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We report the results of muon-spin spectroscopy (µ+SR) measurements on the staggered molecular
spin chain [pym-Cu(NO3)2(H2O)2] (pym = pyrimidine), a material previously described using sine-
Gordon field theory. Zero-field µ+SR reveals a long range magnetically-ordered ground state below
a transition temperature TN = 0.23(1) K. Using longitudinal-field (LF) µ+SR we investigate the
dynamic response in applied magnetic fields 0 < B < 500 mT and find evidence for ballistic
spin transport. Our LF µ+SR measurements on the chiral spin chain [Cu(pym)(H2O)4]SiF6·H2O,
instead demonstrate one-dimensional spin diffusion and the distinct spin transport in these two
systems suggests that additional anisotropic interactions play an important role in determining the
nature of spin transport in S = 1/2 antiferromagnetic chains.

At low temperatures, the one-dimensional (1D) anti-
ferromagnetic (AF) spin chain hosts a range of exotic
magnetic phenomena including quantum-critical fluctua-
tions, emergent energy gaps and topological excitations.
The ideal S = 1/2 AF Heisenberg chain has a gap-
less excitation spectrum, but is highly sensitive to small
modifications. A particularly dramatic effect results
from the spins enjoying an alternating local environment,
which is achieved in a so-called staggered spin chain
[1]. This system hosts a magnetic field-induced gapped
phase described by sine-Gordon (SG) quantum-field the-
ory, which predicts a complex excitation spectrum includ-
ing solitons, antisolitons and soliton-antisoliton bound
states, known as breathers. Generalized hydrodynamic
approaches show that transport in the SG field theory is
ballistic, except in certain limits (including low temper-
ature), where the semiclassical result predicting either
ballistic or diffusive transport is recovered [2]. However,
owing to the scarcity of model material systems, the na-
ture of the spin transport has not been established in
experimental realizations of this model. In this Letter,
we investigate the staggered spin chain material [pym-
Cu(NO3)2(H2O)2] (pym = pyrimidine = C4H4N2), here-
after Cu-PM, using muon-spin spectroscopy (µ+SR). Cu-
PM is one of relatively few experimental realizations of a
staggered spin chain that is well-described by SG theory
[3, 4] and here we reveal the material’s ground state and
the character of its spin transport.

In Cu-PM, the Cu2+ ions form chains, with the pri-
mary magnetic exchange [J = 36.3(5) K [5]] being me-
diated by linking pym ligands [6]. It has been shown
theoretically [7] that the material’s staggered local g ten-
sor of neighboring Cu2+ ions produces an effective stag-
gered internal magnetic field transverse but proportional
in magnitude to the applied magnetic field. This in-
ternal field, which can also be produced by alternat-

ing Dzyaloshinskii-Moriya (DM) interactions along the
chain, results in a magnetic field-induced gap ∆, which
has been experimentally observed for Cu-PM [4, 5]. In
addition, signatures of the three lowest breathers and
a soliton predicted by SG theory have been observed
with electron-spin resonance (ESR) [8]. At temperatures
above the spin gap, in the perturbative spinon regime
∆ < T < J , the soliton-breather superstructure is sup-
pressed and the anisotropic contribution to the Hamilto-
nian due to the staggered g tensors and DM interactions
can be treated as a small perturbation to an underlying
S = 1/2 AF Heisenberg chain Hamiltonian with frac-
tionalized spin-1/2 excitations called spinons [1]. This
perturbation is predicted to result in a field shift and
broadening of the ESR lineshape [9], and the measured
ESR parameters for Cu-PM show excellent quantitative
agreement with these predictions [10].

While the subject of zero-field (ZF) magnetic order has
been investigated in other SG spin chains, the magnetic
ground state of Cu-PM has not yet been established. De-
spite earlier claims that anomalies in the temperature
dependence of the ESR frequency [11] and magnetic sus-
ceptibility [3] of Cu-benzoate [Cu(C6D5OO)2 · 3D2O] at
T ≈ 0.8 K were due to an AF phase transition, no ev-
idence for Néel ordering was found from neutron scat-
tering experiments [12], and it was later argued that the
ESR peak instead corresponds to an SG breather exci-
tation [9]. A subsequent µ+SR study found no evidence
of long-range order (LRO) down to 20 mK [13]. On the
other hand, CuCl2· 2DMSO (CDC) has been shown to
acquire zero-field LRO below TN = 0.93 K [14]. The
interchain interactions responsible for this LRO lead to
significant deviations from the SG model predictions be-
low the Bc = 3.9 T critical field for Néel order [15].
Muons are often sensitive to LRO in quasi-1D systems
[16–18], which can be very difficult to detect using ther-
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modynamic probes. In this study, we use µ+SR to show
that the ground state of Cu-PM is long-range ordered at
temperatures below TN = 0.23(1) K. We determine muon
stopping sites using density functional theory (DFT) and
use these to provide further insight into the nature of
the ordered moments. We also use µ+SR to explore spin
transport above TN in the perturbative spinon regime and
show that it is ballistic at all measured temperatures, and
contrast these results with measurements on the chiral
staggered spin chain [Cu(pym)(H2O)4]SiF6·H2O, which
instead demonstrate diffusive spin transport.

ZF µ+SR measurements [19, 20] reveal a state of LRO
in Cu-PM below TN = 0.23(1) K, indicated by the ap-
pearance of spontaneous oscillations at two frequencies
[see Fig. 1(a)]. The spectra for T < 0.23 K were there-

fore fitted to A(t) =
∑2
i=1Aie

−λit cos(2πνit)+A3e
−λ3t+

A4e
−σ2t2 +Abg, where the components with amplitudes

A1 and A2 account for muons stopping in the sample at
two magnetically distinct sites and undergoing coherent
spin precession with frequencies νi and relaxation rates
λi. Muons with their spins aligned parallel to the lo-
cal field are relaxed only by dynamics and give rise to a
purely relaxing component A3, while those stopping out-
side of the sample result in a constant background with
amplitude Abg. We also find an additional component
A4 with Gaussian relaxation that is absent above TN,
but has a relaxation rate σ that is approximately con-
stant below TN, with an average value of 0.41 µs−1, and
we discuss the possible origin of this relaxation in the
Supplemental Material (page 2, paragraph 4) [20]. The
amplitudes A1, A2, A3 and A4 are proportional to the
fraction of muons in each distinct magnetic environment
and these account for approximately 22%, 15%, 36% and
27% of the relaxing part of the asymmetry, respectively.
The frequencies ν1 and ν2 were found to vary in fixed
proportion, so we fixed ν2 = 0.49ν1 in the fitting pro-
cedure. The frequencies νi(T ), shown in Fig. 1(b), are
proportional to the magnetic field at the muon site and
act as an order parameter for the system. A fit to the
critical scaling function ν1(T ) = ν1(0)(1−T/TN)β , appro-
priate near a second-order phase transition, yields an es-
timate TN = 0.23(1) K for the ordering temperature and
β = 0.39(1) for the critical exponent. The critical expo-
nent β obtained here is close to the value 0.367 of the 3D
Heisenberg universality class [21], suggesting that that
the ground-state LRO in Cu-PM is three-dimensional in
nature. The precession frequencies ν1(0) = 3.1(1) MHz
and ν2(0) = 1.52(5) MHz correspond to local magnetic
fields of magnitudes B1(0) = 22.9(7) mT and B2(0) =
11.2(3) mT, respectively, for each of the magnetically dis-
tinct muon stopping sites. Above TN, the spectra can be
described by the sum of an exponential relaxation due
to fluctuating disordered electronic moments and a con-
stant background. The temperature-dependence of the
initial asymmetry is shown in Fig. 1(b) and exhibits a
narrow transition between two approximately constant
values, with a fit to an empirical logistic function yield-
ing the same transition temperature as estimated above.
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FIG. 1. (a) Example ZF spectra above and below the mag-
netic ordering temperature of Cu-PM. (b) Temperature de-
pendence of the (left axis) precession frequencies and (right
axis) initial asymmetry.

After we account for the fraction of the asymmetry that
is rapidly depolarized, we find that the amplitude A3

corresponds to 0.32 of the asymmetry due to muons at
sites that give rise to oscillations, consistent with what
one would expect for a ‘1/3-tail’. This suggests that the
Gaussian relaxation below TN is due to muons at a third
magnetically distinct site, with the form of the relax-
ation pointing to a distribution of positions, such that
the muons experience a range of local fields.

To quantify the ordered moments and any structural
distortions due to the presence of a muon, we have carried
out density functional theory (DFT) calculations of the
muon stopping sites [20] using the plane-wave basis-set
electronic structure code castep [22]. We identify three
distinct classes of muon stopping site and show these in
Fig. 2. Sites where muon sits around 1 Å from an O atom
in a nitrate group [Fig. 2(a)] or H2O ligand [Fig. 2(b)] are
the lowest and second lowest-energy class of sites, respec-
tively. We also find candidate sites where the muon sits
1.0 Å from an N atom in a pym ligand [Fig. 2(c)], which
are substantially higher in energy and result in larger lo-
cal distortions to the crystal structure. These sites can
be mapped to features in the ZF spectra by considering
the dipolar fields resulting from candidate AF magnetic
structures. From our dipolar field calculations [20] we
obtain fields of 9–40 mT/µCu for the nitrate site, 57–
63 mT/µCu for the H2O site and 93–99 mT/µCu for the
N(pym) site, where µCu is the ordered moment of the
Cu2+ ions in Bohr magnetons. We note that the rela-
tive size of the calculated fields for the H2O and nitrate
sites is consistent with the ratio between frequencies ν1
and ν2, respectively. This assignment gives an estimate
µCu ≈ 0.38µB for the ordered moment. This moment size
would give a precession frequency of around 5 MHz for
the N(pym) site, which should be resolvable. However,
it is possible that sites of this type (or a similar set of
sites close to the aromatic ring) could instead experience
a distribution of static fields due to the magnetic struc-
ture and thus be responsible for the Gaussian relaxation
seen below TN.

Although the ideal 1D S = 1/2 quantum Heisenberg
AF is not expected to show long-range ordering for T > 0
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FIG. 2. Low-energy muon sites in Cu-PM. Lighter spheres represent the ionic positions in the unit cell without the muon. H
atoms have been omitted for clarity where appropriate. (a) The nitrate site. (b) The H2O site. (c) the N(pym) site.

TABLE I. Ordering temperature TN and intrachain exchange
J for a series of Cu-chain compounds.

TN (K) J (K) TN/J
Cu(pyz)(NO3)2 [26, 27] 0.105(2) 10.3(1) 1.0× 10−2

Cu-benzoate [3, 13] < 0.02 18.2(1) < 10−3

CDC [14] 0.93 16.9(1) 5.5× 10−2

[Cu(pym)(H2O)4]SiF6·H2O [28] < 0.02 42(1) < 5× 10−4

Cu-PM [4, 5] 0.23(1) 36.3(5) 6.3× 10−3

[23], experimental realizations of this model are found
to order at low, but non-zero temperature due to the
presence of interactions between chains. A useful figure
of merit for the degree to which low-dimensionality is
achieved is the ratio TN/J , as this quantity should be
zero for the ideal case and close to unity for an isotropic
material. This quantity can also be used to estimate
the interchain coupling J ′ using a formula obtained from
the results of Quantum Monte Carlo calculations on AF
chains [24]. For Cu-PM we obtain TN/J = 6.3 × 10−3,
J ′ ≈ 0.09 K and |J ′/J | = 2.6 × 10−3, though we note
that additional terms present in the Hamiltonian for a
staggered spin chain are likely to lower TN below the
value expected for a simple 1D AF chain and therefore
this estimate of J ′ serves as a lower bound. We can also
use these parameters to estimate the size of the ordered
moment, using the formula m ≈ 2.034|J ′/J |1/2 obtained
from a model of weakly coupled AF spin chains [25]. For
Cu-PM this yields m ≈ 0.1µB, demonstrating that the
ordered moment is heavily renormalized due to enhanced
quantum fluctuations in this low-dimensional system, an
effect that is also seen, to a lesser extent, in our estimate
µCu ≈ 0.38µB obtained by considering the dipolar field
at the muon sites.

The values of TN/J (Table I) suggest that the degree of
isolation of the Cu2+ chains in Cu-PM is similar to that
found in the well-isolated 1D AF linear spin chain copper
pyrazine dinitrate [Cu(pyz)(NO3)2] [26]. In CDC, which,
like Cu-PM, exhibits alternating g tensors and DM inter-
actions, the ground state in zero-field is a collinear AF
below TN = 0.93 K, with a moment 0.44(5)µB along an
Ising-like easy axis [14]. The higher transition tempera-
ture in CDC may be due to the lower DM energy in this
system [14], which is an order of magnitude smaller rela-

tive to J than the values established for Cu-PM [4] and
Cu-benzoate [7]. A more recent example of a staggered
chain is the chiral chain [Cu(pym)(H2O)4]SiF6·H2O, in
which the environments of adjacent Cu2+ ions are related
by 41 screw symmetry [29]. At zero field, its magnetism
is well described as a 1D S = 1/2 Heisenberg AF, with
intrachain exchange J = 42(1) K and no magnetic order
detected down to 20 mK [28]. The suppression of LRO
in this system may be due to a uniform DM interaction
that alternates in sign from chain to chain, which has
been shown theoretically to effectively result in a cancel-
lation of the interchain interaction [30].

Longitudinal-field (LF) µ+SR is often used to inves-
tigate low-energy dynamics in 1D materials, including
spin chains [31] and ladders [32]. The principle of these
measurements is to work at a temperature T in the 1D
regime, TN � T . J (i.e. above any ordering temper-
ature, and below the energy scale of the spin exchange
along the chain), where collective low-dimensional behav-
ior of the spins is expected. In cases where the isotropic
hyperfine coupling A dominates over the dipolar cou-
pling, the field-dependence of the muon-spin relaxation
rate λ is given by λ(B) = (A2/4)f(ωe), where f(ω) is
the spectral density and the probe frequency ωe = γeB,
where γe is the electron gyromagnetic ratio [33]. Field-
dependent measurements [31, 34] can be used to dis-
tinguish between the two main types of spin transport
possible in a 1D chain, namely spin diffusion or ballistic
transport, since their spin autocorrelation functions have
different associated spectral densities: f(ω) ∝ ω−1/2 for
diffusive transport and f(ω) ∝ ln(cJ/ω) for ballistic mo-
tion, where c is a constant of order unity. We have carried
out LF µ+SR measurements on Cu-PM to study the spin
dynamics in this system. The data were fitted to

A(t) = ArelG
KT
z (Λ, B)e−λt +Abg, (1)

which includes the contribution of the quasistatic nu-
clear moments through the LF Kubo-Toyabe function
GKT
z (Λ, B), where Λ is the width of the resulting field

distribution, and exponential relaxation due to the dy-
namics of the electronic spins, with relaxation rate λ.
Muons stopping outside of the sample give rise to a con-
stant background asymmetry with amplitude Abg.

The field-dependence of the relaxation rate λ is shown
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FIG. 3. (a) Field dependence of the LF relaxation rate
in Cu-PM at T = 1.6 K with fits appropriate for ei-
ther diffusive or ballistic spin transport. (b) Field depen-
dence of relaxation rate and fits describing ballistic spin
transport. Field dependence of the LF relaxation rate for
[Cu(pym)(H2O)4]SiF6·H2O at (c) T = 5 K, (d) T = 10 K
and (e) T = 100 K.

in Fig. 3. In Fig. 3(a) we show λ(B) at T = 1.6 K, along-
side fits obtained from three different models. A fit to a
function of the form λ ∝ B−n, appropriate for diffusive
spin transport, yields n = 0.2, which is much smaller
than the theoretically predicted value of n = 0.5 for one-
dimensional diffusion. As seen in Fig. 3(a), a function
of this form with n = 0.5 does not describe the data.
However, a function of the form λ(B) = a ln(cJ/B), ap-
propriate for ballistic transport, provides a good fit to
the data with c = 0.16. In Fig. 3(b), we show the re-
sults of fitting the ballistic model to the data measured
at several different temperatures; the model provides a
good fit to the data at all of the measured temperatures
and even up to T ≈ 2J .

A recent study [28] on the chiral staggered spin chain
[Cu(pym)(H2O)4]SiF6·H2O found staggered g tensors, a
staggered susceptibility and a spin gap that opens on
the application of a magnetic field, all of which are rem-
iniscent of phenomena observed in non-chiral staggered
chains. We therefore carried out LF µ+SR measurements
on this system to compare its spin dynamics with those
measured for Cu-PM. For B > 10 mT the spectra are
well-described by exponential relaxation and we show the
field-dependent relaxation rates λ in Figs. 3(c-e) (details
on the fitting at lower fields can be found in the Supple-
mental Material [20]). As seen in Fig. 3(c), the relax-
ation rate λ(B) is approximately constant for fields up to
around 50 mT at T = 5 K. We account for this behavior
using a model for anisotropic spin diffusion, where the

spectral density has the form

f(ω) =
1√

2D‖D⊥

(
1 +

√
1 + (ω/2D⊥)2

2[1 + (ω/2D⊥)2]

)n
, (2)

with D‖ and D⊥ being the intrachain and interchain
diffusion rates, respectively [35]. This function shows
a transition from a constant low frequency value to a
power-law behavior f(ω) ∝ ω−n at a crossover frequency
proportional to D⊥. (This model does not work well for
Cu-PM, as there λ(B) is not approximately constant at
low fields.) Fitting the data measured at 5 K to this
model we obtain D⊥ = 1010 s−1 and n = 0.46(12). This
value of n is consistent with theory for diffusive transport
(n = 0.5). As the temperature is raised we observe a shift
in the crossover to lower fields [see Figs. 3(d,e)], corre-
sponding to a decrease in D⊥ and we also find that D‖
increases with increasing temperature. We note that the
fits to the data at 10 K [Fig. 3(d)] and 100 K [Fig. 3(e)]
yield values of n closer to 0.3, which, although noticeably
smaller than theoretically predicted, are not too dissimi-
lar from the value n ≈ 0.35 measured for the linear chain
DEOCC-TCNQF4 [34]. Furthermore, we would expect
the model in Eq. (2) to be most accurate at T = 5 K be-
cause, as the temperature approaches (or exceeds) T ≈ J ,
the muons are responding not only to delocalized spin
excitations but also to the quasi-independent spin flips
introduced by thermal fluctuations.

Both ballistic [36, 37] and diffusive [31, 34, 38] spin
transport have previously been observed experimentally
in S = 1/2 AF spin chains, although the latter is far
more common. Theoretically, the nature of spin trans-
port in these systems remains controversial, with some
studies claiming that the transport in these systems is
necessarily ballistic [39–41], while other studies conclude
that the transport is diffusive [42, 43]. Furthermore, it
has been suggested that, in the presence of a periodic lat-
tice potential, diffusion can coexist with ballistic trans-
port [44]. For the vast majority of the data measured for
Cu-PM we are within the perturbative spinon regime,
where the soliton and breather modes are suppressed,
leaving spinons as the excitations most likely respon-
sible for the observed spin transport. The anisotropic
term in the Hamiltonian due to the staggered g tensor
and DM interaction is likely to modify the spectral den-
sity of the spin excitations compared with those found in
non-staggered S = 1/2 AF spin chains and could there-
fore be responsible for their distinct transport. There
is evidence for other excitations, such as interbreather
transitions [45], in this intermediate temperature regime,
which could also influence the spin transport. The trans-
port in [Cu(pym)(H2O)4]SiF6·H2O is very different, de-
spite both systems being expected to occupy a simi-
lar regime of behavior (i.e where the temperature ex-
ceeds the spin gap, but is smaller than the exchange
strength J). However, we note that the size of the gap
in [Cu(pym)(H2O)4]SiF6·H2O and its linear field depen-
dence do not fit with the predictions of the SG model [28].
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These differences have been attributed to additional in-
teractions arising from the fourfold periodic chiral struc-
ture [28], and our results here suggest that these interac-
tions also lead to spin transport distinct from that found
in a traditional (non-chiral) staggered chain.

In conclusion, we have demonstrated the existence
of long-range magnetic order in the staggered spin
chain compound [pym-Cu(NO3)2(H2O)2] with TN =
0.23(1) K. Our LF µ+SR measurements show that
the transport of the spin excitations detected by the
muon is ballistic in the perturbative spinon regime,
∆ < T < J , whereas the transport in the chiral spin
chain [Cu(pym)(H2O)4]SiF6·H2O is shown to be diffu-
sive. These results demonstrate the crucial role played
by additional anisotropic terms in the Hamiltonian in
determining the nature of the spin transport in S = 1/2
AF spin chains. Establishing the sensitivity of the muon
to the magnetic excitations in these systems paves the

way for µ+SR measurements at higher magnetic fields,
where implanted muons could provide insight into the
soliton-breather regime at T � ∆.
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[31] F. Xiao, J. S. Möller, T. Lancaster, R. C. Williams, F. L.
Pratt, S. J. Blundell, D. Ceresoli, A. M. Barton, and J. L.
Manson, Spin diffusion in the low-dimensional molecular
quantum Heisenberg antiferromagnet Cu(pyz)(NO3)2 de-
tected with implanted muons, Phys. Rev. B 91, 144417
(2015).

[32] T. Lancaster, F. Xiao, B. M. Huddart, R. C. Williams,
F. L. Pratt, S. J. Blundell, S. J. Clark, R. Scheuermann,
T. Goko, S. Ward, J. L. Manson, C. Rüegg, and K. W.
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the finite temperature Drude weight of the anisotropic
Heisenberg chain, J. Phys. Soc. of Jpn. 74, 181 (2005).

[42] X. Zotos, Finite temperature Drude weight of the one-
dimensional spin- 1/2 Heisenberg model, Phys. Rev. Lett.
82, 1764 (1999).

[43] S. Grossjohann and W. Brenig, Hydrodynamic limit for
the spin dynamics of the Heisenberg chain from quan-
tum Monte Carlo calculations, Phys. Rev. B 81, 012404
(2010).

[44] J. Sirker, R. G. Pereira, and I. Affleck, Diffusion and
ballistic transport in one-dimensional quantum systems,
Phys. Rev. Lett. 103, 216602 (2009).

[45] A. C. Tiegel, A. Honecker, T. Pruschke, A. Ponomaryov,
S. A. Zvyagin, R. Feyerherm, and S. R. Manmana, Dy-
namical properties of the sine-Gordon quantum spin
magnet Cu-PM at zero and finite temperature, Phys.
Rev. B 93, 104411 (2016).

[46] Durham Collections, DOI: 10.15128/r2bv73c042s.
[47] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized

gradient approximation made simple, Phys. Rev. Lett.
77, 3865 (1996).

[48] J. H. Brewer, S. R. Kreitzman, D. R. Noakes, E. J.
Ansaldo, D. R. Harshman, and R. Keitel, Observation
of muon-fluorine “hydrogen bonding” in ionic crystals,
Phys. Rev. B 33, 7813 (1986).

[49] T. Lancaster, S. J. Blundell, P. J. Baker, M. L. Brooks,
W. Hayes, F. L. Pratt, J. L. Manson, M. M. Conner,
and J. A. Schlueter, Muon-fluorine entangled states in
molecular magnets, Phys. Rev. Lett. 99, 267601 (2007).

https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1524/zkri.220.5.567.65075
https://doi.org/10.1017/CBO9780511973765
https://doi.org/10.1103/PhysRevLett.94.217201
https://doi.org/10.1103/PhysRevLett.94.217201
https://doi.org/10.1103/PhysRevLett.77.2790
https://doi.org/10.1103/PhysRevB.73.020410
https://doi.org/10.1103/PhysRevB.59.1008
https://doi.org/10.1103/PhysRevB.59.1008
https://doi.org/10.1103/PhysRevLett.122.057207
https://doi.org/10.1103/PhysRevLett.122.057207
https://doi.org/10.1021/cg070462p
https://doi.org/10.1103/PhysRevB.95.214404
https://doi.org/10.1103/PhysRevB.95.214404
https://doi.org/10.1103/PhysRevB.91.144417
https://doi.org/10.1103/PhysRevB.91.144417
https://doi.org/10.1088/1367-2630/aae21a
https://doi.org/10.1088/1367-2630/aae21a
https://doi.org/10.1051/jphys:01974003503027100
https://doi.org/10.1051/jphys:01974003503027100
https://doi.org/10.1103/PhysRevLett.96.247203
https://doi.org/10.1103/PhysRevLett.96.247203
https://doi.org/10.7567/jjap.34.1
https://doi.org/10.7567/jjap.34.1
https://doi.org/10.1103/PhysRevB.85.184404
https://doi.org/10.1103/PhysRevB.85.184404
https://doi.org/10.1088/0953-8984/25/36/365601
https://doi.org/10.1088/0953-8984/25/36/365601
https://doi.org/10.1103/PhysRevLett.87.247202
https://doi.org/10.1103/PhysRevLett.74.972
https://doi.org/10.1103/PhysRevLett.74.972
https://doi.org/10.1103/PhysRevB.58.R2921
https://doi.org/10.1143/JPSJS.74S.181
https://doi.org/10.1103/PhysRevLett.82.1764
https://doi.org/10.1103/PhysRevLett.82.1764
https://doi.org/10.1103/PhysRevB.81.012404
https://doi.org/10.1103/PhysRevB.81.012404
https://doi.org/10.1103/PhysRevLett.103.216602
https://doi.org/10.1103/PhysRevB.93.104411
https://doi.org/10.1103/PhysRevB.93.104411
https://doi.org/10.15128/r2bv73c042s
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.33.7813
https://doi.org/10.1103/PhysRevLett.99.267601

