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The interaction between localized magnetic moments and the electrons of a one-dimensional conductor can
lead to an ordered phase in which the magnetic moments and the electrons are tightly bound to each other. We
show here that this occurs when a lattice of nuclear spins is embedded in a Luttinger liquid. Experimentally
available examples of such a system are single wall carbon nanotubes grown entirely from BC and GaAs-
based quantum wires. In these systems the hyperfine interaction between the nuclear spin and the conduction
electron spin is very weak; yet it triggers a strong feedback reaction that results in an ordered phase consisting
of a nuclear helimagnet that is inseparably bound to an electronic density wave combining charge and spin
degrees of freedom. This effect can be interpreted as a strong renormalization of the nuclear Overhauser field
and is a unique signature of Luttinger liquid physics. Through the feedback the order persists up into the
millikelvin range. A particular signature is the reduction in the electric conductance by the universal factor of

2.
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I. INTRODUCTION

The interaction between localized magnetic moments and
delocalized electrons contains the essential physics of many
modern condensed matter systems. It is on the basis of
nuclear magnets,! heavy fermion materials of the Kondo-
lattice type,> and ferromagnetic semiconductors.>® In this
work we focus on the interplay between strong electron-
electron interactions and the magnetic properties of the lo-
calized moments. Low-dimensional electron conductors are
ideal systems to examine this physics: the nuclear spins of
the ions of the crystal (or suitably substituted isotopes) form
a lattice of localized moments; these spins couple to the con-
duction electron spin through the hyperfine interaction, and
the confinement of the electrons in a low-dimensional struc-
ture enhances the importance of the electron-electron inter-
actions.

In previous work we have studied the magnetic properties
of the nuclear spins embedded in a two-dimensional (2D)
electron gas of a GaAs heterostructure,”® and in 13C substi-
tuted single-wall carbon nanotubes’ (SWNTSs) as a specific
example of a one-dimensional (1D) conductor. In this work
we focus on 1D more generally than in Ref. 9: we cover not
only the case of SWNTs but also of GaAs-based quantum
wires or different (yet not in detail discussed) 1D conductors
under the assumption that the electrons are in the Luttinger
liquid (LL) state as a result of their interactions. In these
systems the coupling between the nuclear spins and the con-
duction electrons has remarkable consequences.

Indeed, below a crossover temperature 7% (in the mil-
likelvin range for the considered systems) the nuclear spins
form a spiral, a helimagnet (see Figs. 1 and 2), caused by the
effective Ruderman-Kittel-Kasya-Yoshida (RKKY) interac-
tion induced by the electron system. The ordered nuclear
spins create an Overhauser field that acts back on the elec-
tron spins. This feedback is essential: it enhances an instabil-
ity of the electron conductor toward a density wave order,
and the electronic states are restructured. A gap appears in
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one half of the low-energy modes and leads to a partial elec-
tron spin polarization that follows the nuclear spin helix. The
gap can be interpreted as a strong renormalization of the
Overhauser field, and so as a strong renormalization of the
hyperfine coupling constant for the gapped collective elec-
tron modes. The remaining gapless electron modes in turn
further strengthen the RKKY coupling between the nuclear
spins. The transition temperature 7 of the nuclear spins can
therefore lie much above the temperature that would be
found without the feedback (called 73" below). In SWNTs,
for instance, the feedback leads to an enhancement of 7* by
about four orders of magnitude.

This means that below T* there is a temperature range
where the nuclear order and the electron order exist only
through their mutual stabilization. The nuclear spins and the
electrons form a combined ordered phase, even though the
energy and time scales in both systems differ by orders of
magnitude. We remark that the order is unstable in the ther-
modynamic limit due to long-wavelength fluctuations. For
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FIG. 1. (Color online) Illustration of the helical nuclear magne-
tism of the SWNT, which is triggered by the RKKY interaction over
the electron system (not shown). The nuclear spins (red arrows)
order ferromagnetically on a cross-section of the SWNT and rotate
along the SWNT axis with a period 7/kr=\/2 in the spin xy plane
(chosen here arbitrarily orthogonal to the SWNT axis). The blue
ribbon is a guide to the eye for the helix. The feedback of this
nuclear magnetic field strongly renormalizes the electron system
through the opening of a partial gap due to a strongly renormalized
Overhauser field and so modifies the RKKY interaction. Through
this strong coupling of electron and nuclear systems the combined
order persists up into the millikelvin range. As a particular conse-
quence the electric conductance of the SWNT is reduced by a factor
of precisely 2.
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FIG. 2. (Color online) Illustration of the helical nuclear magne-
tism for a GaAs-based quantum wire. Compared with the SWNT
(Fig. 1) the number of ferromagnetically locked spins on a cross
section through the wire is much larger, and the wavelength 7/ kj of
the helical rotation along the wire is longer. The feedback effect
remains otherwise the same and the combined electron and nuclear
order persists into the millikelvin range as well.

any realistic sample length L, however, those fluctuations are
cut off, the order extends over the whole system, and 7™ is in
fact independent of L.

We discuss this physics here specifically for *C SWNTs
and GaAs quantum wires because such systems have become
available for experiments recently: SWNTs with a purity of
BC up to 99% have been reported in Refs. 10-13. The
cleaved edge overgrowth method'*!®> has made it further-
more possible to produce quantum wires on the edge of a
GaAs heterostructure with LL parameters as low as'®
K.=0.4-0.5. For both systems, we predict a feedback-
generated crossover temperature 7 that lies in the range of
10-100 mK.

This work is related to several studies found in the litera-
ture: NMR experiments'” on '*C enriched SWNTs grown
inside regular SWNTs (Refs. 10 and 11) have revealed the
existence of a large gap of about 30 K in the spin response.
While the microscopic origin of this gap seems still be un-
resolved, the NMR response could be well modeled with a
partially gapped Tomonaga-Luttinger model.'®!° Interest-
ingly our microscopic theory predicts a spin excitation gap
for a part of the transverse electronic susceptibility, although
we consider isolated SWNTs and obtain a gap with a smaller
magnitude below 1 K.

The coupling between a quantum spin chain and a LL was
studied in Ref. 20, and it was shown that this system can
acquire gaps as well. Such a system is very different from
our model in that it involves a single chain of small quantum
spins with anisotropic coupling to the electrons. Such an an-
isotropy appears spontaneously in our case, and built-in an-
isotropy has a very different effect as discussed in Sec. VI D.
A spin gap also appears in a LL in the presence of Rashba
spin-orbit interactions.?!?> LLs with a gap in the spin sector
are known as Luther-Emery liquids,”®> and the partially
gapped LL in our model has indeed a strong resemblance to
such a system. Yet the gap does not open in the spin sector
but involves a combination of electronic spin and charge
degrees of freedom, therefore, in addition breaks the usual
spin-charge separation of a LL. The RKKY interaction at
zero temperature was calculated for LLs in Ref. 24 and for
the case including Rashba spin-orbit interactions in Ref. 25.
The use of the hyperfine interaction of '*C to couple spin and
valley quantum numbers in carbon-based quantum dots was
explored in Ref. 26.

Very recent spin blockade measurements'? on quantum
dots formed by '*C SWNTs suggest that the hyperfine inter-
action constant A, is by 10°—103 larger than what is expected
from °°C data? or band structure theory.?® However, this
interaction strength is inferred from the comparison with
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models that were originally designed for GaARecently much
progresss quantum dots, and so the precise value of A, re-
quires further investigation.?

The observation of LL physics has been reported for vari-
ous 1D conductors such as carbon nanotubes,>*32 GaAs
quantum wires,'>!633-3¢ bundles of NbSe; nanowires,?’
polymer nanofibers,>® atomic chains on insulating
substrates,>® MoSe nanowires,*® fractional quantum Hall
edge states,*! and very recently in a bulk material conjugated
polymers at high carrier densities.* If there is a coupling to
localized magnetic moments, we expect that the effect de-
scribed in this paper should be detectable in these systems as
well, with the exception of the chiral LLs of fractional quan-
tum Hall edge states because they lack the backscattering
between left and right moving modes that is crucial for the
effect. To overcome this restriction, two edges with counter-
propagating modes would have to be brought close together
by a constriction. Recently much progress has been made in
producing and tuning the properties of carbon nanotubes as
quantum wires or quantum dots,'0-13:3043-60 and yltraclean
SWNTs are now available.>%0

The outline of the paper is as follows: In the next section
we state the conditions for the discussed physics and present
the main results. A detailed account of the theory is then
given. In Sec. III we derive the effective model. The nuclear
order and its stability without the feedback is discussed in
Sec. IV. The feedback and its consequences are examined in
Sec. V. In Sec. VI we discuss the self-consistency of the
theory. The effect of the renormalization above the crossover
temperature is outlined in Sec. VIL. In Sec. VIII we show that
the single-band description we have used in the preceding
sections is appropriate for SWNTSs, which normally require a
two-band model. We shortly conclude in Sec. IX. The Ap-
pendixes contain the technical details. The numerical param-
eters we use and derive for the SWNTs and GaAs quantum
wires are listed in Table 1. For a brief overview, we refer the
reader to Sec. II.

II. CONDITIONS AND MAIN RESULTS

We summarize in this section the conditions and the main
results of our work. This allows us to give an overview of the
physics to the reader without going into the technical details
and conceptual subtleties. These are then discussed in the
subsequent sections.

Two conditions for the described physics are important: a
1D electric conductor in the LL state confined in a single
transverse mode (in the directions perpendicular to the 1D
conductor axis), and a three-dimensional (3D) nuclear spin
lattice embedded in this 1D conductor. Higher transverse
modes are split off by a large energy gap A,. The coupling of
the nuclear spins to the electrons is weighted by the trans-
verse mode, which eventually leads to a ferromagnetic lock-
ing of the N, >1 nuclear spins on a cross section in the
transverse direction. Consequently these ferromagnetically
locked nuclear spins behave as a single effective large spin,
allowing us to use a semiclassical description (see Secs. III B
and III C). This picture can be different for strongly aniso-
tropic systems, where the coupling to the electron spin favors
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TABLE 1. Physical parameters for GaAs quantum wires and Bc single wall nanotubes used in this paper and the derived quantities
discussed in the text. Note that the values of the derived quantities have an O(1) uncertainty, which is unavoidable in any Luttinger liquid
theory due to the required ultraviolet cutoff [see also the discussion before Eq. (55)]. Within this uncertainty we have kzT™* ~ B*. Since ¢
=L for SWNTs, increasing L (within limits) also increases A* and B*. Anisotropic hyperfine interactions can slightly reduce A* and B* (see
Sec. VI D). Energy is converted into temperature by the relation 1 eVZ11 604.5 K.

Physical quantity GaAs quantum wire® B¢ single wall nanotube®

Hyperfine (on site) coupling constant |A)| 1 K, 90 ueV 7 mK, 0.6 ueV
Nuclear spin / 3/2 1/2
Electron spin S=1/2

Fermi vector kg 1108 m™! 4x108 m™!
Fermi wavelength Np=27/kp 63 nm 17 nm
Electron density n,=2kp/w 0.6x 108 m™! 2.4x10% m™!
Fermi velocity vy 2X10° ms™! 88X 10° ms~!
Fermi (kinetic) energy Ep=fuvpkp/2 7 meV 0.1 eV
Lattice spacing a 5.65 A 246 A
Nuclear spin density (1D) n;=1/a 1.8 10° m™! 4.1x10° m™!
Electron fraction per nuclear spin n,;/n; 0.04=1/28 0.06=1/17
System length L 2-40 pum 2 pum
Number of sites in transverse direction N | ~50X50 ~50
Luttinger liquid parameter (charge) K, 0.5 0.2¢
Luttinger liquid parameter (spin) K 1 1€
Approximate bandwidth A ,=#Avy/a 0.23 eV 2.1eV
Longitudinal level spacing A, 3-70 ueV 260 ueV
Transverse level spacing (subband splitting) A, >20 meV 0.65 eV
Exponent g=g,, . (single-band expression) 0.75 0.6°
Exponent g=g,, . (SWNT two-band expression for T:’;) 0.8¢
Exponent g’ =g | 0.67 0.33¢
Exponent g/ 0.33 0.17¢
Crossover temperature (without feedback) T?; 53 mK, 5 ueV 2 uK, 0.2 neV
Crossover temperature (with feedback) 7* 75 mK, 7 ueV 11 mK, 1 ueV

Renormalized hyperfine coupling constant (in the direction
of the nuclear spin polarization) A*=Aq(&/a)! =8

Upper bound for crossover temperature B*=SA*n,/n;

~4.6 K, ~400 ueV
~80 mK, ~7 ueV

~0.25 K, ~22 ueV
~10 mK, ~1 ueV

Electron spin polarization (fraction) (S)/S 0.05 5% 1073
Electron spin polarization (on site) (S;)/S=(n.;/n;){S)/S 0.002 3X107°
Correlation length for gapped electrons ¢ £=£€,=0.2 um é=L=2 um

4From Refs. 14-16, 35, and 67.
"From Refs. 27, 28, and 68-71.

“See Sec. VIII for the use of the K. and K, within the two-band description of SWNTs.

a different spin locking (see Sec. VI D). However, the phys-
ics described here remains valid as long as this locked con-
figuration has a nonzero average magnetization.

In addition, we treat only systems in the RKKY (Ref. 61)
regime, which is indeed the natural limit for the electron—
nuclear-spin coupling. This regime is characterized by ener-
getics such that the characteristic time scales between the
slow nuclear and the fast electron dynamics decouple. This
makes it possible to derive an effective instantaneous inter-
action between the nuclear spins, the RKKY interaction,
which is transmitted by the electron gas. If A is the hyper-
fine coupling constant between a nuclear spin and an electron

state localized at the nuclear spin site, and if E; denotes the
typical energy scale of the electron system, the RKKY re-
gime is determined by the condition Ay/Ex<<1. This condi-
tion is naturally fulfilled in GaAs-based low-dimensional
conductors®® where A/ Ep~ 1072 (for both Ga and As ions)
and in carbon nanotube systems grown entirely from
the *C isotope (which has a nuclear spin /=1/2), where?’-28
Ao/ Ep~107°. Recent measurements on '>C nanotube quan-
tum dots'? suggest a much higher value though, but still such
that Ay/Er-<1073. An adjustment of this value, however,
might be necessary because it relies on models that were not
specifically tailored for 13C nanotubes.? To clarify this dis-
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FIG. 3. Magnetization Moy, as a function of T for '*C single
wall nanotubes. Dashed line: without the feedback [Eq. (38)]; solid
line: including the feedback [Eq. (70)]. The vertical lines mark the
cross-over temperatures written next to them [Egs. (39) and (71)].
Tgk is evaluated with the two-band model of Sec. VIII, while we use
the quantitatively correct one-band description for 7*. Note that
compared with Ref. 9 we use a larger A (according to the results of
Ref. 28) and so obtain a slightly larger 7*. On the other hand Tf; is
smaller because the exponent g is larger the two-band model.

crepancy between the reported values of A, further experi-
mental and theoretical work is required. We can speculate
though that a similar renormalization of A, as presented in
this paper can also occur for the quantum dot system and
hence mimic a larger value of A,. Due to this, the band-
structure value A,/ Er~ 107 for the bare unrenormalized hy-
perfine interaction strength is used in this work.

The RKKY energy is minimized when the nuclear spins
align in the helimagnetic order. Through the separation of
time scales and due to the large effective nuclear spins, this
order can then be treated as a static nuclear magnetic field
acting on the electrons. Most remarkably, this interaction is
relevant in the renormalization group sense for the electron
system and leads to the opening of a gap in one-half of the
electron excitation spectrum. This gap can be interpreted as a
strong increase in the nuclear Overhauser field in the direc-
tion defined by the nuclear helimagnet, while the hyperfine
coupling in the orthogonal directions remains unrenormal-
ized. The gap in the electron system is the result of the strong
binding of collective electron spin modes to the nuclear mag-
netization. The resulting RKKY interaction is then mostly
carried by the remaining gapless electron modes and be-
comes much stronger. This leads to a further strong stabili-
zation of the nuclear helimagnet. Through this feedback the
combined order remains stable up into experimentally acces-
sible temperatures (see below).

The strong renormalization is in fact possible due to an
instability of the LL toward a density wave order,®® which is
signaled by the divergence of the electron susceptibilities at
momentum 2kz. The same divergence is responsible for or-
dering the nuclear spins, and so the backaction of the Over-
hauser field on the electrons enhances the instability for a
part of the electron degrees of freedom. This results in the
partial order in the electron system. Due to this, the effect of
the feedback is strong even for very weak A,,.

We emphasize that this feedback is a pure LL effect and
absent in Fermi liquids. It leads to a number of experimental
signatures (described below) that may be used to unambigu-
ously identify a LL without the need of fitting power laws to
measured response functions. Let us also mention that an
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FIG. 4. Magnetization My, as a function of T for GaAs quan-
tum wires. Dashed line: without the feedback [Eq. (38)]; solid line:
including the feedback [Eq. (70)]. The vertical lines mark the cross-
over temperatures written next to them [Egs. (39) and (71)]. Since
the exponent g changes only little through the renormalization
(g—g'), the values of T; and T* are of the same order of
magnitude.

alternative test of the LL theory has been proposed for
strongly interacting 1D current rectifiers.®*~® Here a pure LL
signature is found in form of a specific asymmetric bump in
the I-V curve.

Table I lists the physical parameters we use for the nu-
merical estimates for the GaAs quantum wires and the Bc
SWNTs. With these values we find that the feedback effect is
most remarkable for the '*C SWNTs where the crossover
temperature for the nuclear helimagnet without the feedback,
T: [Eq. (39)], would be close to a microkelvin. Through the
feedback, however, T:; is replaced by the correct T* [Eq.
(71)], which reaches into the experimentally accessible mil-
likelvin temperatures.”®

For GaAs quantum wires the effect on the crossover tem-
perature is much less pronounced due to a less dramatic
modification of the LL parameters. Yet through the larger
ratio Ay/Er we already have T§~50 mK, which increases
through the feedback to 7%~ 80 mK. Figures 3—6 show the
dependences of these temperatures and of the nuclear mag-
netization on the variation in different system parameters.
Note that the large values of T: and T* for the GaAs quan-
tum wires are due to the small value of K.=0.5 we use from
Ref. 16 for high-quality quantum wires. The more common
quantum wires with weaker electron-electron interactions
and K.~0.8 lead to 7"~ 1 mK, as shown in Fig. 6. In this

v e vl
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FIG. 5. Crossover temperature T* [Eq. (71)] as a function of the
hyperfine coupling constant A for Bc single wall nanotubes. T*
follows a power-law T*OCAé/G_g;«.V):Ag'86 and is plotted up to the
self-consistency limit T*=~uvp/Lkz=3 K. The values about
Ay~ 107* eV correspond to those deduced in Ref. 12. Note that
through the whole range we have kzT™* ~ B* [Eq. (74)].
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FIG. 6. Crossover temperatures T;)k [dashed line, Eq. (39)], T*
[full line, Eq. (71)], and the bound B* [dash-dotted line, Eq. (74)]
for GaAs quantum wires as functions of the interaction strength,
expressed by the Luttinger liquid parameter K, (keeping K,=1).
The noninteracting limit is K.=1, smaller K.>0 correspond to in-
creasingly stronger repulsive interactions. The dotted line is the
continuation of 7* beyond the energy scale set by B*, for which the
validity of the theory becomes uncertain. The curves of 7* and Tg
cross at K.~ 0.6 because the RKKY interaction JékF defining T* has
a prefactor that is by 1/2 smaller than in the case without the
feedback. Since nuclear spin order unavoidably leads to the feed-
back, T* defines the crossover temperature for the order even when
Tz>T*. Note that close to K.=1, Egs. (39) and (71) diverge be-
cause the cutoff §in Eq. (A12) was neglected in the further evalu-
ation of the RKKY interaction. This is valid for K. smaller than
~0.8. Reintroducing the cutoff self-consistently close to K.=1
regularizes the divergence and leads to the displayed curves (see
Appendix A 1).

figure we also show the energy scale B* [Eq. (74)], which we
use as an upper bound for k3T, below which our approach is
controlled. Further self-consistency conditions are discussed
in Sec. VL.

As a general rule, stronger electron-electron interactions
(i.e., smaller LL parameters K,) lead to larger 7% in a much
more pronounced way than a larger value of the hyperfine
constant A,. The explicit dependence can be read off from
Eq. (71) and is given by

(1-2¢")/(3-2¢")
. (1)

kgT* =1|Ay|D'| —
B | 0| (IP4O

where kg is the Boltzmann constant, / is the nuclear spin,
A,=hvg/a is on the order of the bandwidth (with vy the
Fermi velocity and a the lattice constant), D' [Eq. (72)] a
nonuniversal dimensionless constant of about D' ~0.2-0.3
for the values in Table I and g’=2Kc/[KS(KC+K;1)] [Eq.
(68)], where K, and K| are the LL parameters associated with
charge and spin fluctuations, respectively. Note that SWNTs
require a two-band description and so four different LL
parameters®®% (K=K _¢=0.2 and K,,=K =K ,=1; see Sec.
VIII). While we take this into account when we neglect the
feedback, we show in Sec. VIII that the single-band descrip-
tion with K,=0.2 and K,=1 is quantitatively valid when the
feedback is taken into account and therefore can be used for
the determination of 7%, and the renormalized hyperfine con-
stant A* below.

We stress that 7* is independent of the system length L
for any realistic sample (provided that we have L>k;l such
that the LL theory is applicable). For very large L there
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would be a crossover where 7™ is replaced by a L-dependent
quantity such that 7% — 0 as L — . This crossover, however,
occurs only at L that lie orders of magnitude above realistic
sample lengths (see Sec. IV B and Appendix D).

The order parameter for the nuclear helimagnet is the 2k
Fourier component of the magnetization, which has close to
T* the behavior of a generalized Bloch law [Eq. (70)],

3-2¢'
a ) . (2)

Mok, = 1- (F

This magnetization may be detectable by magnetic sensors
with a spatial resolution smaller than the period of the helix
Np/2~10-30 nm such as, for instance, magnetic resonance
force microscopy.”>7?

The nuclear spin ordering acts back on the electron sys-
tem and leads to a strong renormalization of the hyperfine
interaction between the nuclear spins and a part of the elec-
tron modes. We can capture this renormalization by the re-
placement Aj—A* of the hyperfine constant. We emphasize
though that this replacement also requires a reinterpretation
of the role of A*: it no longer describes the local coupling
between a nuclear spin and an electron at a lattice site, but
the coupling of a nuclear spin to a fraction of the collective
electron modes in the LL. The modified A* has thus a similar
interpretation as the dressing of impurity scattering’*”> in a
LL that no longer corresponds to the backscattering of a
single particle but to the generation of collective density
waves near the impurity site. The renormalization is ex-
pressed by [Eq. (57)]

A*=Ay(&a)'8, (3)

where g=(KC+K:1)/2 and &=min(L,\7, &) is a correlation
length. Here A\;=fwwg/kgT is the thermal length, and
&E.=a(A,/ IAomsz)” (2=8) is the correlation length for an infi-
nite system. We stress that that & cannot exceed L or A. An
uncritical use of =&, exceeding L or Ay can lead to self-
consistency violations of the theory as explained in Sec.
V A. Note that for noninteracting electrons (including Fermi
liquids) g=1 and so A, remains unrenormalized. The in-
crease A,—A™ is a direct consequence of LL physics.

For the systems under consideration we have
I|A*|> kpT* and hence the electron spin modes following the
nuclear helimagnet (ferromagnetically or antiferromagneti-
cally according to the sign of A,) are pinned into a spatially
rotating spin density wave. This affects, however, only one-
half of the low-energy electron degrees of freedom. The re-
maining electron spins remain in their conducting LL state.
They do no longer couple to the ordered nuclear spins, yet
couple to fluctuations out of the ordered nuclear phase with
the unrenormalized hyperfine coupling constant A,. Those
conducting electrons carry then the dominant RKKY interac-
tion, which has a modified form leading to the stabilization
of the combined order up to the renormalized temperature
T*.
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On the other hand, the gapped electrons have an
excitation gap that is directly given by the renormalized
Overhauser field, given by ij=lm2kFA*/ 2. Therefore, the
nuclear magnetization Moy, can be directly determined by

T 3-2g’
Mok, = 1- F

3-2g" |(3-9)/(2-¢)
) otherwise,

B'Yoc

xy
3020 _ [1 _ ( T
2kF - T*

where m., is such that £=¢&, for all Moy > M., Notice that for
SWNTs, we have m..>1 and so we always have B;kyOCmZkF.
If, however, m., <1, the crossover between the two different
scaling behaviors of B;ky can be tuned by varying either L or
A7, depending on which one is smaller.

Experiments detecting this phase can rely on two more
effects. First, the freezing out of one half of the conducting
channels of the electron system leads to a drop of the elec-
trical conductance by precisely the factor of 2 (see Refs. 9
and 76). Second, the breaking of the electron spin SU(2)
symmetry through the spontaneous appearance of the nuclear
magnetic field leads to the emergence of anisotropy in the
electron spin susceptibility (see Ref. 76 and Appendix A).
The susceptibilities are defined by Eq. (15) and evaluated in
Appendix A. From Egs. (A25) and (A26) we find that for
momenta g close to 2k; and at 7=0,

Xey(q) o (g = 2kp) 20787, (5)

X-(q) = (g = 2kp) 2080, (6)

with g/ =(K.K,'+K.K,)/2(K.+K;") [Eq. (69)]. For K,=1 we
have g/=g'/2. At temperatures 7>0, these power-law sin-
gularities are broadened at ¢ < /Ay [Eq. (A16)]. The quali-
tative shape of these susceptibilities is shown in Fig. 7.

III. MODEL AND EFFECTIVE MODEL
A. Model

We consider a system of conduction electrons and nuclear
spins expressed by the Kondo-lattice-type Hamiltonian,

; 2kp q

FIG. 7. Sketch of the RKKY interaction J{ [Eq. (23)] or equiva-
lently the spin susceptibility x,(q) [Eq. (A16)].
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measuring the electronic excitation gap through, for
instance, tunneling into the system.'>1%3336 Since A* itself
can depend on my, through the correlation length &, we
have [Eq. (59)]

for Moy, < M

(4)

H=H)D+ 2 AS; L+ 2 v, (7)
i ij,a,B

We have chosen here a tight-binding description, where the
indices i and j run over the 3D lattice sites r; and r; of the
nuclear spins, with lattice constant a. The hyperfine coupling
between the nuclear and electron spin on site i is expressed
by the constant A, the electron spin operator S;=(S},S7,S?),
and the nuclear spin operator I,=(F;,F,I;). For GaAs we
have I=3/2 and for *C this spin is I=1/2. We shall gener-
ally set 2=1 in this paper and reintroduce it only for impor-
tant results. We assume here an isotropic hyperfine interac-
tion. The case of anisotropy is discussed in Sec. VI D.

The Hamiltonian H'P describes the 1D electrons (con-
fined in a single transverse mode) and is given in detail be-
low. In addition to the transverse confinement, we assume
that the 1D system has a length L on the order of microme-
ters that may be the natural system length or be imposed by
gates (see Table I). In contrast to the usual Kondo-lattice
model, ']’ contains the here crucial electron-electron inter-
actions.

The last term in Eq. (7) denotes the direct dipolar inter-
action between the nuclear spins, or for the terms with i=j
the quadrupolar splitting of the nuclear spins (a,8=x,y,2).
Keeping this term would make the analysis of this model
cumbersome as we would have to solve a full 3D interacting
problem. Yet those interactions are associated with the small-
est energy scales in the system. The dipolar interaction has
been estimated to be on the order of%> 107! eV ~ 100 nK.
For all ions considered here, the quadrupolar splitting is ab-
sent in '3C and is otherwise the largest for As with a
magnitude’”7® ~10710 eV ~1 uK. These scales are over-
ruled by the much stronger effective RKKY interaction de-
rived below and, in particular, are much smaller than the
temperatures we consider and that are experimentally acces-
sible. This allows us to neglect the dipolar and quadrupolar
terms henceforth.

Model (7) does not yet contain the confinement of the
electrons into a 1D conductor. Since we neglect the dipolar
interaction we can focus only on those nuclear spins that lie
within the support of the transverse confining mode. This
leads to a first simplification that is considered right below.
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B. Confinement into 1D

In this work we consider only conductors, in which the
electrons are confined in a single transverse mode ¢, .
Higher transverse harmonics are split off by an energy A,.
For SWNT, this transverse level spacing is determined by®°
A,=2mv#1|C|, where C is the chiral vector describing the
wrapping of the nanotube. For a C=(n,n) armchair nanotube
we have |C|=3nacc (with acc=a/\3 the distance between
carbon ions), and so A,=(27/+3)A,/n. Due to the armchair
structure, there are four nuclear spins per 3acc on the cross
section so that the number of sites on the cross section is
N | =4n. For our choice N, =50 we then find n= 12, leading
to A,~0.65eV. For the cleaved edge overgrown GaAs
quantum wires, the transverse subband splitting has been
reported!* to exceed 20 meV. These large values allow us to
focus on the lowest transverse mode (subband) only.

It is then advisable to switch from the 3D tight-binding
basis into a description that reflects the confinement into the
lowest transverse mode: Let ¢t0’ d),] ,... label a full set of 2D
orthonormal transverse single-electron wavefunctions such
that (;S,O:(;S 1, and let ¢; be the 3D tight-binding Wannier
functions centered at lattice sites r;, We decompose the po-
sition vector r into a longitudinal part r and the 2D vector
along the transverse direction r . Similarly we decompose
the 3D lattice index i into the parts i and i, . We then write
¢,-(r)=¢,-”(r”)¢il(r 1) and perform the basis change of the
electron operators Cj,o' as

Cla=(tp= 1 |il>c}LH’L,U+ (t1|il>cj“,tl’(,+ RN (8)

with =1, |, Civt, the electron operators corresponding to
longitudinal coordinate i, and transverse mode ¢,, and

<tn|iL>:fdrid):;(rl)(ﬁil(rl) )

for normalized wave functions d),” and d)’l' With the condi-
tion that the electrons are confined in the ¢r0=¢ . mode,
averages over the operators c;f”’t o vanish for n=1. This al-
lows us to drop those operatorg from the beginning and to
use the projected electron operators c}ig=< Lli L)c;”! 1. The
2D Wannier wavefunctions cﬁ,-L have their support over a
surface a” centered at a lattice site, while ¢, extends over
N sites in the transverse direction. The normalization im-
poses that |¢; (r)]*=1/a® and [¢ (r)P<1/Na* for r
within the support of these wave functions. Consequently
(L |iL>=Cil/\e‘°NL with C; a dimensionless constant that is
close to 1 in the support of ¢, and vanishes for those i,
where ¢, =0 (possible phases of the C; can be absorbed in
the electron operators ch’ L)

The electron spin operator is quadratic in the electron
creation and annihilation operators and we obtain
S,:SiH, lCl-i/ N,. The i, dependence in Hamiltonian (7) can
then be summed out by defining the new composite nuclear
spins,
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oty

L,=2CTL, (10)
i
so that the Hamiltonian becomes

(11)

A ~

_ gD _ 1D 20 1

H=H"P=H,+ 2> N ST B
i

This result is remarkable in that the complicated 3D Hamil-

tonian (7) is equivalent to the purely 1D system (11), de-

scribing the coupling of the 1D electron modes to a chain of

effectively large spins iin' Indeed, since EiLC?lzN | 1s im-
posed by the normalization, the composite spin has a length
0<I<IN 1. As shown below, the maximal alignment

I=IN | is energetically most favorable for the RKKY inter-
action, such that in the ordered phase the composite spin can
be treated as an effective spin of length IN . The prefactor
1/N, to the hyperfine constant A, expresses the reduction in
the on-site hyperfine interaction by spreading out the single-
electron modes over the N | sites.

C. Interpretation of the composite nuclear spins i,-"

It is important to stress that N, is large: for SWNT, N
denotes the number of lattice sites around a circular cross
section and is on the order of N, ~50. GaAs quantum wires
have a confinement of about 50 lattice sites in both trans-
verse directions and so N ~2500. In both cases N is large
enough such that the physics of pure (small) quantum spins
does not appear. Accordingly, we shall treat the nuclear spin
fluctuations below within a semiclassical spin-wave ap-
proach corresponding to an expansion in 1/IN .

We note moreover that the interaction with the electron

spin acts only on the ii” mode. Since C’L =~ 1 over most of the

support of ¢, we have iiﬁzalim- Hence, all individual

nuclear spins on a cross section couple identically to the
electrons. The RKKY interaction acts only on i,-” and so any
nuclear order minimizing the RKKY interaction energy is
imposed simultaneously and identically on all nuclear spins
on a cross section. This leads to the ferromagnetic locking of
these nuclear spin shown in Fig. 8. Otherwise said, since the

electrons couple only to the transverse Fourier mode iiu de-
scribing the ferromagnetic alignment, any order due to the
interaction with the electrons can only maximize this Fourier
component and so lead to the ferromagnetic locking.

For SWNT, where C,~l = C through rotational invariance
of ¢, on the circular cross section, the electrons couple only
to this ferromagnetic transverse component. For GaAs quan-
tum wires deviations from the ferromagnetic component are
concentrated at the boundary of the confinement described
by ¢,. The nuclear spins in this boundary layer are more
weakly coupled to the electron spin, with an amplitude re-
duced by the factor Cii ~|¢ L(r,»l)|2 <1, and hence are more
sensitive to fluctuations.

In the following we shall interpret iiu mainly as this fer-

romagnetic component. For GaAs quantum wires this either
means that we consider only very well confined wires where
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FIG. 8. (Color online) Illustration of the cross section through
the 1D conductor. The N | >1 nuclear spins within the support of
the transverse confinement of the electron wave function (central
colored region) are ferromagnetically locked and behave like a
single large spin I=N 1. The nuclear spins outside this support do
not interact with the electron system and are generally disordered
because their direct dipolar interaction is very weak.

C i =1 over essentially the whole transverse cross section, or
that we restrict our attention to only those nuclear spins
where C i 1, and so effectively slightly reduce what we call
the cross section of the wire.

The case of an anisotropic hyperfine interaction is dis-
cussed in Sec. VI D. In this case spin configurations different
from the ferromagnetic alignment are possible. The de-
scribed physics, however, remains valid as long as these con-
figurations produce a finite nuclear magnetic field.

D. Effective Hamiltonians

From the above considerations we have seen that the
original 3D Hamiltonian is through the confinement of the
conduction electrons equivalent to the 1D Hamiltonian (11),
which we rewrite here as

Ay~
H=H1D=H;P+E]v—osi-l,-, (12)
i €

where i=i; now runs over the 1D sites of a 1D lattice of
length L with lattice constant a. S;= Siu» | is now a 1D elec-

tron spin operator, and il:EiLIi,ii is the ferromagnetic com-
ponent of the N, nuclear spins on the cross section, as dis-
cussed before. Note that even the reduced Ay/N, remains
much larger than the neglected dipolar interaction.

The fact that Ay<<Ep and, in particular, Ay/N | <Ep,
shows that the time and energy scales between the electron
and nuclear spin systems decouple. [A more thorough inves-
tigation of this condition can be found in Sec. VI B] This
characterizes the RKKY regime, in which the nuclear spins
are coupled through an effective interaction carried over the
electron system. Indeed, a change in i,» induces a local elec-
tron spin excitation. The response of the electron gas to this
local perturbation is the electron spin susceptibility y;;, de-
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scribing the propagation of the effect of the local perturba-
tion from site i to site j. At site j the electrons can couple

then to the nuclear spin ij, hence inducing the effective in-
teraction. The strict separation of time scales implies that this
interaction can be considered as instantaneous, and so only
the static electron susceptibility y;(w— 0) is involved in the
interaction. This interaction can be derived in detail, for in-
stance, through a Schrieffer-Wolff transformation followed
by an integration over the electron degrees of freedom as in
Refs. 7 and 8. The result is the effective Hamiltonian for the
nuclear spins

= —LI"IB (13)
2 %

ij,af N

with a, B8=x,y,z and the RKKY interaction

Ap
JeP= ?az X (14)

where X“B is the static electron spin susceptibility
Q, l - - «a
X =- ;j dre™™([S7(1),S7(0)]) (15)
0

for an infinitesimal >0 and the average determined by H,,.
Note the 1/4? in this definition, which allows us to pass to
the continuum limit ij'.ﬁ — x*P(r) without further complica-
tion (see Appendix A 1). We assume that the total spin is

conserved in the system, and so x*(r)=6,5x4(r),
JB(r) = O4p/“(r). In momentum space we obtain
f= E —"—1“ ¢ (16)

NZ -q°q°
with N=L/a, the Fourier transform Z‘;‘ =Eie‘iq’ifl.0‘, and

Aj AS ,

=B = a [ a1
In this derivation of the RKKY interaction we have tacitly
assumed that the electrons are unpolarized. This will be no
longer the case once the feedback coupling between elec-
trons and nuclear spins has been taken into account. The
necessary modification to Eq. (16) is discussed in Sec. VE
and leads to Hamiltonian (66).

This feedback is driven by the Overhauser field generated
by the nuclear spins acting back on the electrons. To model
this we rely again on the separation of time scales, which
allows us to treat the Overhauser field as a static external
field for the electrons. Hence, a mean field description of the
nuclear Overhauser field is very accurate. This leads to the
effective Hamiltonian for the electron system,

HY=H +Eh 'S;, (18)

with h;= N, (I) and where the expectation value is taken
with respect to H". The Hamiltonians H¢' and H", and so
the properties of the electron and nuclear subsystems self-
consistently depend on each other.
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E. Electron Hamiltonian

The confinement of the conduction electrons in the single
transverse mode ¢, makes the electron Hamiltonian strictly
1D. Through this dimensional reduction electron-electron in-
teractions have a much stronger effect than in higher dimen-
sions. In particular, they lead to a departure from the Fermi
liquid paradigm, and often the LL concept, based on the
Tomonaga-Luttinger model, is the valid starting point to
characterize the system properties.

We therefore consider a 1D system of length L with
electron-electron interactions that are effectively short-
ranged due to screening by gates. Such a system allows a
description by the Tomonaga-Luttinger model, given by the
Hamiltonian®

H,P = drog[ g (P)i V (1) = Yo (P)i V ()]

o=T,|
+ fdrdr’U(r—r’)lﬂ;(i’)lﬁj,/(r')lﬁa'(r')l//a(’”),

(19)

where i,(r) are the operators for left moving (£ =L=—, with
momenta close to —ky) and right moving (€=R=+, with mo-
menta close to +kp) electrons with spin o=1=+ and
o=]=-. The positions r and r' run over a system of
length L such that L>w/kp, where 2kp/m=n, is
the electron density of the 1D conductor. The operator
b (r) = o(r)+ g, (r) is the conventional electron operator.
The potential U(r—r’) describes the screened electron-
electron interaction.

For simplicity, we consider here a single-band description
of the 1D conductor. This is not correct for carbon nano-
tubes, which require a two-band model. In Sec. VIII, how-
ever, we show that the main conclusions and results are
quantitatively determined by the single-band model so that
we can avoid the more complicated two-band description
henceforth.

In Hamiltonian (19) we have assumed a linear fermionic
dispersion relation for the left and right moving electrons,
€,= T vp(q + kp) (setting the chemical potential u=0). If this
assumption is valid, we have with the bosonization
technique®®! a powerful tool to evaluate the properties of
the electron system to, in principle, arbitrary strength of the
electron-electron interactions, leading to the LL description.

We assume here that this theory holds. Possible deviations
are discussed in Sec. VI A. The derivation of the bosonic
theory can then be done in the standard way® by expressing
the fermion operators ¢, in terms of boson fields ¢y, as

holr) = el (20)
Nzma

with 7, the Klein factor removing a (€, o) particle from the
system and
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¢e(,=é[¢c—wc+o<¢s—wy>]. 1)

Here ¢, ; are boson fields such that —V(ﬁw\@/ 7 measure the
charge and spin fluctuations in the system, respectively. The
boson fields 6, ; are such that V@, /7 are canonically con-
jugate to ¢, . Hamiltonian (19) can then be rewritten in
these boson fields as

dr
wp=3 | ;[%[w,,(r)]%vVKV[vexr)]z ,

(22)

where K, are the LL parameters for the charge and spin
density fluctuations, and v, are charge and spin density
wave velocities. The electron-electron interactions are in-
cluded in this Hamiltonian through a renormalization of K
and v . The noninteracting case is described by K =K =1
and v.=v,=vy. Repulsive electron-electron interactions lead
to 0<K,<I1. If the spin SU(2) symmetry is preserved
K =1, otherwise K;> 1. The case K;<<1 would open a gap in
the spin sector®8! and is not considered here. For ideal LLs
one has v, =vy/K,.,. With Eq. (22) we have furthermore
assumed that k is not commensurate with the lattice spac-
ing. Altogether, this allowed us to drop irrelevant back-
scattering and umklapp scattering terms in Eq. (22).

F. RKKY interaction

The calculation of the RKKY interaction, i.e., the calcu-
lation of the electron spin susceptibility, is standard in the LL
theory. We have outlined its derivation in Appendixes A and
B (the real space form of the RKKY interaction at 7=0 has
been derived before in Ref. 24), and from Eq. (A16) together
with Eq. (17) we obtain, for g >0,

A2 (A )Hga
J (g, vp) ~—-—2C 4
2 (8aVF) A, (8a) T
A 2
F[&—i—T(q—zkﬁ}
2 4ar
X 5 N (23)
—8a AT
r — i~ (g -2k
{ > l47r(q F)J

In this expression we have neglected an additional small
term depending on g+2ky and the small forward-scattering
contribution. We note, however, that J‘_"q=JZ‘. Much of JZ‘
depends on the quantities

§=8u,= (K + UK)2, g.=(K+K)2.  (24)

For SWNTs these definitions must be modified due to the
existence of two bands, which we use for the case when the
feedback to the electron system is neglected. From the dis-
cussion in Sec. VIII we have

g=8xy.= (K. +3)/4. (25)

We stress, however, that the single-band values (24) are
quantitatively correct also for SWNTs when we take the
feedback into account (see below).
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For K,=1 it follows from K.<1 that g, < 1. The prefactor
in Eq. (23) is given by

_ sin(mg)

Clg)=—; (1 -g)2m?*™, (26)

we have introduced the thermal length
Nr=hvglkgT, (27)
and the energy scale
A,=hvgla, (28)

which is on the order of the bandwidth.

A sketch of J;‘ is shown in Fig. 7. This interaction has a
pronounced minimum at g= * 2k; with a width ~7/\7, and
a depth of

N A} A, \* e
Jok, == Id&)(ﬁ)
a

2

I'(g,/2) )

I'(1-gu2)

For |q—2kg| > /N the zero temperature form of this curve
becomes quickly accurate: for ¢>0 and combining Egs.
(A15) and (17) we find

2-2g,

A2si 2
Ja' ~ _ _0S1n(77g(1) , (30)

1 A, 87 |alg-2kp)

which can also be verified by letting 7— 0 in Eq. (23).

The singular behavior at =2k defines the real space form
J%(r). The latter can be obtained by Fourier transforming Eq.
(23) or by time integrating Eq. (A13). The latter is done
explicitly in Appendix B. From Eq. (B5) we then find

ANy sin(7g,)
8772aﬁvp

( al\r
sinh(r|r|/\7)

J4r)=- cos(2kpx)

Zga
) F[1/2,84:1;=sinh(7|r|/\p],

(31

where F is the Gaussian hypergeometric function, defined in
Eq. (B4). For |r| <\, which is the case most of the time for
the systems considered here, and for g>1/2 we obtain the
asymptotic behavior [see Eq. (B7) and Ref. 24]

J(r) ~ cos(2kgr)(al|r|)?$="". (32)

Stronger electron-electron interactions lead to smaller g, and
so to an RKKY interaction that extends to longer distances.
Since the order discussed below is due to the long-range part
of the RKKY interaction, this leads to a better stabilization of
the order and consequently to a higher crossover tempera-
ture.

Let us note that Eq. (32) cannot be extended to g,<1/2,
where it would describe an unphysical growth of J(r) with
distance. This regime is actually not reached for conven-
tional LLs with K.>0 and K;=1, yet with the feedback be-
low we obtain renormalized g/,<1/2. Equation (32) then is
regularized by further temperature-dependent corrections
coming from the expansion of the hypergeometric function
(see Appendix B) or at low temperatures by cutoffs such as
the system length. Since the relevant temperatures deter-
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mined below are such that L<<A; or at most L~ N\, the
values g, <1/2 then lead to a RKKY interaction that decays
only little over the whole system range.

IV. NUCLEAR ORDER
A. Helical magnetization

We have seen above that the ferromagnetic locking of the
N, nuclear spins in the direction across the 1D conductor

leads to a 1D nuclear spin chain of composite nuclear spins ii
with maximal size IN, >1. This allows us to treat the
nuclear subsystem semiclassically.”® Pure quantum effects
such as, for instance, for antiferromagnetic chains, the
Haldane gap for integer quantum spin chains®?#3 or Kondo
lattice physics® are absent since their effect vanishes expo-
nentially with increasing spin length.

In the present case the starting point is the classical
ground state of the nuclear spins described by Hamiltonian
(13). The RKKY interaction J, reaches its minimum at
q= * 2k, and the ground-state energy is minimized by fully

polarized Z:IN | describing a helix with periodicity wave
vector 2kp. The corresponding ground states fall into two
classes of different helicity,

i[ = INL[éx COS(ZkFrl) * éy Sin(szri)], (33)

where €, , are orthogonal unit vectors defining the spin x and
y directions. Through the spontaneous selection of the direc-
tions €, any rotational symmetry of Hamiltonian (13) is
broken.

The simultaneous existence of both helicities cannot oc-
cur for these classical ground states because their superposi-
tion would result in a single helix, but with reduced ampli-
tude. A coherent quantum superposition of such states, on the
other hand, can be excluded because each state involves the

ordering of the large effective spins I=IN | over the whole
system length L, and hence 10°-10® individual spins. This
symmetry breaking and so the selection of a single helicity is
in fact crucial for the feedback effect described in Sec. V. A
single helix leads to a partially gapped electron system,
while a superposition of the two helicities would result in an
entirely gapped electron system. The physics of the latter
case is interesting on its own, but does not occur in the
present case.

Transitions between both helical classes would involve a
reorientation of the entire nuclear system (and through the
feedback of the electron system as well). Such a transition, as
well as the spontaneous emergence of domain walls, can be
excluded because its energy cost scales with the system size
due to the long-range RKKY interactions. The low-energy
fluctuations about the ground state are either rotations of the
entire nuclear spin system as a whole or magnons.

Rotations of the whole system do not reduce the local
magnetization, yet they may lead to a zero time average. Due
to the the aforementioned separation of energy scales be-
tween the nuclear and electron system, however, the momen-
tary nuclear spin configurations acts like a static nonzero
field on the electrons. Our analysis, therefore, is not influ-
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enced by these modes. Moreover a pinning of those modes
since they involve the rigid rotation of the entire system, is
very likely.

More important are magnons, which describe the low en-
ergy fluctuations to order 1/IN . The magnon spectrum for
the nuclear helimagnet is derived in Appendix C (see also
Ref. 8). For the isotropic or anisotropic (when the feedback
on the electrons is considered) RKKY interaction there exists
a gapless magnon band with dispersion given by Eq. (C6),

0, =2(IN ) (S5 g = T3 JINY . (34)

Let m;=(L;)-T/(IN )* measure the component of the aver-
age magnetization along ii', normalized to —1<m;=<1. The
Fourier component Moy, then acts as an order parameter for
the nuclear helical order. We can choose OSmZkFS 1 by ro-
tating the axes €, if necessary. Magnons reduce this mag-
netization as follows:”8

11 1

> 35
INJ_ Nq;&O gwq/kBT— 1 ( )

mZkF =1

where the sum represents the average magnon occupation
number, and the momenta ¢ run over the first Brillouin zone
gel-mla,mlal.

B. Absence of order in infinite-size systems

In the thermodynamic limit L—oo the sum in Eq. (35)
turns into an integral that diverges as L/a=N due to the
g¢—0 magnon occupation numbers, showing that long-
wavelength modes destabilize the long-range order. It is
noteworthy that this is not a consequence of the Mermin-
Wagner theorem.3* The Mermin-Wagner theorem forbids
long-range order in isotropic Heisenberg systems in low di-
mensions with sufficiently short-ranged interactions. An ex-
tension to the long-ranged RKKY interactions has been re-
cently conjectured® for the case of a free electron gas. The
theorem thus cannot be applied for systems where the long-
range RKKY interaction is modified by electron-electron in-
teractions. Indeed, we have shown in previous work’-® that in
this case long-range order of nuclear spins embedded in 2D
conductors becomes possible. In the present 1D case,
however, the divergence of the magnon occupation number
at ¢g— 0 provides a direct example where long-range nuclear
magnetic order is impossible in the L— 2 limit.

Realistically we always deal with samples of a finite
length L though. The singularity at ¢—0 is cut off at mo-
mentum 7/L, and the ¢g=0 is absent in samples that are not
rings. This means that the sum in Eq. (35) is finite, and a
finite magnetization is possible at low enough temperatures.
We shall actually see below that even though the cutoff at
/L plays a significant role for the stability of the order in
realistic systems, the magnetization Moy, is fully determined
by L-independent quantities. This is much in contrast to what
we would anticipate from the L— % limit.

C. Order in finite-size systems

The energy representation of the momentum cutoff at 77/ L
is the level spacing
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AL=ﬁUF/L. (36)

This level spacing must be carefully compared with any
other temperature scale characterizing the magnetization
my,, of Eq. (35).

In particular, if kzg7T<A;, the momentum quantization
/L is larger than the inverse thermal length, 77/\;. Since
the width of the minimum of fzck,;rq is on the order of
7/ Ny (see Fig. 7), the first possible magnon energy w.,; is
already very large and close to the maximal value
2173 |/N,. If we define a temperature Ty, at which
Wl kgT= 21|J)2‘kF|/NLkBT=1, we have for T>T),

/IN 1 ( T )3—28

m T)=1- — =] - —
2kF( ) e(TMO/T)s_zg—l INJ_ TMO

(37)
with g=g, ,=(K.+K /2 from Eq. (24) for GaAs quantum

wires and g=(K,+3)/4 for SWNTSs (see Sec. VIII). We even-
tually write the magnetization as

32
my =1- (%) g, (38)

0

where we have defined the temperature T; by

ksTy = (IN )V 20k Ty = 217105 |
A2 A 2-2¢ 1"2 2 1/(3-2g)
= {ZIZC(g)—O( « ) 5 (672)
AN\ kT, I'(1-g/2)
) (1-2g)/(3-2¢)

a

A
= I|A0|D( - . (39)

1A,
where C(g) is defined in Eq. (26), A,=hvg/a [Eq. (28)], and
where D is the dimensionless constant
Fz(g/Z) 1/(3-2g)
(1 -g/2) ] '
(40)

D= {sin(wg)f‘z(l -g)(2m)**

Equation (38) can be considered as a generalized Bloch law
for the nuclear magnetization with an exponent 3—2g that
depends on the electron-electron interactions.

The arguments above are based on the assumption
kgT<A; so that Eq. (38) is in principle only valid
if kBTf; <A,;. In Appendix D we show, however, that Eq. (38)
remains valid far into the range kz7>>A;. In particular, it
remains valid for GaAs quantum wires, where we find that
kBTOk,kBT*~AL, where 7% is the resulting crossover tem-
perature when taking into account the feedback onto the
electron system [Eq. (71)]. This means that the system length
L has no influence on the nuclear magnetization for any re-
alistic SWNT and GaAs quantum wire system.

D. T;< sets the only available energy scale

It may seem surprising that T:: does no longer depend on
N . Yet we need to recall that the reduction of the RKKY
interaction J by 1/ N2l is compensated through the coupling
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FIG. 9. (Color online) Illustration of the RKKY coupling be-
tween two large spins composed of N, individual spins at sites i
and j. The hyperfine interaction is reduced by distributing a single
electron over N 4 nuclear spins, A= AQ/N |, resulting in an RKKY
interaction J;; /N This reduction by 1/ N is compensated because

N2 nuclear §p1n§ are mutually coupled through the same RKKY
interaction Jj;.

of two composite spins containing each N, spins /. The cou-
pling energy therefore depends on (J/N3)X (IN )X (IN )
=1J, which no longer contains N, (see Fig. 9). The cross-
over temperature (since the L dependence has been ruled out)
can then only depend on the energy scales that characterize
I?J. Since J is described by the width and the depth of its
minimum, which depend both on T, there is only one char-
acteristic temperature that can be self-consistently identified
by setting 12|J2kF(T)|=kBT. The result is T; [up to the factor
2 in Eq. (39)], which consequently must set the scale for the
cross-over temperature, independently of the chosen ap-
proach, be it magnons (as here), mean field or more refined
theories.

In the next section we see, however, that TB" is strongly
renormalized by a feedback coupling between the electron
and nuclear spin systems, which modifies the shape of J,
itself. The feedback in addition introduces a second scale
through a partial electron spin polarization that acts like a
spatially inhomogeneous Zeeman interaction on the nuclear
spins.

V. FEEDBACK EFFECTS
A. Feedback on electrons

We have seen that the electrons enforce a helical ordering
of the nuclear spins, and we have assumed that this helical
ordering defines the spin (x,y) plane [see Eq. (33)]. In the
following, we analyze the feedback of the nuclear spin or-
dering on the electrons using the renormalization group (RG)
approach. Since the dynamics of the nuclear spins is much
slower than that of the electrons, we can safely assume that
the main effect of the nuclear spins is well captured by a
spatially rotating static magnetic field of the form:
B(r)=B, cos(2kzr)&,+B, sin(2kzr)é,, with B,=B,=1Agmy.
Note that we explicitly (and arbitrarily) choose the
counterclockwise helicity for the helical ordering. The
effective Hamiltonian for the electron system then reads
HE'=H!P+H,, with H' given by Eq. (22) and
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H0v=fdrB(r)-S(r) (41)

is the coupling to the nuclear Overhauser field.

Using the standard bosonization formulas,®® H, is ex-
pressed as
dr =
Hp, = j — B, {cos[V2(¢. + 6))]
2ma
+cos[\2(¢, - 6,) — 4kprl}. (42)
where
Bxy = IAOmZkF/Z, (43)

and where we have not written the forward scattering part
because it has no influence. The last term is oscillating and is
generally incommensurate except for 4kya=27n, with n in-
teger. This special case would correspond to a fine tuning of
Epto about 1.7 eV for carbon nanotubes or 0.2 eV for GaAs
quantum wires, which is quite unrealistic for the systems we
consider here. We therefore assume in the following that
4kra #2mn and hence drop the last incommensurate term in
Eq. (42). The remammg cos[\r2(d>L+ 6,)] term has the scaling
dimension (KC+K: )/2. For the systems under consideration
this operator is always relevant so that the interaction term is
always driven to the strong coupling regime. To see this
more clearly we change the basis of boson fields by intro-
ducing the boson fields ¢,,¢_, 6., 6_, defined by

VK[ —
b= [ch@ rqs_}, (44)
VK VK,
-k,
b= —6 + \rK 6 (45)
VK
-1 1
-—0_ (46)
K.K { \’E }
1
[?cﬁ +VK, d)_} (47)
K
where we have set
K=K, +K;'. (48)

The new fields obey the standard commutation relations
[d(x), 0 (y)]=im6, o sign(x—y) with k,k"=+,—. In this
basis, the electron Hamiltonian reads

Helzf ;—; 2 v (Vo) +(V6, )2]+ cos(\'2Kd>+)

bm)y \/%[wm)(ve_) - (V) (Vo]

(49)

with
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v, =K. +v,K K, (50)

v_= WK, +v,K,)/K. (51)

If v.=v,, the electron Hamiltonian separates into two inde-
pendent parts H,=H+H,, where H}, is the standard sine-
Gordon Hamiltonian, while H,, is a free bosonic Hamil-
tonian. The cosine term is relevant and generates a gap in the
“+” sector. If v, # v, the terms in VO,V 6_ and Ve,V ¢_ are
marginal and are much less important than the strongly rel-
evant cosine term. In a first approximation, we neglect these
terms. We will come back to this point in Sec. V C below.
The RG equation for B, then reads®

dB

, K. 1
—~=(2-—"-—|B,=(2-¢)B,, 52
1l ( > 2KY) = (2-8)B,y (52)

where [ is the running infrared cutoff and
g=K12=(K.+K;")2. (53)

We use this g for both GaAs quantum wires and SWNTSs, in
contrast to the g of Eq. (25) that must be used for SWNTs in
the absence of the feedback. As explained in Sec. VIII, this is
due to the fact that the feedback acts on each of the two
Dirac cones of the the SWNT dispersion relation separately
and hence effectively splits the two bands of the SWNT into
separate single-band models within each cone.

Under the RG flow, B, (/) grows exponentially as does the
associated correlation lehgth é=a(l)=ae'. The flow stops
when either & exceeds L or Ay, or when the dimensionless
coupling constant® y(I)=B,,(l)/A,(l), with A (I)=hvg/a(l)
becomes of order 1. From the latter condition we obtain a
correlation length

£=&.=a[y(0)]"* ¥ =a[B,/A]7*E . (54)

We emphasize that with the cutoff criterion y(/) ~ 1 the mag-
nitude of the resulting B,, has an O(1) uncertainty. In fact,
we use here a different cutoff criterion as in Ref. 9, namely,
A, instead of Ey. While the use of both cutoffs is generally
justified for the perturbative RG scheme used here (the cutoff
must be on the order of the bandwidth), we notice that when
using Er we obtain for the GaAs quantum wires too large
values for B,, that exceed E. This is unphysical as it would
imply that more electrons are polarized than are contained in
the system, and so it just means that B,, becomes comparable
to Er. The consistency of the RG scheme then requires that
the RG flow must be stopped earlier, and the natural scale in
the kinetic part of Hamiltonian (49) is set by A,.%% Due to the
resulting smaller gap B,,, however, for SWNTs the correla-
tion length & would exceed the system length L at the new
cutoff scale (while £~ L in Ref. 9). Hence, for SWNTSs the
flow is cut off even earlier at L.

B. Renormalized Overhauser field and gap for electron
excitations

Independently of the precise form of the correlation
length & we can always write y(/)=y(0)(&/a)>8. Since fur-
thermore A,(0)/A,(I)=a/&, we obtain the following result
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for the gap, i.e., the renormalized Overhauser field

B, =B.,(0).
B} =B, (&a)"*, (55)
with
E=min{L,\p, & = a[B,,/A, ]V} (56)

Since B,,*A, we can translate this directly into a renormal-
ized hyperfine interaction constant

A*=Ay(&a)'8. (57)

It is important to notice that even though A* can be called a
“renormalized hyperfine interaction” it no longer can be in-
terpreted in the same way as Ag. It does not describe the
on-site interaction between a nuclear spin and an electron
spin but results from the reaction of the entire electron sys-
tem to the ordered nuclear spin system. We can see this as
analogous to the strong growth of an impurity backscattering
potential in a LL,’*7> which then no longer corresponds to
the coupling between the impurity and an electron but in-
volves a collective screening response by the electron sys-
tem.

The values of A* are listed in Table 1. Since IA*> kT, for
all temperatures within the ordered phase, we find that pre-
cisely one half of the degrees of freedom, the ¢, fields, are
gapped, while the ¢_ fields remain in the gapless LL state.
As we have shown in Ref. 76, this has the direct conse-
quence that the electrical conductance through the 1D system
drops by the factor of precisely 2. Since the gap is identical
to the nuclear Overhauser field, and so proportional to the
nuclear magnetization Moy s it in addition allows to directly
measure the nuclear magnetization through a purely elec-
tronic quantity, the gap ij. Using Eq. (2) for my ., which
shall be proved explicitly in Eq. (70) below, we can rewrite
the gap as

* IA*|: ( T)3_2g,j|
Bxy=T 1- F , (58)

with T* given by Eq. (1), or Eq. (71) below. For SWNTs A*
is independent of Mop,s and so the gap B;ky is directly propor-
tional to the magnetization myy. . For the GaAs quantum
wires, A* is independent of Moy, for small magnetizations
such that &,> L, and the correlation length is set by L. For a
magnetization  my, > mx,=(A,/ IAp)(L/a)>% we have
&, <L and A* becomes a function of Moy, The gap therefore
follows the curve
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T 3-2g’
Mok, = 1- F

3-2¢" |(3-9)/(2-g)
) otherwise.

oC

Xy
T
3-¢)/(2-
m(ZkFg)/( 8 — [1 - (

Notice that the value m,, for the crossover magnetization can
be tuned by the system length L. If Ay<<L, the L in the
definition of m., is replaced by A;.

The physical meaning of the gapped field ¢, is best seen
by rewriting it in terms of the original boson fields ¢y, using
Eq. (21),

b, = (b + O)NK = (b, + b )IN2K. (60)

A gap in the + sector means that a linear combination of the
spin | electron right movers and spin | electron left movers
is gapped. This combination is pinned by the nuclear helical
state. This can be seen as the analog of a spin/charge density
wave order except that it involves a mixture of charge and
spin degrees of freedom. As shown in Sec. V D, this pinned
density wave corresponds to an electron spin polarization
following the nuclear helical order.

C. Corrections by the marginal terms

The results of the RG analysis above remain almost un-
changed if we take into account the terms V6,V 6_ and
V¢,V p_. To support this assertion, we have checked nu-
merically that that y=B,,/A, reaches its cutoff scale, while
the other coupling constants remain almost unchanged. Fol-
lowing Ref. 63, we then expand the cosine term up to second
order. This provides a mass term *B,, for the ¢, mode.
Within this approximation, the ¢, and 6, bosonic fields can
be exactly integrated out in the quadratic action. This leaves
us with an effective Hamiltonian H_; for the fields ¢_, 6.,
which has precisely the same form as H,; up to some irrel-
evant terms,

Hop= vt f ”’r[ Kleff[w WP+ KVo.(T . (61)

but with the renormalized parameters K=\1-T and
v=y_J1-T, with

K. v, —v,)?
r=—= ( i ) 1 : (62)
4K, (v K.+ v,K; ) K, +v,K.)

For the systems under consideration the factor yI1-T is
slightly less than 1 and this renormalization has indeed no
quantitative consequences.

D. Electron spin polarization

The pinning of the ¢, modes leads to a partial polariza-
tion of the electron spins. This polarization follows the helix
of the nuclear Overhauser field and is parallel (for a ferro-
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for Moy < Mo,

(59)

magnetic A) or antiparallel (for an antiferromagnetic Ag) to
the nuclear spin polarization.

Within the LL theory, the form of this polarization can be
found very easily. The forward scattering contribution of
S,«V ¢, has a zero average. There remain the backscattering
parts given by the Oy, operators in Eqgs. (A5)—(A7). Since
averages over exponents consisting of single boson fields
vanish in the LL theory, (¢/*-)=(e!’-)=0 (up to finite size
corrections on the order of a/L), only the contributigm to the
spin density average consisting uniquely of the e*"\?K%+ op-
erators are nonzero because ¢, is pinned at the minimum of
the cosine term in Eq. (49). For Ay>0 this minimum is at
V2K¢,=—m and for Ay<O at \2K¢,=0. The two back-
scattering parts depending only on ¢, are

21k r 2ikpr

o= —— sn(4y). (63)
a

(lﬂm(i’)lﬁm(i’)) =

and the conjugate (1@; l(r) 1(r)). This leads to the LL result
for the electron spin polarization density (with S=1/2)

cos(2kpr)
sin(kgr) |. (64)
0

<S(V)>LL == Ssgrjfjo)

The correct prefactor, the polarization density, cannot be ob-
tained from the LL theory, which only provides the dimen-
sionally correct prefactor 1/ma. This unphysical result is a
direct consequence of neglecting bandwidth and band curva-
ture effects in the LL theory, which can lead to a violation of
basic conservation laws. Concretely we obtain here an elec-
tron polarization «1/a which largely exceeds the electron
density ok in the system. To cure this defect, we use the
following heuristic argument in the spirit of Frohlich and
Nabarro.! The process of opening the gap B in the ¢, field
is carried mostly by the electrons within ‘the interval B
about the Fermi energy (using a free- electron 1nterpretat10n)
Hence, the polarization is on the order of B /Ep. Note that
the factor 1/2 in B y—I|A*|m2k /2 can now be interpreted as
showing that only one-half of the electron modes is gapped.
When going to the tight-binding description this amplitude
must in addition be weighted by the ratio of electron to
nuclear spin densities n,;/n;, expressing that the number of
electrons is much smaller than the number of nuclear spins 1
in SWNT’s and GaAs quantum wires. This leads to our es-
timate of the local electron polarization
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ISA*my cos(2kpr;)
<Sl> ~_——r Sin(kari) . (65)
2EF ny 0

This argument gives us furthermore an upper bound to the
effective hyperfine coupling constant, /A*<<Ey/2, telling
that at most half of the electrons can be polarized. Further
bounds and self-consistency checks are discussed in Sec. VI.

For the chosen systems, this electron polarization is small.
Assuming my =1, we find for GaAs quantum wires
[(S)]/S=2X1073 and for SWNTs [(S;)|/S=3 X107 (see
Table I).

E. Feedback on nuclear spins

The partial helical polarization of the electrons naturally
modifies the susceptibilities and so the RKKY interaction. In
addition, according to the principle actio=reactio, the polar-
ized electrons together with the renormalized coupling con-
stant A* create a magnetic field that acts back on the nuclear
spins, hence polarizing them. Therefore the stabilization of
the nuclear order has now two ingredients: The minimum of
the RKKY interaction as before (yet with a modified shape),
and the Zeeman-like (but helimagnetic) polarization by
AX(S).

We stress that these are two different energy scales and, in
particular, the Zeeman-like energy does not provide an upper
bound to the RKKY scale. Indeed, both expressions are of
order Aé because (S)~A*/Ey as shown just above, and so
they do not follow from a first and a second order perturba-
tive expansion. In addition, we have seen in the previous
section that the electron polarizations are indeed very small.
Therefore we shall see below that the RKKY interaction is
dominated by the gapless ¢_ modes and hence involves dif-
ferent electrons than (S). The bounds for the validity of the
perturbation theory are, in fact, imposed differently. As this
is an important criterion of controllability of the theory, we
analyze it in Sec. VI B. We show there that the perturbative
expansion is indeed justified for SWNTs and GaAs quantum
wires.

The modified Hamiltonian for the nuclear spins then be-
comes

. AXS)) ~ Jle_
Hf,ﬁ=zﬁ'li+2 _lzLIi'Ij- (66)
i Ny i N1

In the derivation of the modified RKKY interaction J' we
suppress any occurrence of (S;) because such terms are of
order O(AS) and are neglected in the perturbative expansion.
Fluctuations involving the gapped fields ¢, and 6, have fur-
thermore a much reduced amplitude due to the gap IA* and
can be neglected compared with the RKKY interaction car-
ried by the gapless modes ¢_ and 6_ only. Fluctuations of the
gapped fields become in fact important only at temperatures
kpT>IA*, which is much larger than the characteristic tem-
peratures of the ordered phase (see Table I). This allows us to
neglect any occurrence of ¢, and 6, in the RKKY interac-
tion. The details of the modification of the susceptibilities are
worked out in Appendix A 2.
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The result is a susceptibility, and so a J,, of a gapless LL
described by ¢_ and 6_ of the same form as Eq. (23) with
modified exponents g,— g/, that are determined by the pref-
actors of the ¢_ and 6_ fields in transformations (44)—(47)
and a modified velocity vp—uv_. Since the nuclear Over-
hauser field singles out the spin (x,y) plane over the z direc-
tion, anisotropy appears between x,=yx, and x.. This is ex-
pressed not only in different exponents g;yy #g! but also in
that the amplitudes of ., are only 1/2 of that of x, because
one-half of the correlators determining ., depend only on
¢., while all correlators for y, depend on ¢_ and 6_.

From the results of the detailed calculation in Appendix A
2 we then see that the new RKKY interaction J‘;“ has pre-
cisely the same form as Eq. (23) with the replacements

I =T (g 02, T =Tiglu), (67)

and the exponents
g' =g, =2KJK(K +K"), (68)
gl =(K.K;'+K.K)2(K +K"), (69)

satisfying g, <gand g/ <g, , (for K;=1 we have precisely
8.=8 ;?y/ 2) for the nanotube and quantum wire systems. Note
that this single-band result is also quantitatively valid for the
SWNTs, as explained in Sec. VIII.

For the exponents we have quite generally g;’y> g.. To-
gether with the difference in amplitudes we see that
[/, <[J7|. Naively this would mean that the system could
gain RKKY energy by aligning the nuclear spins along the z
axis. However, this would destroy the feedback effect and so
lead to a large overall cost in energy. The helical order in the
(x,y) plane is therefore protected against fluctuations in the z
direction. Since this is another important self-consistency
check, a detailed analysis can be found in Sec. VI C.

F. Modification of the crossover temperature

The analysis above shows that the ground-state magneti-
zation of the nuclear spins remains a nuclear spin helix con-
fined in the spin (x,y) plane even when the feedback is taken
into account. The order parameter for the helical order re-
mains Moy, Thermally excited magnons reduce this order
parameter in the same way as before. As long as the gap B;
remains much larger than k3T the gapped modes ¢, and 6,
remain entirely frozen out, and the reaction of the electron
system is described by only the ungapped modes ¢_ and 6_,
leading to the RKKY interaction JL;“ as derived just above in
Sec. V E. The evaluation of the magnon occupation number
leading to Eq. (38) remains otherwise identical upon the re-
placement Jp,, —J3° with a=x,y. Since 51>/, there is
now a second magnon band ®? with negative energies at
q=2ky (see Appendix C). This usually means that the as-
sumed ground state is unstable. But in the same way as
stated in the previous paragraph, the feedback protects the
ordered state against such destabilizing fluctuations. The de-
tails are again worked out in Sec. VI C, and as a consequence
we can neglect this second magnon band w((iz) entirely.

Let us now look at the influence of the electron polariza-
tion on the nuclear spins. The effective magnetic field cre-
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ated by the electrons is B,;=|A*(S;)|. With the polarizations
estimated in Eq. (65) we obtain for GaAs quantum wires
B,~03 ueV~4 mK, and for SWNTs B,~36neV
~0.4 puK. Both scales are very small compared with the
values of 7* we shall obtain from the modified RKKY inter-
action right below. Hence, we can entirely neglect these
magnetic fields, and so the gap they generate in the magnon
spectrum.

The magnon band is thus of the same type as Eq. (34),
and repeating the analysis of Sec. IV C we obtain a magne-
tization of the form

T 3—2g,
msz= 1- F 5 (70)

with the crossover temperature [combining Egs. (39) and

(67)]

(1-2¢")/(3-2¢")
. (71)

kgT* =1|Ag|D"| —*
B | O| (I|A0|
where g’ is given by Eq. (68), again A,=Avy/a [Eq. (28)],
and

(U )(1—2g'>/<3—2g'>
D' ==

Ufp

« l sin(mg )I2(1 - Y 2m* ~* Tg'12) ] o
2 I2(1-¢'12) :
(72)

with v_ from Eq. (51). These expressions replace the mag-
netization Moy, in Eq. (38) and the temperature T;k in Eq.
(39). As noted in Sec. V B the my; can be directly detected
by measuring the electron excitation gap Bjy.

VI. SELF-CONSISTENCY CONDITIONS AND
GENERALIZATIONS

The strong renormalization of the system properties
through the feedback between the electron and nuclear sys-
tems below 7™ requires a reexamination of the underlying
conditions. We start with discussing the validity of the LL
theory, which forms the starting point of our analysis. The
validity of the renormalized RKKY treatment is examined
next. This is followed by the investigation of the stability of
the nuclear helimagnet to a macroscopic realignment of the
nuclear spins in the z direction that seems to be favored by
the anisotropy of the modified RKKY. We show that the
nuclear helimagnet is stabilized through the feedback. Fi-
nally, we show that intrinsic anisotropy in the hyperfine in-
teraction does not change our conclusions as long as it main-
tains a finite magnetization along a cross section through the
1D conductor. The validity of using a single-band model for
SWNTs is discussed in Sec. VIIL

A. Validity of Luttinger liquid theory

The LL theory defined by Eq. (22) is an exact theory for
1D electron conductors with a perfectly linear electron dis-
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persion relation. The eigenstates of such a system are
bosonic density waves. Including electron-electron interac-
tions does not change the nature of these eigenstates but
leads mainly to a renormalization of the LL parameters K,
and K. Realistically, however, the dispersion relation is not
perfectly linear and restricted to a finite bandwidth, and
electron-electron interactions can have a more substantial in-
fluence. In such a situation the LL theory remains valid as
long as (for the considered physical quantities) the bosonic
density waves remain close to the true eigenstates and decay
only over a length scale exceeding the system length.

Deviations from LL behavior induced by the electron
band curvature close to *kr was investigated in Refs.
86—88. Let us encode this curvature in a mass m™* such that
the electron dispersion reads sqvaq+q2/ 2m*, where q is
measured from *kp. Defining then the parameter
e=(w-¢,)/ (g%/2m*) it was shown®” that deviations from LL
behavior become important at |¢|=<1 provided that |g| <k.
In our case, the electron correlation functions are evaluated
in the static limit w=0, and by setting ¢,,=2vm™* this con-
dition becomes |g|=g,,.

For armchair SWNTs we estimate®® m* =~ 0.2m,, (with my
as the bare electron mass) within a few 0.1 eV about the
Dirac points. This mass is very large, reflecting the almost
perfect linear dispersion of the armchair SWNTs. Accord-
ingly this leads to a ¢,,~3 nm™' >k or to an energy scale of
about 2 eV. Hence, g,,> |g| for any |g| <kp. For GaAs quan-
tum wires the effective mass at the I' point is”
m*=0.067m, and so g,,=2 X myv z/f=2.3 X 108 m~'. This is
slightly larger than k; and again we find that g,,> |g| for any
|g| <kp. Therefore, for both systems the curvature-induced
deviations from the LL theory are negligible.

A different curvature-induced deviation from standard LL
theory occurs at very low electron densities, leading to the
so-called incoherent LL (see, e.g., Refs. 58 and 91-93 and
references therein). At these densities the Coulomb energy
EP°! largely overrules the kinetic energy EX™ of the electrons
(expressed by a ratio R=EP!/ EX"> 1), and the electrons or-
der in a Wigner crystal, while the electron spins form a
Heisenberg chain. Such a system still allows a bosonized
description,”’*? yet with a large splitting between spin and
charge excitation energies. Realistic temperatures lie above
the spin excitation energies but can lie below the
charge excitation energies. The charge fluctuations then
remains in a LL state, while the spin fluctuations have an
incoherent behavior. The ratio R depends much on the band
mass m of the system. For a quadratic dispersion we have
Eki“=k12p/ 2m0<n§l/ 2m. For a potential energy EP*'=n,e’/€
(with e as the electron charge and € as the dielectric constant)
we obtain R=EP°Y/EX"ocim/n,,. The incoherent LL regime
can therefore be reached in systems with a large mass and a
low electron density.”® In the GaAs/AlGaAs heterostructure
of the quantum wires we have® e~12 and EN"=E,. With
the values from Table I we find that R=n,e?/ eEz~0.2, ex-
cluding the incoherent LL.

For a linear spectrum such as in the SWNTSs the criterion
above does not apply. Indeed, for a linear dispersion
ENnocp,, and so the ratio R=EP®Y/ ENM is independent of den-
sity. Electron interactions then primarily modify the dielec-
tric constant € and so K,. This leads to a much weaker de-
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pendence of R on the interaction strength and makes the LL
description valid for, in principle, arbitrary electron-electron
interactions. For SWNTs we have the estimate®®70 e~1.4
leading to R=e?/ mhvre~0.6, allowing us to exclude the
incoherent LL as well.

B. Validity of RKKY approximation and bounds on 7*

The RKKY approximation is valid under two conditions.
First, as it is a perturbative expansion in powers of A, we
must verify that higher perturbative orders remain smaller
than the lower perturbative orders. Related to this we must
examine that the energy scale kzT™ obtained from the RKKY
interaction does not violate bounds imposed by the original
Hamiltonian (7). Second, the separation of time scales be-
tween the electron and nuclear spin systems must be guaran-
teed in order to be allowed to interpret the RKKY interaction
J(’] as instantaneous for the nuclear spins.

1. Upper bound on T*

The perturbative derivation of the RKKY interaction®! or
equivalently its derivation through a Schrieffer-Wolff
transformation”® consists in an expansion in A,. The lowest
order is proportional to A, the scale of the second order is
set by JqOCA(z)/ Er, higher orders scale in further powers of
Ao/ Er, and so the condition of validity of perturbation theory
is usually set equal to the condition |Ay|/Ex<<1. This condi-
tion is perfectly met for the SWNTs or the GaAs quantum
wires. Yet, there are a few subtleties. First, in the absence of
the feedback, we have Jq=(A(2)/E ) X (number), and the latter
number can become very large. Its maximum defines indeed
the scale kBTz. Through the Schrieffer-Wolff transformation
we have in addition eliminated the term in the Hamiltonian,
which is linear in A, and so there is no longer a proper “first
order” expression to which we can compare J,. Hence, the
validity of the RKKY scale kBIg must be checked in a dif-
ferent way.

If we entirely neglect the electron Hamiltonian, i.e.,
H=2,A,S;-1;, we can ask which maximal energy scale can
be obtained from the hyperfine Hamiltonian for the nuclear
spins. Obviously this scale is obtained by polarizing all elec-
trons such that H=3A(n,/n;)Sé-1;, with S=1/2, n,/n; as
the ratio of electron to nuclear spin densities, and € an arbi-
trary unit vector (that may or may not be position depen-
dent). For temperatures smaller than the field
BZ =|A,|Sn,,/n; all nuclear spins are aligned along & because
a mismatch with the fully polarized electrons costs the on-
site energy B;. Essential for this argument is that flipping a
nuclear spin out of its alignment costs only energy from the
hyperfine interaction. The electron system is assumed to be
energetically unaffected by this process (the hyperfine inter-
action conserves the total of nuclear and electron spins and
so the electron spin changes as well). Otherwise said, the
electron Hamiltonian H,; is independent of the electron po-
larization. Within this framework the RKKY coupling be-
tween the nuclear and electron spins corresponds just to a
more sophisticated way of treating the nuclear spin fluctua-
tions. Since the electron state has no influence by assump-
tion, the maximal energy scale set by B:; cannot be overcome

PHYSICAL REVIEW B 80, 165119 (2009)

by any characteristic temperature obtained through the
RKKY interaction. This argument therefore applies directly
to the case when we neglect the feedback between the
nuclear spins and the LL. The condition then becomes

ksT? < BY =S4y (73)
ny
With the values from Table I we can verify that this condi-
tion is indeed satisfied.

The situation is of course very different if both systems
are tightly bound together. In this case, one pays not only the
energy Bg but also the energy resulting from the modification
of the electron state. Through the feedback between both
systems, this extra cost in energy is roughly taken into ac-
count through the renormalized hyperfine coupling constant
A* [see Eq. (57)]. If we assume that A* fully describes the
maximal electron response to the hyperfine coupling, then
the scales obtained from the modified RKKY description
again cannot overcome this scale. Hence, we have the modi-
fied condition

kyT* < B* = SA* 4. (74)
ny

We must interpret this inequality with caution though. Only
one half of the low-energy electron modes contribute to the
renormalization of A*. The Coulomb interaction between the
remaining electrons, which in fact substantially modifies the
RKKY interaction and determines 7%, is not taken into ac-
count. Yet, this modified RKKY interaction is a direct con-
sequence of the strong coupling to the nuclear system as
well, and so the scale B* may still require further adjustment.
A hint for this is seen for instance in Fig. 6, where kgT™
exceeds B* for K.<<0.5.

Nonetheless we use Eq. (74) as an upper bound to kgT™*
since we do not know if such an extrapolation beyond B*
remains valid within the RKKY framework. However, we
interpret Eq. (74) as assuring the validity of the theory, and
not necessarily as a maximal upper bound on kgT™.

If we look again at Table I we see that kzT* =~ B* for the
selected values of GaAs quantum wires and SWNTs [within
the O(1) uncertainty]. Hence, the fluctuations of the gapless
modes stabilize the nuclear order up to the scale B* set by
the gapped modes. This equality of the scales for the param-
eters of Table I is actually a coincidence, as can be seen from
Fig. 6.

Note that if B* is controlled by the cutoff £€=L, increasing
the system length also increases B* because more electrons
are involved in the feedback effect. In SWNTs, for instance,
&=L and B*« (L/a)'~¢=(L/a)’*. This means that doubling L
corresponds to an increase of B* by about 1.3. Since T* is
independent of L such a control of the bound B* may be
quite useful.

2. Separation of time scales

The RKKY interaction requires that the electron response
to a change in the nuclear spin configuration is instanta-
neous, and so a strict separation of time scales between both
systems is mandatory. The dynamics of the nuclear spins is
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described by Hamiltonian (66) and consists of two parts. The
precession of the nuclear spins in the magnetic field gener-
ated (self-consistently) by the polarized electrons and the
renormalized coupling constant A*, and the dynamics from
the RKKY interaction J(;. The former leads to an energy
scale A*(S)~ (A*)?/Ef, which needs to be compared with
Ep. This results in the condition

A* < Ep. (75)

Notice that this argument is very different from the previous
argument leading to Egs. (73) and (74), as it requires the
physical, fully self-consistent averages, not a maximal en-
ergy condition. From Table I we see that condition (75) is
met for SWNTs and GaAs quantum wires. Since A*/ E, mea-
sures essentially the proportion of electron spin polarization
(see Sec. V D), it means that only a very small fraction of the
electrons is polarized.

On the other hand, the time scale set by J‘; can be identi-
fied with the dynamics of the fluctuations it describes, and so
with the magnon dynamics. We therefore compare the maxi-
mal magnon velocity with the Fermi velocity vy. For tem-
peratures 7<T*, the maximal magnon velocity v,, is ob-
tained by the slope of w, at the momentum cutoff g=/L.
We can then use the T=0 expression for Jq, as it sets an
upper bound to the slope, and obtain from Egs. (30), (34),
and (67)

v (2-2¢")sin(mg")(2/m) vy 1 A2< )3_zgf
UF 167v_ N, A2 :
(76)

The first three factors are small and can overcome the large
last factor. Indeed, for SWNTs we have v,,/v;~107/N,
and for GaAs quantum wires (with L=10 wum)
v,,/vp~1073/N . The already small prefactors are in addi-
tion strongly suppressed by the number N | of nuclear spins
in the direction across the 1D system. The small values for
v,, mean that g=/L lies already in a region where w, is
essentially flat. This is, in fact, the same criterion we have
used for the determination of 7*. The necessary separation of
time scales is therefore fulfilled by the systems under con-
sideration.

C. Stability of the planar magnetic order

We have observed in Sec. V E that quite generally
V7| <[|J;*| because of the smaller exponent g/ and the
larger prefactor of J/* o - Naively, this means that the nuclear
spin system can gain RKKY energy by forming an Ising-like
configuration along the spin z direction. An alignment in this
direction, however, would destroy the feedback described
above, and so destroy the net energy gain from the planar
(x,y) order in both the electron and spin systems. To keep
this feedback and the energy gain active, a deviation from
the planar order of the nuclear spins is not possible.

Indeed, the narrow minimum of J'* at g=2ky implies
that if there is a magnetization m, along the spin z
direction it has only ¢=*2kp Fourier components,
because they are energetically most favorable. The reality
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of the expectation value of each nuclear spin then
imposes that we can write the ground-state expectation val-
ues in the form (I)=IN LmZkF[cos(kar)éX+ sin(2kzr)e, ]
+IN m_sin(kpr+ m)€,, where 0=<m_=<1 is the magnetiza-
tion along the z direction and # an arbitrary phase. For
m,# (0 we see that a full polarization |(i,»)|=IN 1 1s no longer
possible in general. Instead, the maximally possible polariza-
tion is determined by the condition m%kF+m§:1. Choosing
such a my, also minimizes the nuclear spin energy for a
fixed m, so that we can consider the latter condition as being
fulfilled when seeking the absolute ground-state energy.

Using the bosonization approach® in the same way as in
Sec. VE we see that the new m, component leads to an
Overhauser field for the electron system of the form
B_ sin(y/ 2¢C)sm(\ 2¢) with B,=IAym. which is relevant un-
der the RG, plus oscﬂlatmg terms which can be
neglected. This new term competes against the term
B,, cos(\2K,) = =B, cos \ 2(¢,+6,)] (with B, y=IAgmy,) in
the RG because it involves the field ¢, which is conjugate to
0,. By the uncertainty principle, the pinning of both fields is
impossible, and generally the term with the larger amplitude,
B,, or B_, dominates the RG flow to the strong coupling fixed
pomt 03

To our knowledge there is no method allowing a precise
evaluation of this RG flow. The following estimate, however,
is sufficient for our needs. At the cutoff scale determining
B* e , both B,, and B, have flown to strong coupling, although
through the competition we have B (m,#0)<B y(m =0).
The scaling dimension of B, is 2-1 /2-K /2 and so for
K,=1 identical to the scaling dimension of B, [Eq. (52)].
Hence, the initial ratio B,/ B,,=m_/ Moy, remains, up to small
corrections, constant throughout the RG flow. This allows us
to estimate the decrease of ij to be proportional to m,,
which leads to a cost in the electron ground state energy per
lattice s1te on the order of AE®'= B B (m )~m.B" o
[with B =B* (m.=0)]. This cost must be compared with the
gain in  nuclear spin energy per lattice site, given by
AEEIN~ Py 2|J§i =12~ Pm 2|J£;{ Since AE®"~m? and
AE© ~m_ the relation AEZN< AEOS is most llkely for
small m, and definitely always fulfilled if I2|J£;( <B . Since
close to T* [see Table I] we have B >kBT* I |J
conclude that any m,#0 is energetlcally highly unfavorable
and so the helical order in the spin (x,y) plane is stable.

With this argument we also see that the second magnon
band derived in Eq. (C7), 2)—2I(JZ Jgk )/N |, which has

22)<0 at g~ 2kp, is of no importance. Any macroscopic
occupation of these negative energy states, which would nor-
mally signify an instability of the assumed ground state, is
energetically forbidden. The remaining ! » 2> describe 2k
fluctuations in the z direction. Their effect is the same as the
fluctuations in the (x,y) plane described by the first magnon
band w(l) in Eq. (C6); yet they involve large momenta ~2kp.
Due to thls we can neglect this second magnon band entirely
in this theory.
Let us finally note that a pure m, magnetization [with the
(x,y) component my, =0] would lead to a similar feedback
effect as the helical magnetization and open up a gap in the
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¢.+ ¢, sector. This would lead to a spatially oscillating
Ising-like average magnetization in the z direction. In con-
trast to the (x,y) helical magnetization, the condition [(I,)]
=NI is then fulfilled only when cos(2kgr;)=1. The resulting
nuclear magnetic energy lies therefore much above the en-
ergy from the (x,y) magnetization; the minimum is only
about half as deep as in the latter case, and thus such a state
is not assumed by the system in the ground state.

D. Anisotropic hyperfine coupling

The strong feedback between the nuclear spins and the
electrons occurs only if there is a nonzero Overhauser field
on every cross section through the 1D conductor. This was
ensured by the ferromagnetic locking of the nuclear spins by
the coupling to the single transverse electron mode. Aniso-
tropy in the hyperfine interaction can perturb this situation,
and a reinvestigation of this very important first assumption
on the nuclear spins becomes mandatory.

Here we focus on the case of carbon nanotubes, in which
indeed anisotropy is present through the dipolar interaction
between the electron and nuclear spins on the curved
surface.?® Rotational symmetry imposes that if anisotropy is
present, it occurs between the radial direction (r), the tangen-
tial direction on the circular cross section (7), and the direc-
tion along the tube axis (c¢). Writing the nuclear and electron
spin operators in this local basis, I;=(I/,I',I;) and S,

=(87,S.,S5), the hyperfine Hamiltonian can be written as

H= 2, [A'TS + A'T'S + A°ISC], (77)

where i runs over the 3D nuclear spin lattice. We assume
henceforth that®® A"=-2A'=-2A°=2A,>0, and neglect the
A€ term as it turns out to be smaller than the couplings in the
plane spanned by the r and  components. Let us identify this
plane with the spin (x,y) plane and rewrite the local compo-
nent in an global spin basis as S'=S7 cos(¢;)+S! sin({), Si=
-8} sin(g;)+S7 cos({;), and analogously for the I; operators,
where {; is the polar angle of site i on the circular cross
section (see Fig. 10). The Hamiltonian can then be written in
the form

I)C
H=AOZ (S5,8)[1 +3 cos(24) 0, + 3 sin(24) o, ](ﬂ)

(78)

with o, as the Pauli matrices. As in Sec. III B we assume
that the electrons are confined in a single transverse mode,
which allows us to sum over the transverse components of
the indices i for the nuclear spins. We see then that the elec-
tron spin couples only to the ferromagnetic component of the
total nuclear spin on the circle, I, i =2; I ;, and the 2¢;

iy
modes I7; =2; cos(24)I L and IG, =2 s1n(2§,)]f“riu. Since

S —S“ /N2 we have

i)

E > Sillg,, + 30,02 + 30,051 (79)

.y S,
L i a=xy

The coupling to the electron spin, therefore, acts simulta-
neously on these three nuclear spin modes only. For the feed-

PHYSICAL REVIEW B 80, 165119 (2009)

FIG. 10. (Color online) Illustration of the nuclear spin configu-
ration minimizing the energy of Eq. (80) for the case of a complete
electron polarization S pointing upwards in the figure. The figure
shows how the sign of the hyperfine constant changes when going
around the nanotube cross section. The overall magnetization of this
configuration is m=-0.17 (along x, normalized to —1 <m<1). See
also Ref. 28.

back it is essential that these modes carry a finite magneti-
zation. This is actually the case as we can see by assuming
an electron spin at a cross section i; polarized in the $*=
+1/2 direction. The Hamiltonian Hiu for the nuclear spins on
this cross-section then becomes

1+3 2¢;
H’H_Aﬁz & iy ln L ( e gL)) (80)

3 sin(2§,-i)

The energy is minimized when at each position (i;,i,) the
nuclear spin is opposite to the vector on the far right in Eq.
(80). This configuration is shown in Fig. 10 and has a net
magnetization along the x direction of m=-0.17. Hence, the
coupling to the single transverse electron mode enforces a
nuclear Overhauser field of the same type as in the isotropic
case.

Through the reduced magnetic field, we see from Eq. (55)
that the gap B*y is smaller compared with the isotropic value
by (0.17)V (-8~ (2. This affects the feedback only if the
smaller gap becomes comparable to kz7™. Since, however,

'}~ 10 eV ~ 100 mK for the isotropic case (see Table I),
even with this reduction, it remains on a scale that is larger
than 7%~ 10 mK. Yet it also lowers the limiting scale B*
below kzT™*, and so the true 7* may be a bit lower as well.
However, since B* depends directly on L for SWNTs [see
Sec. VI B], choosing a longer sample length will push B* up
to higher values, and so 7* may keep its original value.

VII. RENORMALIZATION ABOVE T*

For temperatures above 7™ thermal fluctuations destroy
the nuclear helimagnet, but there remains the separation of
time scales between the nuclear and electron systems. This
implies that any random fluctuation at time ¢ into a nonzero
Fourier component mZkF(t) of the nuclear magnetization trig-
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gers a renormalization of the electronic properties in the
same way as before and leads to an instantaneous Over-
hauser field B;kv(t) =Im2kF(t)A*(t)/ 2.

Any detection of this Overhauser field would have to rely
on the measurement of nonvanishing quantities such as
(B*)?. We emphasize though that the renormalization occurs

Xy . L
only for the g= * 2k, Fourier modes of the magnetization.
Close to 7™ thermal fluctuations may still occur preferably in
the vicinity of the minimum of J, at g= = 2ks. However, as
T is raised away from 7% the relative weight of the
q=*2ky modes with respect to the other (N-2) Fourier
modes rapidly drops and approaches 1/N at high tempera-
tures. Except for a T in the close vicinity of 7% the renormal-
ized Overhauser field is probably not detectable.

On the other hand, as long as kT remains below the
maximally possible Bjy=I|A*|/ 2, the my; fluctuations spo-
radically open a gap for one-half of the electron modes
whenever B;k (1) exceeds kgT. This temporarily freezes out of
one-half of the conduction channels’® and so reduces the
time averaged electric conductance of the system. The reduc-
tion is given by a temperature dependent factor f between
1/2 and 1, with the limits f=1/2 at T— T* and f=1 when
crossing through kzT~I|A*|/2. Note that if the correlation
length ¢ is given by the system length L, increasing L also
increases A* [see Eq. (57)], and so the onset of f<1 occurs
already at higher temperatures.

VIII. VALIDITY OF THE ONE-BAND DESCRIPTION FOR
CARBON NANOTUBES

The band structure of armchair carbon nanotubes consists
of two Dirac cones (or two valleys) centered at the
momenta’! K=*2m/3a (folded into the first Brillouin
zone). Hence, the LL theory depends not only on spin and L
or R movers but also on an index a=1,2 labeling the two
Dirac cones. We have neglected this additional quantum
number « in the previous sections with the argument that,
once the feedback is included, the results obtained from the
single band (single cone) description employed so far are
quantitatively the same. In this section this shall be explicitly
shown.

A. Luttinger liquid theory for nanotubes

Without electron-electron interactions SWNTs of the arm-
chair type have the effective low energy Hamiltonian®”

HO = f d”z [l//;;a(r(_ AY )lsza(r_ lr//z[m-(_ iV )(//Lmr]’
(81)

where i, is the electron operator of €=L,R movers in
cone a with spin o, and ,=2,,¥¢., 1S the full electron
operator. This theory can be bosonized within each cone in
the usual way®~" by introducing the boson fields ¢,, and
0, with v=c,s. In particular, —V¢.,\2/7=p/,, where
p’;a=2w¢zw¢ew is the forward-scattering part of the den-
sity operator in cone «. The basic bosonization identity (20)
is now enriched by the index «,
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Dtn = 7]«_£ oLtk ak (D o8+ i) (82)

\2ma

where kp is measured from the crossing point of the two
branches of the corresponding Dirac cone, and so the posi-
tion of these Dirac cones in the Brillouin zone has to be
taken into account through the additional phase factors *ik,r
with k,=4/3a (modulo any reciprocal lattice vector).

The electron-electron interactions considered here are
density-density (Coulomb) interactions and can be split into
a part depending only on the forward-scattering densities p’;a
and a term depending on backscattering € ——¢, intercone
scattering &« — —a, and umklapp scattering. The latter pro-
cesses lead to a gap in the system, but with a magnitude that
is exponentially suppressed with an increasing diameter of
the tube.”® At realistic temperatures this gap is only impor-
tant for very narrow tubes and can be excluded here. Indeed,
from Ref. 70 the dominating gap is determined by
my,=wy exp(—mhvp/\2b), where wy=7.4 ¢V is the band-
width of the 7 electrons, and b= 0.1 ae®/R is the intervalley
scattering amplitude with e the electron charge and R the
radius of the SWNT. For (n,n) armchair SWNTs we have®’
R=|C|/2w=\3an/27, with C as the chiral vector
(see also Sec. III B). Putting in numbers (see Table 1)
we find m,~ wyexp(-2.2n), and for n=13 we have
my,~3 peV ~ 30 nK. We notice, however, that b has an order
1 uncertainty,’’ and can become larger for very well screened
interactions. LL physics at the millikelvin temperatures con-
sidered here is valid for gaps that lie below these tempera-
tures, which therefore requires a sufficiently wide nanotube
and a not too short screening length (yet short enough to
allow a local description for the interaction). In addition, the
experiments of Ref. 30 show no indication for such a gap
down to a temperature 7=1.6 K, confirming the LL picture.

The system is then describable by a LL where only the
forward scattering interaction part remains of importance. It
is of the form

V= f drdr'V(r - r')[p’;](r) + pﬁz(r)][pil(r’) + pﬁz(r’)]

zfdrU[V¢L»1(r)+V¢cz(r)]2, (83)

where U can be related to a charging energy and V(r) is
sufficiently screened to allow a local description (yet see the
preceding paragraph).

The interacting Hamiltonian can then be diagonalized
through boson fields that describe the symmetric S and anti-
symmetric A parts of density fluctuations between the
a=1,2 cones, ¢,5=(d,1+h,0)/\2 and ¢,,=(b,1 - b,5) /2.
Similar definitions hold for the 6,, fields. The electron-
electron interaction acts only on the symmetric (c,S) sector.
Therefore the LL theory remains that of a noninteracting
system in the (c,A), (s,S), and (s,A) sectors (more precisely,
it remains that of almost a noninteracting system due to
slight renormalizations through the backscattering interac-
tion). The bosonic Hamiltonian for the nanotube then takes
the form
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H= 2 ﬂ|: 4 (V¢VP)2 + UVPKVP(V HVP)Z s (84)
vP 2m KVP

where P=S,A. Here K, ,~Ks=~K,~1, while K. is

strongly renormalized by the interaction and typically is

about® 7"  K..~0.2. The velocities are given by

U,p=Up/K,p.

Correlation functions computed with this theory are con-
sequently described by power laws with exponents com-
posed of all four LL parameters K,p. Of particular interest
for us are the backscattering amplitudes appearing in the spin

operators S* and $”, for instance, for spin-flip backscattering
R—L,

l/lIaT Pra) ~ eZikae(i/ﬁ)(%aﬁlﬁRgl)
= 2ikpr eiﬁ(qswwm)
:eZikF’ei(¢cS+“¢cA+‘93S+aasA)’ (85)
for intercone scattering a=1—2,
'ﬂZle//Lu ~ Q2ikyr oINS =br1)) — ikt i bea=bontbus+Os)

(86)

Zikvre(_i/\i)((éRZT_(ﬁRll) = eZikvre_i(_¢cA+06A+¢SS_6.XS),

(87)

'MTezT'PRu ~e

and for the combinations L— R together with a=1—2 or
a=2—1,

lﬁzwﬂm [ae Q2ilkiky)r (D b+ by )

= eZi(kF*’kv)rei(¢CS_01‘A_¢SA+6.YS) s (88)

‘ﬂzz i‘ﬁRn ~ ezi(kﬁku)re(i/\E)(¢L2 +r1))

= eZi(kF“*'kU)rei(¢(75_90A+¢SA_035) , (89)

Vi1 oy ~ ik SN b1+ o)

= eZi(kF_kv)rei(¢c'S+oﬂA+¢SA+0S5) B (90)

lﬂzulﬂlm  QRilkky)r o (N2) (11 |+ Sp)

— eZi(kF—kv)rei(¢cs+0rA‘¢xA'().YS) . (9 1 )

All these expressions enter the susceptibility and lead to
power-law divergences at the momenta 2kp, 2k,, and
2(kgp*k,). The operators involving backscattering L« R de-
pend all on ¢.g and three of the other fields, leading to the
same exponents g=(K,s+3)/4~0.8. Equations (86) and (87)
do not depend on ¢,g and so lead to correlators with a larger
exponent, and so a shallower minimum for the RKKY inter-
action.

This means that the RKKY interaction J, between the
nuclear spins has 3 equal minima and so the helical order is
in principle not a simple helimagnet but involves the super-
position of the three spatial frequencies. Yet this, once again,
neglects the feedback on the electron system, which selects
only the 2k, frequency as relevant for the feedback and for
lowering the ground state energy, as we shall see next.
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B. Feedback from the nuclear Overhauser field

Let us assume that the Overhauser field consists of the
spatial frequencies 2k, and 2(kp*k,) associated with the
minima of the susceptibility. For completeness we keep also
here the local minimum at 2k,, and so write the coupling of
the nuclear magnetic field to the electron spin as

4
> B[S (r)cos(2k;r + m;) + S*(r)sin(k;r + 1)1, (92)

i=1

with ky=kp, k,=k,, ky=kp+k,, and k,=kp—k,, the corre-
sponding amplitudes BiOkai proportional to the k; compo-
nents of the magnetization, and 7, ..., n, arbitrary angles,
which we can set to zero because they can be absorbed by
suitable shifts of the boson fields. Using Egs. (85)—(89) to
express ™ in terms of the boson fields, we are led to the
interaction

B {cos[\2(b, + 6,)] + cos[\2(br + 6,0) ]}
+ ZBZ COS((/)CA - ¢sS)Sin(0cA - esS)
+ 2B cos(.s — 0.4)cos(dys — Oig)

+ 2B, cos(d.g+ 0,4)cos(dgs + ) + oscillating terms.
(93)

The terms proportional to B, are precisely the combinations
¢* o .+ 0, used previously and lead to a gap in each Dirac
cone separately. The terms proportional to B, involve fields
that are conjugate to each other, and so this interaction re-
mains always critical and can be neglected. The arguments
proportional to B3 and B, are relevant and open gaps in the
corresponding boson fields. Their effect is, however, quite
different from that of the B, part.

Indeed, for the B, part, the opening of the gap in the
¢t o .+ O, channels leaves still the combination ¢.— 6, gap-
less [see Eq. (42)]. Both combinations appear in the suscep-
tibilities x,, and correspond to the processes L1 <+ R]| and
L| < R]. Hence, even with the gap for ¢+ 6, there remains
(at T=0) a power-law singularity at 2kp in x,, due to
¢.— 0, with the consequences discussed in the previous sec-
tions. This is much different for the B; and B, processes.
Because of the mixing between the Dirac cones, the pro-
cesses LT« R| and L] <> R have the different momentum
transfers of 2(kp+k,) and 2(kz—k,), respectively. The open-
ing of a gap for one of those processes entirely eliminates the
steep minimum of x, ,(¢g) at the corresponding momentum
g=2(kp*+ k,) and so eliminates this energy minimum of the
nuclear spins. Consequently, the nuclear spins will reorient
themselves into one of the remaining energy minima, i.e. the
amplitudes B; and B, vanish. The only remaining minima are
then those of B;. With vanishing B; and B,, however, the
corresponding gaps vanish as well. Hence, even though the
B34 energy minima exist, they cannot be populated by the

nuclear spin modes I, because this immediately opens gaps
and costs energy. This is very similar to the stabilization
effect discussed in Sec. VI C. Therefore, any nuclear spin
order with 2(ky*k,) is unstable, and the only stable mini-
mum for the feedback is the nuclear helical order at 2k.
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C. Validity of the single-band model

Since the cos[\2(¢.,+6,,)] interaction terms in each
Dirac cone a=1,2 are highly RG relevant, we can evaluate
their effect in each cone separately. Transforming into the
a=1,2 basis, the Hamiltonian takes the form

d
H= f = {—””“ (Vo) + 01K 1oV 0,0
2 K

ra ra

+ g COS[\/E(QSCQ'I' exa)] + UF(K;§ - 1) V d’cl V ¢62}
(94)

for v=c, s, a=1,2, and with K,,=VKi/(1+K>5)~K.s
=0.2, K,,=1, and v,,=vr/K,,. Without the last Dirac cone
mixing term this Hamiltonian is identical to two copies of
the single-band Hamiltonian (49). The coupling between the
Dirac cones is, however, marginal in the same sense as the
gradient products in the last term of Eq. (49) and has only a
tiny influence on the opening of the gap by the cosine term in
each cone separately. Hence, for the evaluation of the gap we
can safely neglect this coupling. The size of the gap is then
determined by replacing K. and K, in Sec. VA by
KC=KCI =K62z 0.2 and K5= 1.

The resulting low-energy Hamiltonian then depends only
on the gapless fields ¢_, and 6_,, defined as in Egs.
(44)—(47), and is given by

H_=f ﬂ{ > v (Ve ) +(VO_ )]

27| gorp

K.
+ UF(K;52 - I)H Vo,V ¢—,2}

_ f { S (Vo)
77 a=1,2
+2yVe_, V ¢_,2}, (95)

*+(VO_ )7

with y=v K ;- 11K./2v_K,K=(1-K>)/2(1+2K%5) ~0.44.
This Hamiltonian is diagonalized by the symmetric and an-
tisymmetric ~ combinations  ¢g=(¢_;+d_,)/\ 2 and
Ga=(dp_1—d_»)/ V2, and similarly for the 6 ficlds. We obtain

ar E |: (V¢P)2+UPKP(V0P)2:| (96)

27 p_g A

with Kg=\1+y=~1.20, K,=\1-y=~0.75, and vp=v_/Kp.
The single-band model used in the previous sections can
be applied if it produces the same results as model (96). The
essential quantities are the susceptibilities x, . evaluated
with the remaining gapless fields for the 2k, backscattering
of Eq. (85). In the single-band model the LL constant is
K_=1. From Eq. (85) we see that only the combinations
¢+ ¢, and 6+ 0, appear (the prefactors are the same as in
the single-band model up to negligible corrections). The
¢+ ¢, lead to exponents depending on (Kg+K,)/2=~0.97
and the 6*+6, lead to exponents depending on
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(KEI+K;1)/2z 1.08. Since both values are very close to 1,
the two-band theory leads indeed to the same conclusions as
the single-band theory.

In fact, the single-band theory can be interpreted as ne-
glecting the coupling between the Dirac cones, which is the
approximation used in Ref. 9. As we have seen above, with
the feedback this becomes very accurate because the relative
coupling strength y between the two cones [Eq. (95)] is
much reduced. Indeed, corrections to the decoupled systems
appear only at 7 (from expanding Kg+K, or Kg'+K}'). The
value of y=0.44 is small enough compared with the original
(K;S2 —1)=24 in Eq. (94) so that the coupling between the
Dirac cones has a negligible effect.

IX. CONCLUSIONS

We have shown in this paper that the hyperfine interaction
between a lattice of nuclear spins and Luttinger liquid leads
to order in both systems in the form of a nuclear helimagnet
and a helical spin density wave for half of the electron
modes. A strong feedback between the electrons and nuclear
spins stabilizes this combined order up to temperatures that
are within experimental reach, even though the hyperfine in-
teraction generally is very weak. The feedback is a direct
consequence of Luttinger liquid behavior and is absent for
noninteracting electrons or Fermi liquids.

This leads to several remarkable effects that should be
detectable experimentally and that may be used for a direct
proof of Luttinger liquid physics. (i) The helical magnetiza-
tion my, _resulting from the nuclear spin ordering follows the
modified Bloch law of Eq. (2). (ii) The helical electron spin
density wave resulting from the renormalization triggered by
the nuclear Overhauser field has an excitation gap propor-
tional to My, OF tO some power of Moy, depending on the
Luttinger liquid parameters [see Eq. (59)]. Measuring this
electronic excitation gap is a direct way of measuring Moy,
(iii) The pinning of one half of the electron conduction
modes causes a reduction in the electric conductance by the
factor of 2 when cooling down through the crossover tem-
perature T*. (iv) Finally, the strong binding of the nuclear
helimagnet to the electron modes leads to anisotropy in the
electron spin susceptibility between the (x,y) plane of the
nuclear helimagnet and the orthogonal z direction.

We refer the reader to Sec. II for a complete summary of
our results and the main conclusions. The physical mecha-
nism for magnetic ordering described here was worked out
for two experimentally available systems, Bc single wall
nanotubes, and GaAs-based quantum wires. We note, how-
ever, that we expect similar physics for a large class of
Kondo-lattice-type systems coupled to a Luttinger liquid de-
fined by the conditions listed in Sec. II.
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APPENDIX A: ELECTRON SPIN SUSCEPTIBILITY

In this appendix we evaluate the electron spin suscepti-
bilities for the cases without and with the feedback from the
nuclear Overhauser field.

1. Without feedback from Overhauser field

Without the Overhauser field the electron system is de-
scribed by a standard LL.

We define the static electron spin susceptibility in the 1D
tight-binding basis as [see Eq. (15)]

Xif=— f die™™([S{(1),S7(0)), (A1)

with an infinitesimal 7>0. For the further calculation it is
more convenient to pass to the continuum description where
the tight-binding operators S7(r)/a are replaced by the fields
§(r,1),

XPr-r)=- iJw dte™{[S%(r,1),SP(r',0)]). (A2)
0

From the conservation of total spin we have y*’= XaOap-

The spin operators split into forward scattering, S7(r), and
backscattering parts, S;(r). While the forward scattering con-
tribution to the susceptibility remains regular, the back-
scattering contribution has (at zero temperature) a singularity
at momenta g= * 2kp. Since this singular behavior domi-
nates the physics described in this work, we thus keep only
the backscattering part. We then define

- l<SZI(V’t)Sg(O’O)>,

such that y,(r) is the w—O0+in Fourier transform of
Xolr, )= 00X, (r.0) = x, (=1, =0]=29(O)Im[ix,, (r,0)], with
¥ the step function. The operators S}’ are given by

X (rt) = (A3)

E o8 W ko + Uhotior ], (A4)

tT o'=1.]
with ¢ as the Pauli matrices. Using the bosonization iden-
tities (20) and (21) we see that these spin operators can be
written in the form® S¥=[0%,,+(05py)1/2, where

e—Zik,.—r = = -
Ospw= 27a e 2P 1205 4 o71V205] (A5)
e—ZikFr = = .
0§Dw=i — el\“zd’c[e”zox _ e—lv29g]7 (A6)
e—2ik,:r - = 3
. i2 iN2d. —i\2
OgDW: 27ra el ¢’C[€l\ b5 — e ('bs]- (A7)

We have omitted in the latter expressions the Klein factors
because they drop out in the averages. We then find
— i cos(2kgr)

(&1L Alr 400 =i A0+ 6,00y
(2ma)®

X; (1) =

(A8)
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3y = SR L6 10,001 L0 01-0,00,
! (27a)?
(A9)
o (ri) = M< V2B r0+,(r0)] =2 B 01+ (O]
V4 9

(27a)?
(A10)

The determination of these averages is a standard calculation
in the bosonization technique. At zero temperature, we

obtain®
- cos(ZkFr)( a )gﬂ< a )gﬂ
(2ma)? r—vpt+id r+uvpt—id)

(A11)

with g,=g,=(K.+K;")/2, g.=(K.+K,)/2, and 6>0 a short
distance/time cutoff. For g, well below 1 we can choose &
infinitesimal and proceed analytically as below. For g,=<1,
the singularities in Eq. (All) become too pronounced and
the cutoff plays an increasingly important role. We then must
include a finite & and proceed numerically with the further
calculation below and the subsequent evaluation of, for in-
stance, the crossover temperature 7% (see caption of Fig. 6).
For g,=0.8, however, such a cutoff is not required. For the
explicit analytic expressions below we keep therefore an in-
finitesimal 6.
The finite temperature expressions are

Xa () =

- _ —icos(2kgr) Tal Bup 8a
Xart) = (27a)? T
sinh(lB—(r —Upt + i5)>
UF
X mal o ga (A12)
sinh(i(r+ Upt — ié))
Bur

where B=1/kzT. Twice the imaginary part of these suscep-
tibilities determines x,(r,t). We have at zero temperature

B sin(mg,)cos(2kgr) a? Sa
Xolr,t) == 9(1)9(vr — |r|) 22 2 _ 2
(A13)
and at finite temperature
sin(7rg,)cos(2kzr)
Xalrs) = = 30 ot = )= 3
y mal Bup Ea
T
sinh| —(r—vpt
<,BUF(r Up ))
/ Sa
x ma/Bor . (Al4)
sinh(l(r +v t))
Bur !

Further Fourier transforming to (¢, ) space and taking the
©— 0+i7 limit leads t0%
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sin(mg,) 2 2-28,
=— AlS
Xa(q) 4772UF K==t a(q + K2kF) ( )
at zero temperature and
sin(mga) ( Bor )Hga
= T2 (1 -g )| —
Xeld) dvp (1-¢a) 27a —t
2
F(g—a - i@(q + KZkF))
2 4
2 g o (A16)
F(Ta - i4—7:(q + KZkF)>

at finite temperature, where I' is Euler’s gamma function.

2. With feedback from the Overhauser field

We have seen in Sec. V A that the feedback from the
nuclear magnetic field strongly renormalizes the electron
system and opens a gap B:V for the field ¢, = ¢+ 6,. Because
the fluctuations of this mode are frozen out at kg7 << Bj,, the
response of the electron system to external perturbations is
modified. In particular, this affects the electron spin suscep-
tibility x,, and here most importantly the exponents g, which
become smaller and anisotropic. The calculation of yx,, in this
situation has been carried out in Ref. 76 (see also Ref. 24).
For completeness we outline this calculation here again.

Let us set 7=(r,1), x,(7)=—i2(ma)’x(r.t). We focus first
on x,. Using relations (44)—(47) and Eq. (A5) we can then
write

Y1) = cos(2kpr)[ ([ K7, 71 2KL0T))
+( ei\c’m¢_(a—i\fm¢+(ﬂ7 o V2K 6 (0)+i ¢m¢+(0)]>] ’
(A17)

with K’ =4K /KK and K"=(K.—K;")/K, and where we have
used the invariance of Hamiltonian (49) under a simulta-
neous sign change of all the boson fields.

Since Hamiltonian (49) is quadratic in the boson fields all
these averages are fully determined by the two-point
correlators®

U _

(¢ (q.0)p_(q,0)) = (@ in -’ (A18)
for the massless field and
* _ o
<¢+(517‘U)¢+(‘]s (x))> - (w + 177)2 _ viqz _ (B;ky)z
(A19)

for the massive field. The sign of the infinitesimal shift *i»
is determined by the time order of the operators. The
corresponding 6. correlators (important for y.) can be ob-
tained, for instance, through the equations of motion
0= (r,0)=v+V 0.(r,1).

The correct treatment of the singularity in Eq. (A18) at
(w*v_g)—0 results in the singular power laws (at T=0) of
Xo Of the LL theory and so leads to a contribution to the
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susceptibility entirely equivalent to those of Appendix (Al).

This singularity is absent in Eq. (A19) and hence the
power law singularities are broadened to resonances with a
width and height determined by B:v. The precise evaluation
of the expressions is cumbersome. Approximations can be
found in Refs. 18, 19, 94, and 95. For our purpose, however,
this evaluation is not required because the physics of the
combined electron-nuclear spin system is entirely dominated
by the singular behavior of the ¢_ correlators at g=2kp, pro-
vided that kzT < B:,, which is a necessary condition anyway
that is indeed satisfied for the considered systems.

To see this in detail, let us expand Eq. (A17) in powers of
¢.. The lowest nonzero term in ¢, is

COS(ZkFr)[2K<[¢+(F), ¢+(O)]>
$ 2K ([ K 0D g (7),e2K 600 (0)])]. (A20)

The Fourier transform of the first term can be directly evalu-
ated with Eq. (A19). In the limit ®—0 and g— =2k it
tends to a constant ~1/ (B;:v)2 and so contributes only insig-
nificantly to x,(¢). The second term leads to a sum of ex-
pressions of the type

cos(2kgr)eK (- DO (7),(0)). (A21)

The fields ¢_ are gapless and so lead to power laws of form
(A15) (replacing ¢*> by w?/v>—¢?® and the exponent by
1-K"). The Fourier transform of the latter expression is then
a convolution of the form

qu’dw’
1

>< 9
(0-0)~v2q. ')~ (B.)?

1 1-K'

w/2 _ UEC]’Z

(A22)

In the static limit w—0 and at

q— *2kp, the ' integral is dominated by the poles at
== \/viq’2+(3jy)2 and the integrable weak singularities
at o'=*v_g’. A potential singular behavior must thus

come from the poles. If we focus on the pole at

w' = \/viq’2+(Bjy)2 we obtain
s

(B0 ) g2+ (8))?

The remaining integral leads to an arcsinh, which has an
ultraviolet divergence that has to be cut off at 1/a. More
importantly, however, the result has no infrared divergence,
meaning that this expression remains regular at g — 0, with
a value determined by B;k .

From this calculation we conclude that the Fourier trans-
form of Eq. (A20) remains regular at ®—0, g~ —0. Since
the Hamiltonian is quadratic in the boson operators higher
order correlators are products of the latter results and so re-
main fully regular. We have therefore shown that the singular
behavior of the susceptibility x.(g) is fully controlled by the
massless fields ¢_ only. This allows us to entirely neglect the
gapped fields and approximate the susceptibility by

with g.=q =2k

(A23)

165119-24



NUCLEAR MAGNETISM AND ELECTRON ORDER IN...

Xl) = cos(2kpr) ([ K90, KO (A24)
which is of precisely the same form as the susceptibility of a
standard LL as discussed in Appendix A 1. The difference is
the modified exponent K', the velocity v_, and an amplitude
reduced by 1/2 because the second term in Eq. (A17) de-
pends on ¢, only and drops out. From the results of Appen-
dix A 1 and Hamiltonian (61) we obtain, for instance, at zero
temperature,

1 sin(mrg!) 2 2-2g,
—=T2(1 - —_— ,
X()==57 T -g) 2 alq + k2kyp)
(A25)
with g/ =K"/2.

The evaluation of x,(¢) leads to precisely the same result,
Xy(9)=x.(q) and, in particular, g/=g,.

The susceptibility x.(¢) is different in that it involves dif-
ferent boson fields. From Eq. (A7) we see that y, depends on

the combination ¢, + ¢,= \IK(K b=\x d) +0, +\rK K,6.),

where we have used Eqgs. (44)—(47). Neglectmg the gapped
fields ¢, and 6, then leads to

2-2g!

2
S1n(7ng)1~2(1_ N> m
F

Xz(q) == 4 7T2

)

K==

(A26)

The prefactor 1/2 of x,, is here missing and the exponent is
g.=(K./K+K_.K,)/2K. The extensions to finite temperatures
are obtained in precisely the same way as in Appendix A 1.

APPENDIX B: REAL SPACE FORM OF RKKY
INTERACTION

The real-space form J(r) of the RKKY interaction can be
found by time integrating the susceptibility x,(r,?), given in
Eq. (A14). This integration was evaluated in the limit
|| <\ in Ref. 24. Here we determine x,(r) and so J%(r) in
the general case. For convenience we shall drop the index
a=x,y,z in this section.

The stationary real space form x(r) corresponds to the
w=0 Fourier transform of x(r,7), which from Eq. Eq. (A14)
is determined by the integral

mal Bug 8

sin(mrg)cos(2kpx) [~
Py

2
210 Vo sinh(i(r - UFI))
Bv

F

mal Bur 8

) . (B1)

X

i h( il (r+uvgt)
sinh| —(r+v
Bup g

Eé=mlr|/Bvp and using the relation
sinh(a+b)sinh(a—b)=sinh?(a) —sinh?(h) we can rewrite this
as
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sin(7g)cos(2kgr) (W_G)ng
2772(12 ,BUF

— sinh?(&y)|* (B2)

A further change of variable y — z=sinh?(¢)/sinh?(&y) leads
to

dy|sinh*(&)
UrJ

x(r)=-

|”|/UF

)= sin(wg)cos(2kpr)(ﬂ>2g
e Bop) 2£sinh?()

21
1

Xf dzz8 (1 = 2)7[1 + z/sinh®>(&) 72, (B3)
0

which is the standard form for the Gaussian hypergeometric
function (Ref. 96, Sec. 15.3.1),

I'(c) !

F(a,b;c;z) = TBTe—b) . dzz"' (1 = )71 (1 —wz) ™.
(B4)
Hence, noting that v8=\7 is the thermal length,
sin(mg)cos(2kpx)\ al\r %
X == dma*vp ( sinh(ﬂ'|r|/)\T)>
X F[1/2,g;1;—sinh(a|r|/\)]. (B5)

The hypergeometric function has the asymptotic expansion
for |w|— o (Ref. 96, Sec. 15.3.7),

o _F(b—a)r(c) ~
Fla.bieiw) =L e—a)
I'(a-b)(c)

"T@r(c-b)

w)™[1+0(w™)]

(=w)[1+ 0w ™.
(B6)

For g>1/2 we obtain from this expansion the asymptotic
behavior for |r| <\; (cf. Ref. 24),

l F(g 1/2) 2g-1
A COS(ZI‘”)<| |) -

For g<<1/2 the latter equation must be complemented by
further corrections from Eq. (B6). The RKKY interaction is
eventually determined by J(r)=A%ax(r)/2, with r running
over the sites of the nuclear spin lattice.

APPENDIX C: MAGNON SPECTRUM

The magnon spectrum about the helical ground state of
the nuclear spins can be evaluated by mapping the helical
state back onto a ferromagnet. This allows us to use the
standard results®’ for spin waves in anisotropic ferromagnets.
We focus on the + helicity in Eq. (33). The case for the
opposite helicity is equivalent.

The mapping is achieved by noting that the ground state
(33) can be mapped onto a ferromagnetic alignment along
the spin €, direction by defining the local transformation

ii:Riii with
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cos(2kpr;)  sin(Rkgr;) 0
R;=| —sin(2kgr;) cos(kgr;) 0O |. (C1)
0 0 1

In the classical ground state we then have I,=(IN,0,0).
The RKKY Hamiltonian (13) becomes in terms of these new
spin vectors

jap
HeT= Y Lo (C2)

with J“ﬁ EyRyaRYBJ 7. Here the RKKY couplings are gen-
erally assumed to be anisotropic as J =J. #ij, which cov-
ers both the isotropic case without the feedback, and the
anisotropic case with the feedback on the electron system. In

Fourier space the latter Hamiltonian becomes

2 2
peo LS | T gas 0 g i‘LR“ﬁ P,
" Nyfewsl N7 N N i
(C3)
with
Jfroio 000
R,=R'==|-i 1 0|, Ry=(0 0 0. (C4)
0 00 00 1

The magnon description is obtained by replacing the spin
operators i;‘ with the Holstein-Primakoff®’ boson operators
a, This leads to i)q‘:(INl)stq?o E,,ap+q » iz
=(IN,/2)"(a! +a,). and E=-i(IN,/2)"*(a’ —a,). Ne-
glecting terms involving more than two a, operators results
in a Hamiltonian that is equivalent to Eq. (C3) up to correc-
tions of order 1/IN,. Since N, >1 this approximation is
very accurate. We then obtain

2 hY h®\ [ a
H=E +—E (al,a_ ( p 7 q , (C5)
0 Nq>() q q hEIZ) h(l q

with  Eg=(N (N I+ )N(J3, /N?), hy):(-zf;k + Bk
+J§)/N2, and hfiz):(fzckF —JZ)/N2 Finally diagonalizing
this Hamiltonian leads to two magnon bands with disper-
sions

o= 2U(Ty, =I5 )N (C6)

o =21(J% - Ty JIN .. (C7)

The first magnon band is gapless and dominates the fluctua-
tions about the nuclear ground state. The second magnon
band is gapped at g=0 with a gap of the size ~|J’2‘k |. Since
quite generally through the feedback |.12,< | > |J2k | we have,
however, wfi )<0 at q ~ 2kg. This normally leads to an insta-
bility of the ground state and so normally means that the
assumption of the ordered ground state is not valid. How-
ever, as shown in Sec. VI C, in the present case such a de-
stabilization would destroy the feedback that stabilizes the
order and so causes the anisotropy JZ#J;. This destruction
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would have a very high cost in ground-state energy. There-
fore the occupation of the w{(f) <0 modes by a macroscopic
magnon number is not possible. The remaining wf{z)>0
modes can then be captured by the same treatment as the oV
modes. Yet as they involve large momenta ~2ky, they are
neglected in the present treatment.

APPENDIX D: MAGNETIZATION FOR SYSTEMS WITH
SMALL LEVEL SPACING

For systems with a large enough length L such that the
consistency relation AL>k3T§ (or T*) put forward in Sec.
IV C no longer holds, we need to reexamine carefully the
derivation of Eqs. (38) and (70) for the magnetization my .
This situation is indeed met for typical GaAs quantum wires
(see Table I) where AL~kBT;k. In this case the singularity in
the magnon occupation number in Eq. (35) may be con-
trolled by the cutoff at g=m/L, i.e. by A; instead of the
L-independent scale kBT:; (or kgT*). Here we show, however,
that this singularity dominates the magnetization and hence
modifies the crossover temperature only for L that lie many
orders of magnitude above any realistic length. The result
(70), therefore, remains valid and robust also for AL>kBT§,
and, in particular, also for A; ~kzT™.

To see this we focus on the ¢ — 0 part only in the magnon
occupation number in Eq. (35) and neglect the contributions
@, ~2IJy [/N, that have led to Egs. (38) and (70)
before. For simplicity we discuss only the case without
feedback, and note that the conclusion is the same
for the case with the feedback. For ¢g<m/N; we
have w,<2l|Jy |/N, and the dispersion , can be
well approx1mated by a parabola, w,/kgT= Dq?,
with D= (kpT)"'d*w /dq2|q2 0=21Cv%(kyT)?" 5/Nl and C
=C(g, vF)F4(g/2)[7'rz 2 sin*(mwg/2) i, (g/2)]/ 167, Here
is the polygamma function.

We then ask under which conditions the following ap-
proximation holds:

?

2 17 2 f"/)‘Td_ 1
IN|N ;> o€ —1 INNJ, 2mePs

(D1)

At T< T*(T*) the integrand at g=7r/\y is small and we can
push the upper integral boundary to infinity. Setting then

x= \Dq and X=\Dm/L= w1/ kgT we have to evaluate
* dx
o(X) =
x e —

X
=-1 294+—+—+(’)(X2) (D2)
X 2
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At the considered temperatures 7'<< T;:, X is a small number,
and we can keep the 1/X contribution only. This leads to

? . 2a 1 03)
m = —_
ke ILN \D(mNp) N, /kgT
2ak;T T \>28
=l-—2 - —= , (D4)
ILN ., T

where
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kT, =[CP*/La]"5728) (D5)

is an L-dependent characteristic temperature. This tempera-
ture defines the crossover temperature if Ti< Ti)k. Putting in
numbers corresponding to GaAs quantum wires (see Table I)
we see, however, that Tj>7§. For T< Tgk, therefore,
the T;k dependent contribution to my, is negligible.
Only at entirely unrealistic lengths L~1 m we obtain
Ti~ T;)k For any realistic sample, therefore, T: and so
L do not affect magnetization and crossover temperature
even for ALSkBT?; and Eq. (38) remains valid. As
stated above the same holds for the case with feedback where
(7;:;0;5 replaced by 7™ and the magnetization is given by Eq.
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