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The S = 1/2 Heisenberg chain is an outstanding and
versatile model system in quantum many-body physics.
The cuprate is known to exhibit magnetic properties
of the quantum spin chain, thus providing access to
the experimental study of spin chains with various
perturbations. Among these are frustrated intrachain
exchange interactions, staggered g tensors, staggered
Dzyaloshinskii-Moriya (DM) interactions, or disorder.

We recently succeeded in synthesizing the pure-phase
of a new compound Na2CuCl2SO4. This compound
has the same crystal structure as K2CuCl2SO4 and
K2CuBr2SO4.

1) On first inspection, the ferromagnetic
nearest-neighbor interaction J1 and the antiferromag-
netic next-nearest-neighbor interaction J2 through the
Cu-Cl(Br)-Cu path seem to compete, however, it was
reported that the linear spin chains along the a-axis
are formed by the exchange interaction J through
the Cu-Cl(Br)-Cl(Br)-Cu path in K2CuCl2SO4 and
K2CuBr2SO4. In addition, from the crystal structure
information, these two compounds feature substantial
DM interactions that are uniform within each chain,
but are anti-parallel in adjacent chains. Therefore, we
consider that Na2CuCl2SO4 has the unique spin frus-
tration induced by the DM interaction.

Further, we succeeded to grow large single crystals
(∼10 mm3). Therefore, Na2CuCl2SO4 is suitable for
observing the spin dynamics along and perpendicular
to the spin chain by both muon spin rotation and re-
laxation (µSR) and inelastic neutron scattering. The
temperature dependence of the total specific heat di-
vided by temperature C/T and the magnetic suscep-
tibility are shown in Figs. 1(a) and (b). Short-range
correlation is developed around 5 K, and the long-
range magnetic ordering is observed at TN = 0.5 K.
The INS data measured at 1.5 K in the (h, 1.5, 0) scat-
tering plane reveals a spinon continuum, indicating
that the Tomonaga-Luttinger liquid state is realized in
Na2CuCl2SO4 above TN. Then, in order to investigate
the spin fluctuations in Na2CuCl2SO4, we performed
µSR measurements at the RIKEN-RAL Muon facility
at the Rutherford-Appleton Laboratory, UK.

The crystal orientations were determined by Laue X-
ray diffraction. The crystal was cut into slices along
the bc-plane with a homogeneous thickness of 3 mm,
and it was mounted on a silver sample holder. Powder
sample of Na2CuCl2SO4 was prepared by milling single
crystals.

A clear oscillation indicative of the long-range mag-
netic order was observed at 0.3 K in zero field
(Fig. 2(a)). The weak LF asymmetries for T > 0.6 K
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Fig. 1. (a) Temperature dependence of the total specific

heat divided by temperature C/T . (b) Temperature

dependence of magnetic susceptibility measured at 1 T

(open red circles). The grey solid line represents the the-

oretical curve of the linear spin chain model with a AFM

interaction J = 15.5 K.

55

1010

1515

2020

AA
ssy

mym
mm

eett
ryry

00 0.50.5 11 1.51.5 22 2.52.5 33 3.53.5 44

TTiimmee ( (µµsec)sec)

0.3 K0.3 K

0.55 K0.55 K
powpowdeder sr saammplplee

00

0.20.2

0.40.4

0.60.6

0.80.8

11

1.21.2

11 1010 100100

λλ  ((µµsec
sec -1-1))

TT (K (K))

ssiinglnglee c crysrysttaall

LRO
3D 

TLL

Fig. 2. (a) Selected ZF-µSR signals (asymmetry vs time).

The gray lines are the corresponding fits to the data.

(b) Temperature dependence of the muon spin relax-

ation rate in Na2CuCl2SO4 measured in longitudinal

field 50 G.

are fitted by the stretched exponential function a(t) =
a1 exp[−(λt)β ] + aBG, where a1 is an intrinsic asymme-
try, aBG is a constant background, λ is the muon spin
relaxation rate, and β is the stretching exponent. We
observe a decrease in the λ with increasing temperature
above 1 K in the full time window, 0–20 µs as shown in
Fig. 2(b). This behavior is expected in the TLL system;
they have been seen in other spin-liquid candidates.2)

Further the analyses of our µSR spectrum measured in
both the single crystal and the powder sample are now
in progress.
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Pyrochlore iridates, R2Ir2O7 (R227, R is a rare-earth
element), provide an ideal platform of strongly frus-
trated systems to study the interplay between electron-
electron correlation (U ) and spin-orbit interaction (SOI)
given from 5d electrons of Ir4+.1) Among R227, Nd227
stands out as a fascinating system because of the ad-
ditional interesting properties. Nd227 exhibits metal-
lic behavior and undergoes metal-insulator transition
(MIT) at TMI= 33 K.2) µSR and neutron-scattering
studies on Nd227 showed the appearance of a long-range
magnetic ordering (LRO) of Ir4+ moments below TMI

followed by an additional LRO of Nd3+ moments be-
low 10 K.3–5) With such progressive reports, however,
the sizes of the magnetic ordered moments remain de-
batable. A reduction in the Nd3+ moments was found
in the recent neutron study6) compared with those esti-
mated from the previous study3) and crystal electric field
(CEF) analysis,7) which is argued to be attributed to a
strong quantum fluctuation. This argument was also
indicated from µSR results on Nd227, which show an
appreciable reduction on the internal field at the muon
site (Hint) compared with other R227 compounds.4,5)
These results signify a possible magnetic fragmentation
in Nd227, where ordered and fluctuating phases occur si-
multaneously. The onset of magnetic ordering on Nd227
was also reported to be suppressed by hole doping via
Ca2+ substitution on the Nd3+ site, and TMI was found
to gradually decrease by increasing the Ca concentra-
tion.8) In this study, we investigated the existence of
magnetic fragmentation in Nd227 and Ca-doped Nd227,
(Nd1−xCax )2Ir2O7.

Longitudinal-field (LF-µSR) measurements were per-
formed to confirm the emergence of fluctuations in the
ordered phase of the compounds. Figure 1 displays
the temperature dependence of the relaxation rate λ of
(Nd1−xCax )2Ir2O7 for x = 0.00, 0.05, 0.07 and 0.10 un-
der an applied field of 3.6 T. An appreciable peak in λ
was observed at higher temperatures compared with or-
dered and meta-transition temperatures. For x = 0.07
and 0.10, a clear peak was observed at about 20 K de-
spite the fact that neither muon-spin precession nor a
slowing-down behavior was observed under the zero-field
(ZF) condition at this temperature. These results may
indicate that Nd and/or Ir have low-lying spin fluctua-
tions, which can be easily changed by temperatures and
magnetic fields. Figure 2 shows the field dependence of
the relaxation rate measured in Nd227 at 50 K (param-
agnetic state), 15 K (ordered state of Ir moments), and
1.5 K (ordered state of Ir and Nd moments). λ increases
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Fig. 1. Temperature dependence of the relaxation rate λ of
(Nd1−xCax )2Ir2O7 for x = 0.00, 0.05, 0.07, and 0.10 un-
der the applied field of 3.6 T.

Fig. 2. Field dependence of the relaxation rate λ of Nd2Ir2O7

at 1.5 K, 15 K, and 50 K.

with an increase in the applied field at 50 K and shows a
peak around 2.5 T at 15 K, which signifies that the spec-
trum density of the spin fluctuations shifts down to the
lower frequency side with decreasing temperature fol-
lowed by the change in the dynamics of spins. At 1.5 K,
λ remains about 0.6 µs−1 in the ZF condition, and then,
it decreases exponentially with an increasing field show-
ing Redfield-like behavior, which indicates the mainte-
nance of the spin fluctuation even in the ordered state,
i.e., a magnetic-fragmentation is realized in Nd227. To
further discuss the scheme of spin-fluctuations in these
compounds, it is necessary to collect more data points
at different temperatures and applied fields.
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