction is expected due to the electron-electron
interactions [59,60], and will be further discussed in Sec. VI A.
Alternatively, one may intentionally reduce the induced gap;
for example, inserting a graphene sheet between a CNT and
a superconductor. On the other hand, while a smaller Ay is
beneficial to a higher Ty, it also results in a longer localization
length for Majorana fermions (MFs), as discussed in Sec. VII,
so that a trade-off between the two parameters needs to be
considered.

VI. TOPOLOGICAL SUPERCONDUCTIVITY
A. Refermionization

We now consider the possibility to realize MFs in our
system. In Refs. [59,60] it was shown that MFs may sur-
vive even in the presence of very strong electron-electron
interactions, if the pairing term is RG relevant (in other
words, if the interactions do not eliminate the pairing gap). In
this case, the interacting bosonic Hamiltonian with spin-orbit
interaction, Zeeman field, and pairing terms can be mapped
onto a noninteracting fermion model with a reduced pairing
gap. We therefore first establish that this is the case here, too.

To this end, we write the pairing terms in the (@i,®f)
basis introduced in Sec. IV B,

Ho=g, ) / drlyl, W), () + Hel
V,0

=& [ drlcos(—®7 + &~ + 07 +6O°)
mTa

+ cos(P — P~ + O +O0)], o7

which scales as

S an(/DER+1/R)
(cos(FD; £ D~ + OF + 07)) (;)

(98)

with K given in Eq. (76). Since the pairing gaps for exterior
and interior branches have the same scaling dimensions, we do
not distinguish them in Eq. (97) to simplify the RG analysis.
Thus, the RG flow equation for the dimensionless coupling
55 (1) = g(/Au(l) reads [73]

i) [, 1(. 1\]
dl —[ 2(K+K)}ys<l>, 99)

which gives the condition for the pairing term to be RG
relevant,

2-V3<K <24+43. (100)
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For our parameters, we have K & 0.38, so the pairing term is
relevant. This also justifies the reduced gap used to determine
the order of magnitudes of the RKKY peak in Sec. V B.

Here we briefly summarize the operators involved in
the procedure. The feedback (Overhauser field), which gaps
out the (L,1) and (R,]) particles within each valley, can
be described as cos (2@?,’) with the scaling dimension K.
On the other hand, the pairing terms are written in terms
of cos (FP, £ ®_ + O 4 ©T) with the scaling dimension
(K + 1/K)/2. While these two terms compete with each other,
as discussed in Sec. V A, both of them are relevant for the
parameters of CNTs.

‘We now consider distinct exterior and interior pairing gaps
[101,102], defined as A® and A, respectively. We then
recast the Hamiltonian into a noninteracting fermionic model
through the refermionization procedure. To be explicit, we
define the slowly varying fields R, , and L, , such that
Vyo(r) = R, se*" + L, ;e " and they are related to the
bosonic fields, ¢, and 0,,,, defined in Eq. (12), by

1 .
Ry,n = > et[—¢ya(r)+9yn(r)]’ (101a)
awa
1 .
Ly,(r = = ell¢yr7(r)+0yr7(r)]' (101b)
wa

After the transformation, we obtain

1 A
Hiop = E/dr(,sz(r)|:—ihv,vt38r + 7773(01 71 + 02T2)

+ A 11201027 — Ag _128200T7 + Azn303j|¢(r),
(102)

where the 16-component spinor ¢ (r) is defined as

oty =R ,.Lh RL LT R LT RT LT
Ryt Lo, Ry, Ly R4, L_4,R_|,L_)).
(103)

Further, n,, d8,, 0,, and 7, are Pauli matrices acting on
particle-hole, valley, spin, and right/left degrees of freedom,
respectively. A,, is the gap due to the antiferromagnetic helix
defined in Sec. IV B and A; 1 are defined as

A©) 4+ AD
Agpg =" (104)

' 2
To find details how A_(f/ D evolves with the interaction would
require the full RG analysis. Instead, we guide ourselves by
Refs. [59,60] and estimate that the gap is reduced to one order
smaller than that of the parent superconductor. Since the typical
gap of the parent superconductor used for proximity effect is
of order kelvin, [96-100] A = A) = 0.2 K are taken in the
previous sections for the purpose of estimation. From now on

we shall keep A§?/ D to be unfixed parameters, and hence A _
is nonzero in general. Finally, in Eq. (102) we also included the
Zeeman term, A z, arising from a magnetic field perpendicular
to the helical plane (along the tube). We do this to break
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the time-reversal symmetry,® which has in general profound
effects on MFs. Even though the magnetic field along the tube
also induces orbital effects [62,63], we have checked, by exact
diagonalization, that adding them does not lead to any new
gapped (topological) regime in the parameter space. Hence,
we do not include such effects in Eq. (102) for simplicity.

In momentum space, the bulk Hamiltonian is characterized
by a matrix,

Ap
Hiop(k) = hvpk 13 + 7773(0111 +021) + As 11261027

(105)

following from Eq. (102) upon replacing —id, — k, which
allows us to inspect the symmetries of the Hamiltonian.’
We note that while Eq. (105) describes a noninteracting
model, it retains the features of Luttinger liquid through the

renormalized gap parameters, A,, and AD.

— AS,_T}Q(SQO'QTZ + AZn3637

B. Topological superconductivity and MFs

The Hamiltonian is block diagonal if decomposed into two
pieces, Hip = Hipy + Hians with

. 1 .
Hip = 5 / dr (O Hg()$; (), (106)

where the eight-component spinor ¢I(r) is formed by the fields

gapped by the nuclear spin helix, and ¢>§(r) is formed by the
other fields, explicitly,

o1 = (L W RY LT RT Ly g Ry Lo g R-),

¢yry =R ,.LL R L' | Rij.Li,Ro4L ).
(107)

The corresponding 8-by-8 Hamiltonian densities Ht(olp) (r) and
Ht(ozg (r) are obtained from Eq. (102).

SWhile the physical time-reversal symmetry is broken by the
nuclear spin helix, there exists (pseudo-)time-reversal symmetry,
corresponding to a combination of flipping spins and interchanging
the sublattice sites in the absence of the external magnetic fields.

"To understand the symmetry class of the Hamiltonian, Hiop(k), one
usually considers the particle-hole and time-reversal symmetries of
Eq. (105). The particle-hole symmetry is described by [9,111]

Elilop(k)371 = _Htop(_k)v

where E = Up/C with the unitary operator, Up, and the complex
conjugate, . However, there is ambiguity in the value of E2. For
example, while both the choices of Up = 1y and Up = 1, ® 85 satisfy
the above equation, they give different values of 2 and therefore
different symmetry classes. In addition, a time-reversal invariant
Hamiltonian satisfies [9,111]

®Hlop(k)®7l = Hlop(_k)7

with ® = Uy K. Similarly, there is ambiguity in the value of ®? if
Az = 0. For instance, the choice of Ur =i, ® 0, ® 1, gives 0=
—1 whereas Ur =1, ® §; ® 0, ® 1 gives ©®2 = +1. In order to
avoid the ambiguity and investigate the topological properties of the
Hamiltonian, we explicitly solve the problem, as discussed in the
main text.

PHYSICAL REVIEW B 92, 235435 (2015)

A®

A9

FIG. 10. (Color online) Phase diagram on the A,,-A7 plane. The
black solid curves are marked as C Erl), ct ), Cf,z), and C i(2) , whereas the
black dashed curve is marked as C®. The intercepts of these curves
on the axes are also labeled. The yellow shaded region corresponds
to the MF regime. In the blue region the bulk spectrum is gapless.

To find the MF solutions, we solve the Schrodinger
equation at zero energy while imposing the self-conjugation
and boundary conditions on the wave functions [95]. The
details of the calculation are given in Appendix B. The
results of this procedure are summarized in the phase diagram
shown in Fig. 10. We plot it in the first quadrant of the
A,,-Az plane, where the other three quadrants can be obtained
by inversion symmetry about the A, and A; axes. The

formulas for the curves, C(il), Cg)l and C®, are given in

Appendix B. Both Csr]) and C'" intersect with the A,, axis
at A, =A2_ — A2_. C? and C” intersect with the A
axis at |Az| = |[AY] = |A; 4 + A, | and |Az| = |AD] =
|As + — Ag |, respectively. The blue region corresponds to
a nontopological gapless state. The yellow shaded region
corresponds to a regime with two MFs at one given end of
the nanotube, and is defined by the inequalities

(AzE+ A, P+ AL, — A2, >0, (108a)
Azl —|AY] <0, (108b)
Azl =AY <o0. (108¢)

From Fig. 10 we can see that neither the distinct exterior and
interior pairing gaps nor the Zeeman field is necessary for this
MF regime. We emphasize that the gap parameters, A,, and
Aff/ i), are modified by the electron-electron interaction, and
therefore reflect the features of Luttinger liquid in Fig. 10.
The MF wave functions have composite nature and display
multiple decay length scales, resulting in oscillations in
addition to the exponential decay. The localization length, &,
is determined by the largest length scale of the inverses of
K1+ and k3 ./; (defined in Appendix B). If the system is deep
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inside the MF regime, then A,, is the largest energy scale of
the parameters, and the localization length will be determined
by the smaller of A and A"); namely,

(k2e) ' = ﬁ if |[A©] < |A®)],
§loc = (K2,i)71 _ hvp if |A§e)| - |A§i)|.

(109)

For zero magnetic field, the localization length is the inverse
of the smaller of the pairing gaps.

In addition to the magnetic field along the tube, we have
also examined that adding a magnetic field perpendicular to
the tube, i.e., Azn301, does not lead to any new gapped regime
in the parameter space and therefore does not generate topo-
logical phases with single MFs, either. Utilizing the MF wave
functions for Az = A, _ =0, in which case the analytical
solutions are available, we have checked that the MF pair is not
mixed by a perturbation § H by evaluating the matrix element
(Pmr, 1|6 H|PpE2). We found it is zero for 6 H corresponding
to the Zeeman field perpendicular to the tube, the distinct
pairing gaps, the Zeeman field along the tube (including the
orbital effects), and an electrostatic impurity potential. The fact
that the MF pair is not hybridized by any of these terms further
confirms its robustness. It is interesting to note that the MF pair
that we find is not split in spite of the lifted degeneracy in the
bulk spectrum due to the broken time-reversal symmetry by
the external magnetic field. Through the explicit calculation,
we conclude that Eq. (105) supports topological phases with
multiple MFs. It is remarkable that the criterion for the MFs,
Eq. (108), is fulfilled for the parameters of CNTs.

VII. DISCUSSION

In the absence of experimental techniques with atomic
resolution, direct detections of the locally antiferromagnetic
nuclear spin helix are even more challenging than the fer-
romagnetic one, since the magnetization signals [103,104]
average out to zero due to the sign changes of the susceptibility
between different sublattice sites [105]. Indirect experimental
signatures of the nuclear spin order, however, can be searched
for below the transition temperature. As discussed in the
literature, these include (1) the reduction of conductance by a
factor of 2 due to the opening of the partial gap [37,38,47,106];
(2) the anisotropic spin susceptibility %,5(q) # X,5(¢) due to
the formation of the nuclear spin order [92]; (3) NMR response
at the frequency set by the RKKY exchange due to the singular
RKKY peak [107]; (4) the unusual temperature dependence
of the nuclear spin relaxation rate due to the Luttinger-liquid
parameters modified by the Overhauser field [108]; (5) the
reentrant behavior in the conductance as a function of gate
voltage due to the nuclear spin induced gap [109]; (6) the
dynamical nuclear polarization at zero external magnetic field
[42].

Furthermore, experimental probes can be implemented to
observe the distinct pairing gaps, A In general, there
should be double-gap features below the superconducting
critical temperature [101], and the gap values should be
reduced by the electron-electron interaction [102]. Similarly,
the helical gap due to the Overhauser field A, can be
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observed below the transition temperature To, which decreases
in the presence of the pairing gap. Interestingly, it has been
reported that the NMR measurement of the double-wall CNTs,
consisting of 89% '*C enriched inner walls and natural 1.1%
BC outer walls, revealed the formation of a spin gap at low
temperatures [110]. In addition, since the remaining gapless
modes have definite helicity, CNTs may thus serve as spin
filters, similar to the proposal in Ref. [40].

The localization length of MFs is set by the smaller of
A® and AY. For A¥D —0.2-2 K and A, = 0, we obtain
&loc &~ 3-30 um, so nanotubes with length L 2 3 um are
needed to avoid the overlap between MFs from the two ends.®
While increasing A" leads to a shorter &, a larger A"
substantially suppresses the transition temperature for the
nuclear spin order, so there is a trade-off between high To
and short localization length.

Recently, a realization of MFs in armchair CNTs driven
by external electric fields has been proposed [102], where the
electric fields induce the helical modes [62,63], a necessary
prerequisite for MFs. However, those electric-field-induced
MFs require fine tuning of the chemical potential, in contrast
to the RKKY systems in the present work. Here, since
the antiferromagnetic nuclear spin helix, resulting from the
scattering between right-moving down-spin and left-moving
up-spin electrons, always opens a gap at the Fermi surface
(Fig. 5), the RKKY system does not require experimentally
challenging fine tuning the chemical potential. In addition,
with the RKKY mechanism it is unnecessary to apply an
external magnetic field, which is detrimental to the parent
superconductor. Further, our calculation applies to any con-
ducting CNTs, and therefore does not rely on a particular
chirality of CNTs.? In comparison with the recently proposed
spin-orbit coupled wires [12,13], 13C nanotubes also have
the advantage to explore MFs, owing to the aforementioned
self-tuning properties and the availability of high-quality
samples [22,23]. On the other hand, since a large pairing
gap reduces the RKKY interaction and therefore 7y, parent
superconductors with suitable pairing gaps are necessary to
obtain both sufficiently high T, and short Eloc-

Finally, we remark that the RKKY mechanism discussed
here should also apply to other quasi-one-dimensional bipartite
materials, such as metallic graphene nanoribbons, in which
hyperfine interaction is nonvanishing [24] and the conduction
electrons mediate the RKKY interaction [34]. In addition
to the isotopically enriched materials, the antiferromagnetic
helix can in principle be realized using magnetically doped
systems, where carbon atoms are substituted by magnetic
atoms, or magnetic atoms are deposited on the material.
The substitutional or top-adsorbed magnetic atoms provide

8Throughout the main text we have used a conservative estimate of
Ay, which is one order smaller than the measured value [51,52]. If we
instead take the measured value, Ag &~ 100 ueV for our estimation,
then the transition temperature is greatly enhanced to Ty ~ 110 mK
even with a pairing gap of A; =2 K, resulting in a much shorter
localization length, &, ~ 3 pm.

235435-16



ANTIFERROMAGNETIC NUCLEAR SPIN HELIX AND ...

localized spins associated with a single site [57], which can
take the role of the '*C atoms discussed in this work, so
we expect that the RKKY interaction can induce an anti-
ferromagnetic helix in such configurations. For the plaquette
(center adsorbed) or bridge adatoms, on the other hand, the
magnetic adatoms interact with an equal number of different
sublattice sites [57], so the sublattice-dependent oscillating
terms with ¢ = 2kp in the spin susceptibility cancel out,
provided that the couplings between the magnetic adatoms
and the conduction electrons on different sublattice sites are
equal. As aresult, we do not expect the antiferromagnetic helix
to be realized in such configurations. However, the remaining
sublattice-independent oscillating terms with ¢ = 2(k, £ kr)
can still lead to a ferromagnetic helical order [37,38], where
the RKKY peaks with different momenta result in a beating
pattern, as in two-subband quantum wire systems [41]. We
also note that in graphene at half filling, it was found that
the plaquette or bridge adatoms lead to a cancellation of the
oscillations in the RKKY interaction [53-55], and therefore
no kind of helical order will be realized in this case.
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APPENDIX A: SPIN SUSCEPTIBILITY IN THE
PRESENCE OF SUPERCONDUCTIVITY

In this appendix we calculate the spin susceptibility in the
presence of the pairing gap. As given in Sec. V A, the pairing

J

hdr U,p dr
eff = —u,pK,p[V0, 2 " (Vo 2 _/ 2 2 102 102
Her XPj/ = {u PKup[0up (O + 2= [V0p ()] }+th o (@2 + 85 + 005+ 604)

vP
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terms take the form

Hs = & Z / dr cos (V¢CA + U¢SS - ecS - O—J/GSA)'
Ta o

(AD)

Expanding the sine-Gordon term around its minimum and
keeping only the second-order terms, we obtain [73]

2

~ s

s 2w hvg

/ dr(¢ea+ s + 655 +65).  (AD

where Ay = 2./g; A, is the proximity-induced pairing gap. In
the presence of distinct exterior and interior pairing gaps, the
pairing gap is replaced with

(A +[A]

Ay — )
2

(A3)

where A¥ and A{) are the pairing gaps for the exterior
and interior branches, respectively. However, for simplicity
we shall set A = A = A in this appendix. We note that
distinct pairing gaps are considered when investigating MFs
in Sec. VL.

Our goal is to recompute Eq. (6) with

AZ

Following Refs. [84,92-94], we take the approximation u,p & vp, and find the zero-temperature correlation functions in the

limits of |7| = \/r? + v2t2 > M and |F| « . In the |F| 3> " limit, we get

Xaar,©) = xy4(r,T)

= cos(2kgr) |: a

@ray | /r?+ (vrltl +a)?

—cos(2krr) [ a

Xaa(rT) =
A4 (2ma)? "2+ (vrlt| +a

while in the limit of || < 2, we obtain

XXA(V,T) = XXA(VJ)

_ —cos(ZkFr)|: a

QraY | /r2+ (vplt| + a)?

2g,
] . (A7)

2¢;
. —cos(2krr) a
i o) , (A8
Xaa(nT) (2ma)? { r?+ (vrlt| + 0)2] o

:|(|/2)(Kt-s+1/1<m)

A/D(Kes+Ksa) ™ A a (1/2)(Kca+Kss)
s
e 1 e e

Asa (1/2)(Kea+1/Kga) AA‘ |f|
F eXp _(CCS + CSS)
hvp hvp

A7
hUF ’
(

where C.s,Cy5,Cs4 are constants of order 1. For large
distance and long time, |F| > %, which corresponds to
small momenta and low frequenciess, the correlation between
the electrons is cut off by the superconducting gap, and
the correlation functions exhibit an exponential decay. For
small distance and short time, |7| < %, in contrast, the
correlation functions retain the gapless form. If the spin
rotational symmetry is preserved, K;s = K;4 = 1, then the
RKKY interaction is isotropic as expected.

Fourier transforming into the momentum space and Mat-

subara frequency domain, and taking ¢ = 2kp,iw, - o +i6,

}, (AS5)

Fror (A6)
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and w — 0, we obtain the zero-temperature value of the peaks
of the static spin susceptibility,

Xha(q = 2kp,0 — 0)

1 1 A (2_2814)
_ -] —11, (A9
4mhor 2 — 2g, (AS> (A9)

which gives Eq. (93) in Sec. V A.

%

APPENDIX B: MF SOLUTIONS
In this appendix, we first examine the bulk spectrum of Ht(olp)

and H[E)p) in Eq. (106), and then solve the Schrodinger equation

for the MF solutions. The bulk spectrum of Ht(op) , defined as

EW(k), is too complicated to reproduce here. Instead, we
express it as the roots of the following two quartic equations:

0=[EVW] = 2[(wrk)* + A, + Al + A7, + AF]
x [EDV)* £ 8A,_Ag AzEV(k) + (hopk)*
+2(Ay, + AL+ A2, — AY)(hpk)?

Az (A AL, - a2)]
x[Az = (A +/A7 L — AZ)]

x[Az 4+ (Ay - — /A2 = AZ)]
x[Az = (As- = /AT = AZ)], (B1)

which differ by the sign of the term linear in EV(k). For
nonzero A _A; 1 Az, each equation gives four roots, and in
general there are eight nondegenerate energy bands from the
H' block. The bulk spectrum of H, @ g given by :I:Ef)i(k)

top top

and £E’} (k), where

EZ. (k) = \/ (hopk? + [AP) + A, (B2)

)12
EZ (k) = \/(hvpk)z +[aP] £ A, (B3)
In the absence of the superconductivity and the Zeeman field
(AY = AYD = Az = 0), half of the energy bands, EV(k),
are gapped by the nuclear spin helix, whereas the other half,
Eg)l . (k), remain gapless as discussed in Sec. IV. At finite

A©ADA, there exists a regime where the bulk spectrum has
band touching points at k = £k, where

2 2
- Am - As,—

1
ko = —[AZ — A?
0 th[ VA s+

+2\/(A3,, + A2 A2, —A2A2]% BY
This regime is given by the inequalities
k>0, (B5)

(A + AZ A}, — AL A% >0, (B6)

which are marked in blue color in Fig. 10. In this regime
the system is a nontopological gapless superconductor, and

PHYSICAL REVIEW B 92, 235435 (2015)

therefore not of our interest. In other regimes, the system is
fully gapped except for the following curves, where the bulk
gap closes at k = 0,

CV: (Az+ AP +AL—-A2, =0, (BTa)
cV: (Az— AP+ AL A2, =0, (B7b)
CP: Azl = Ay + Ay | =0, (B7c)

2 .
Ci7: Azl = |Ags — A | =0. (B7d)

These gap closing curves are marked as Cil), c®, C?, and

C 52), and plotted as black solid curves in Fig. 10.

Having the gap closing boundaries, we now discuss the
topological properties of the Hamiltonian, and investigate
the criterion for topological phases [95]. To this end, we
consider a semi-infinite nanotube with an open left end,
and solve the Schrodinger equation at zero energy with
the boundary condition of the MF wave function being
zero at r = (. Since the boundary condition is imposed in

the real space, we need to examine it in the basis, ¢ =

(CL,T7CL,¢’CL.TvCL,¢vCA,T’CA.i’CB,T’CB,i)’ which is related to

the slowly varying fields R, , and L, , by Egs. (9)—(11).
We first focus on the Hamiltonian density of the first block,
t(olp) (r), and solve the Schrodinger equation, H[(Olp) (r)fb(i)(r) =
0. We are looking for the localized states at the left end of the
nanotube, so we use the ansatz

[V = e ™+ (A} +,B) +,C1+,Di +,

AT 1, BY 1. Cl 4, DY L), (B8)

which incorporates the self-conjugate property of MFs. This
gives the evanescent wave functions with the exponential decay
determined by the | + values,

1
K+ = h_[Afn +AI_+ A}, - A
Vfr

+2./(a2 + 42 )a2, - a223]" (B9)

which have positive real parts and thus give normalizable
wave functions when the bulk spectrum is fully gapped. These
K1+ values can also be obtained by setting EV(k) = 0 and
k =ik + in Eq. (B1). After numerically solving the matrix
eigenvalue equation, we find that each of the x| 1+ values gives
two eigenvectors of the form in Eq. (B8), which result in four

normalizable wave functions, denoted as dD(Ji?,(r), @S:?z(r),
@, (r), and &L, (r).

Similarly, for the second block, Ht(ozp)(r), we find
four zero-energy solutions for the Schrodinger equation,
Ht(ozp) (r)CDEZ/)i (r) = 0. These are simpler and can be obtained
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explicitly, as

1 i
0 0
0 0
7\ (r) = q e () = _j e,
0 0
0 0
Fr iFr
0 0
1 i
F; —iF;
o= o [ elBm=] o [
1 —i
0 0
(B10)
where
—i /[T = AL+ A,
F,i= s : (Blla)
Asez
! @1 _ A2
K. = —/[AY] = AL, (B11b)
hvp

PHYSICAL REVIEW B 92, 235435 (2015)

Ko = [A9] — A2. (Bl11c)

hvr

Therefore, {®Y,_, ,(r).®\); ,_| ,(r)}, which satisfy the
Schrodinger equation and self-conjugation, form a set of eight
basis wave functions. Using Egs. (9)—(11), we obtain the cor-
responding wave functions, B = {52’)”:1,20),55)&”:],z(r)},
in the ¢ basis, and examine the boundary condition at the left
end of the tube (r = 0). For a given set of system parameters,
(A, As4+,As —,Ayz), the number of MFs, Nyp, is given as 8
(the number of the column vectors in B) minus the number of
the linearly independent vectors in 3.

The results are shown in Fig. 10. The gap closing curves,
C$ ) and CS)I correspond to the boundaries where «; .+ and
k2.¢;i vanish, respectively. Moreover, the «j + values change
from real or pure imaginary to complex numbers (but do not
vanish) across the black dashed curve, marked as C®,

CO: (AL 4+ A )AL —ALAL=0. (B12)

The yellow shaded region corresponds to a topological
regime. The MF wave functions are linear superpositions of
Ei)nzm(r) and 5&2/1’,1:1,20), and thus display multiple decay
length scales, arising from « 1+ and k> ./; [95]. As a result,
the localization length &, is determined by the largest length
scale of the inverses of ki + and ky./; or, equivalently, the
smaller of A® and A,
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