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The S = 1
2 quasi-one-dimensional antiferromagnet K2CuSO4X2 (X = Cl, Br) exhibits peculiar

Dzyaloshinskii-Moriya (DM) interactions that are uniform along its spin chains and antiparallel with respect
to neighboring chains. This feature has received much attention recently because it leads to spin frustration,
however, the spin dynamics around TN and magnetic structure have not been reported. Here we report magnetic
behaviors of Na2CuSO4Cl2. The orthorhombic crystal structure of Na2CuSO4Cl2, which is identical to
K 2CuSO4X2, was verified. The results of the thermodynamic measurements suggest that this compound has
moderately strong intra- and interchain interaction for investigation of the spin state around TN. The inelastic
neutron scattering and muon spin relaxation and rotation measurements reveal the presence of a two-spinon
continuum, and below TN, the long-range order develops. However, the obtained critical exponent is β = 0.18,
which is not indicative of a three-dimensional magnetic system; instead, one-dimensional (1D) spin correlation
likely affects the formation of magnetic ordering in Na2CuSO4Cl2. There is a possibility that Na2CuSO4Cl2 is a
model compound for investigation of DM-induced frustration effects in a 1D quantum spin system.

DOI: 10.1103/PhysRevB.101.024410

I. INTRODUCTION

One-dimensional (1D) spin systems have received intense
attention because they are expected to be promising candi-
dates for novel quantum states. Intensive studies of 1D antifer-
romagnets have successfully captured some exotic quantum
states, such as the Tomonaga-Luttinger spin-liquid state [1]
and the Haldane state [2]. In real magnetic systems, any
interchain coupling will induce magnetic ordering at finite
temperatures. Therefore, to identify quantum phases, it is
usually important to explore a model compound that contains
a nearly ideal 1D spin chain. On the other hand, weak inter-
chain interaction plays an important role in quasi-1D S = 1
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spin systems with uniform Dzyaloshinskii-Moriya (DM) in-
teraction in realizing an exotic spin state [3,4]. Systems with
such a feature have received much attention recently because
they are expected to exhibit geometrical frustration. For a
single spin chain, the effect of the DM interaction simply
favors a helimagnetic spin arrangement, in which the spiral
period is determined by the ratio of the magnitude of the DM
interaction D to that of the intrachain exchange constant J ,
D/J [5]. However, helical correlations with opposing helicity
are present in materials where interacting spin chains feature
peculiar DM interactions that are uniform along the chain and
antiparallel with respect to neighboring chains, thus resulting
in unique spin frustration. Whether or not this frustration will
affect magnetic ordering will depend on how D compares to
interchain interaction J ′.
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TABLE I. Comparison of the exchange constants for
K2CuSO4X2 (X = Cl, Br) and Na2CuSO4Cl2; the intrachain
interactions J are obtained by magnetic susceptibility measurements
[8]. The interchain interactions J ′ are estimated from the Néel
temperature [8,13] and inelastic neutron scattering measurements
[10].

K2CuSO4Cl2 K2CuSO4Br2 Na2CuSO4Cl2

J 3.2 K [8] 20.4 K [8] 14.3 K
J ′ 0.031 K [8] 0.034 K [8] 0.18 K
J ′ (INS) 0.45 K [10] – –

Some copper salts are known to be quasi-1D S = 1
2 spin

systems, hence enabling the experimental study of quantum
magnetism [6,7]. The Cu2+ salts K2CuSO4X2 (X = Cl, Br),
which are 1D quantum spin systems with uniform DM inter-
action, exhibit magnetic properties due to their quantum spin
chains [8–12]. Linear spin chains along the a axis are formed
by the exchange interaction through the Cu-Cl(Br)-Cl(Br)-Cu
path, which is much larger than the interchain interaction [8].

Based on their crystal structure, K2CuSO4X2 feature sub-
stantial DM interactions that are aligned parallel to the b
axis and in the same direction with a chain. However, the
DM vector is aligned antiparallel between adjacent chains.
The intrachain exchange interactions were estimated to be
JCl = 3.2 K and JBr = 20.4 K, and the interchain coupling
constants J ′

Cl = 0.031 K and J ′
Br = 0.034 K were obtained for

the chloride and bromide compounds, respectively (see Table
I). Inelastic neutron scattering data of K2CuSO4Br2 measured
at 1.5 K show the presence of a two-spinon continuum along
the chain. Both compounds exhibit long-range magnetic or-
der below 0.1 K [8]. The spin state of K2CuSO4X2 in the
high-temperature region, which is a Tomonaga-Luttinger spin
liquid state, has already been revealed by comprehensive
experimental studies. However, the spin dynamics around TN

and magnetic structure have not been reported.
To understand the DM-induced frustration effects in quasi-

1D quantum spin systems, systematic study of the spin dy-
namics and magnetic structure of K2CuSO4X2 and family
compounds of it are useful, because the magnetic ground
state is controlled by the magnitude of J ′ and D. Here we
report magnetic behaviors of Na2CuSO4Cl2, which we suc-
cessfully synthesized as large crystals weighing more than
10 g. We investigate the magnetism in this compound through
magnetic susceptibility, heat capacity, inelastic neutron scat-
tering (INS), and muon-spin rotation and relaxation (μSR)
measurements.

II. EXPERIMENTAL DETAILS

Large single crystals of Na2CuSO4Cl2 were successfully
grown by using a low-temperature molten-salt reaction pro-
cess. High-purity CuCl2 and Na2SO4 powders were mixed
with the molar ratio of 1 : 1 and vacuum sealed into a
quartz tube. The mixture was heated at 470 ◦C for two days
and then slowly cooled. The crystal structure of the ground
single crystal was examined and determined by synchrotron
x-ray diffraction (XRD). Synchrotron powder XRD data were

collected using an imaging plate diffractometer installed at
BL-8B of the Photon Factory. An incident synchrotron x-ray
energy of 18.0 keV (0.68892 Å) was selected. The Rietveld re-
finement was conducted using the RIETAN-FP program [14].
Diffraction data for single crystal were measured on Brüker
D8 QUEST x-ray diffractometer with CMOS PHOTON III
detector and by using a monochromatized Mo-Kα radiation
through a multilayered mirror from an enclosed x-ray tube
source apparatus. Data reduction, structure solution and re-
finement, and all the necessary computational data processes
were performed using the APEXIII [15], SAINT [16], and
SHELXTL-2014 programs [17], and for absorption using
SADABS [18]. Magnetic susceptibility measurements were
performed using a commercial superconducting quantum in-
terference device magnetometer (MPMS; Quantum Design).
The specific heat was measured between 0.2 and 30 K using
a PPMS (physical property measurement system; Quantum
Design). The INS experiments were performed using the cold-
neutron time-of-flight spectrometer PELICAN at the OPAL
reactor at ANSTO [19]. The instrument was aligned for
incident energies Ei = 3.68 and 14.7 meV. The sample was
held on an aluminum plate and cooled down by a top loading
closed-cycle refrigerator; data was collected at 1.5 and 30 K.
The sample was corrected for background scattering from an
empty sample holder and normalized to the scattering from a
vanadium standard. Data was processed using a combination
of the freely available LAMP and HORACE software [20,21].
The μSR experiment was carried out using a spin-polarized
single-pulsed surface-muon (μ+) beam at the RIKEN-RAL
Muon Facility at Rutherford Appleton Laboratory in the
United Kingdom. A 3He cryostat was used for temperature
control.

III. RESULTS AND DISCUSSION

The orthorhombic crystal structure of Na2CuSO4Cl2,
which is identical to K2CuSO4X2 was verified. Therefore,
Na2CuSO4Cl2 is expected to exhibit peculiar DM interac-
tions that are uniform along its spin chains and antiparallel
with respect to neighboring chains. The lattice parameters
are refined to be a = 7.0324(2) Å, b = 5.6054(1) Å, c =
16.0344(4) Å, and the positions of the individual atoms are
also determined as presented in Table II (full details are given
in the Supplemental Material as CIF files [22]). As shown
in Fig. 1(a), the nearest- and the next-nearest-neighbor Cu2+

ions are located along the b axis. Apical bonds mediate the
exchange paths through the Cu-Cl-Cu bonds since the Jahn-
Teller elongation occurs along the b axis [see Figs. 1(b) and
1(c)]. Therefore, the magnetic coupling along the b axis is
likely weak. The linear spin chains are also formed by the
intrachain exchange interaction JNa through the Cu-Cl-Cl-
Cu path in Na2CuSO4Cl2. The bonding angles Cu-Cl-Cl are
refined as 148.26(7)◦ and 130.75(7)◦. The 3dx2−y2 orbital lies
within the CuO2Cl2 plaquette. And the plaquettes in a chain
are in the same plane. Therefore, the exchange interaction
through the Cu-Cl-Cl-Cu exchange path is expected to be the
antiferromagnetic interaction, in fact, our experimental results
support it (discussed below). The Cu-Cu bond lengths along
the chain and b axis are 7.035 and 3.559 Å for Na2CuSO4Cl2,
7.732 and 3.784 Å for K2CuSO4Cl2, respectively. Thus, the
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TABLE II. Structure information of Na2CuSO4Cl2 refined from
single-crystal XRD data measured at 303 K.

Chemical formula Na2CuSO4Cl2

Cell setting orthorhombic
Space group Pnma

a (Å) 7.0324(2)
b (Å) 5.6054(1)
c (Å) 16.0344(4)

Atom x y z Site

Na1 0.36348(18) 0.75000 0.39357(9) 4c
Na2 0.6002(2) 0.25000 0.21587(11) 4c
Cu 0.86444(5) 0.75000 0.46576(2) 4c
S 0.84910(10) 0.75000 0.30373(5) 4c
O1 0.6892(3) 0.75000 0.36511(13) 4c
O2 1.0211(3) 0.75000 0.35958(12) 4c
O3 0.8463(2) 0.5359(3) 0.25212(10) 8d
Cl1 0.64081(11) 0.75000 0.56421(5) 4c
Cl2 1.12300(10) 0.75000 0.54778(5) 4c

intra- and interchain interactions of Na2CuSO4Cl2 are ex-
pected to be stronger than that of K2CuSO4Cl2.

In Fig. 2(a) the magnetic susceptibility is shown as mea-
sured at 0.1 T. No anomaly indicative of long-range order
is observed down to 1.9 K. A broad peak is observed at
approximately 10 K, thus suggesting the presence of a 1D
antiferromagnetic correlation. The data is fitted to the Bonner-
Fisher expression with an antiferromagnetic interaction JNa =
14.3(1) K [23].

Evidence of the 1D antiferromagnetic correlation and tran-
sition is given by the specific heat. As shown in Fig. 2(b),
a broad anomaly is also verified around 10 K, indicating the
presence of a 1D antiferromagnetic correlation. The magnetic
specific heat for linear-chain system with JNa = 14.3 K is
calculated by the quantum Monte Carlo method using the

FIG. 1. (a) The crystal structure of Na2CuSO4Cl2. The Cu2+ ions
(black) displayed with nearby oxygen (red) and chlorine ions (green).
The linear spin chain of Na2CuSO4Cl2, which forms due to the
intrachain exchange interaction through the Cu-Cl-Cl-Cu path (green
solid line). The pink dashed lines indicate the interchain exchange
interaction. (b) and (c) The Cu2+ ions are six coordinated in a
distorted octahedral geometry. The Na+ ions (yellow balls) displayed
with SO4 ions (yellow tetrahedra).

FIG. 2. (a) Temperature dependence of the magnetic susceptibil-
ity χ (open red circles) of Na2CuSO4Cl2 measured at 0.1 T. The blue
solid line is a fit to the Bonner-Fisher curve for S = 1

2 linear chain
Heisenberg antiferromagnet. (b) The temperature dependence of the
total specific heat (filled red circles) divided by temperature (C/T )
for zero magnetic field. The filled green squares are the theoretical
data of the linear spin chain model, which was computed by the
quantum Monte Carlo method. Inset shows a linear-linear plot of the
theoretical data.

ALPS package [24]. We cannot assume the nonmagnetic con-
tribution to the experimental data, however, the calculated
result is in good agreement with the experimental data in the
lower-temperature region. The specific heat curve shows a
pronounced λ-shaped peak at TN = 0.54 K, which signifies
a second-order phase transition. We estimated the interchain
interaction J ′

Na = 0.18 K of Na2CuSO4Cl2 from the Néel
temperature [13]. Very recently, the magnitude of J ′

Cl for
K2CuSO4Cl2 obtained by INS experiment was reported to be
0.45 K [10]. This is about 15 times greater than that estimated
from TN (see Table I). Further study is requested to clarify the
appropriate magnitude of J ′

Na.
The ratio of TN to the intrachain interaction J is 0.038 in

Na2CuSO4Cl2, which is close to that of K2CuSO4Cl2 (TN/J
are 0.025 and 0.005 for K2CuSO4Cl2 and K2CuSO4Br2,
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respectively). The magnitude of J ′
Br in K2CuSO4Br2 is much

smaller than that of JBr; therefore, the competition between
the interchain exchange and uniform DM interaction would
not affect the spin arrangement. The TN of K2CuSO4X2 are
reported about 0.1 K, therefore, a dilution refrigerator must
be employed in the experiment below TN. There is a pos-
sibility that this is the reason why the magnetic structure
of K2CuSO4X2 have not been revealed. On the other hand,
evidence that Na2CuSO4Cl2 has uniform DM interaction have
not been obtained. Further study is needed to judge whether
this compound is a model compound for investigation of
DM-induced frustration effects in a 1D quantum spin system
or not.

To confirm the antiferromagnetic interaction through Cu-
Cl-Cl-Cu bond along the a axis dominates in this system
and the observation of a gapless low-energy spin excitation,
we performed an INS measurement. As shown in Fig. 3(a),
the spin excitations show no variation in position with h.
This dispersionless behavior is a signature characteristic of
excitations in a 1D antiferromagnet. The intensity at h = −1.5
shows a clear variation with a minimum at l = 0 and it is
symmetrical about this point. This is possibly an artifact of the
measurement, for example absorption. Measurements taken at
1.5 K show gapless and continuous magnetic excitation only
along the a∗ axis [see Figs. 3(b) and 3(c)]. The continuum
edges rise up from the Brillouin zone centers in the chain di-
rection, h = −0.5, −1.5, and −2.5. In addition, the observed
lower energy boundary of the continuum is consistent with the
theoretical line for the 1D spin- 1

2 Heisenberg antiferromagnet
given by Eq. (1):

(πJNa/2)| sin(2πh)|, (1)

thus indicating that the velocity of the spin excitations of
Na2CuSO4Cl2 is appropriate for the 1D spin- 1

2 Heisenberg
antiferromagnet [25]. A continuum is reflected in the dy-
namical structure factor probed by INS, and the constant-
energy (constant-E ) cuts can be described by the approxi-
mate, semiempirical Müller ansatz (MA) equation [26,27]. As
shown in Fig. 4(a), the result of fitting the MA equation to the
data is reasonably good. The intrachain interaction refined as
JNa = 14.2(3) [see Fig. 4(b)], which is close to that obtained
from a magnetic susceptibility measurement. Therefore, we
conclude that the linear spin chains along the a axis are
formed by the exchange interaction JNa = 14.3(1) K through
the Cu-Cl-Cl-Cu path. Measurements taken at 30 K show that
the faintly remaining intensity is broad in both momentum
and energy, however, it exists in the area inside the upper
energy boundary of the continuum [see Figs. 5(a) and 5(b)].
As discussed below, this indicates that a spinon excitation
persists up to at least this temperature.

Zero-field (ZF)-μSR measurements on a powder sam-
ple provide evidence for static magnetic ordering in
Na2CuSO4Cl2. The muon spin precession frequencies are
clearly observed and disappear at the temperature correspond-
ing to the peak in the specific heat curve, as shown in Fig. 6(a).
The spectra for T > 0.54 K are best fit by

a(t ) = a0 exp(−λH.T.t )GKT(t,�) + aBG, (2)

where a0 is the intrinsic asymmetry a0 = 13.5, aBG is the
constant background aBG = 6.1, λH.T. is the relaxation rate,

FIG. 3. (a) Contour map at constant-E cut and neutron scattering
intensity at T = 1.5 K with incident neutron energy of 3.68 meV.
The energy window was from E = 1 to 2 meV, and the scattering
was integrated over −1 � k � 1. INS spectra (b) along the c∗ axis
and (c) along the a∗ axis of Na2CuSO4Cl2 measured at 1.5 K with
incident neutron energy of 3.68 meV. The intensities were integrated
over h from −4 to 4, k from 2 to 2 and k from −2 to 2, l from 6
to 3. The superimposed gray solid lines indicate the lower and upper
energy boundaries of the continuum given by (πJNa/2)| sin(πh)| and
πJNa| sin(πh/2)| [25].

and GKT(t,�) is the Kubo-Toyabe function. The field distri-
bution is �/γμ = 2.2 G, which is typical for a nuclear dipolar
field of Cl nuclei, suggesting that most positive muons stop
in the vicinity of the Cl− ions [28]. For powder samples,
long-range magnetic ordering is characterized by asymmetry
oscillation followed by a constant one-third polarization at
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FIG. 4. (a) Constant-E cuts of the measured scattering intensity
of Fig. 3(c). The superimposed orange and blue solid lines indicate
the lower and upper energy boundaries of the continuum. The
intensity in each panel is integrated within the energy range shown
in the upper right corner. The gray thick lines are the fits using the
approximate, semiempirical Müller ansatz expression (see Eq. (4) in
Ref. [26]). (b) The intrachain interaction JNa refined by fitting cuts at
different E .

long times, the so-called one-third tail. As shown in Fig. 6(b),
the tail of the ZF spectrum at the lowest temperature (0.34 K)
increase, which is a strong evidence for long-range magnetic
ordering in Na2CuSO4Cl2. Moreover, longitudinal field (LF)
decoupling behavior is typical for static magnetically ordered
systems [Fig. 6(c)]. For T � 0.54 K, the spectra are well
fitted by three distinct frequencies corresponding to three
stopping sites for muons. The ZF-μSR asymmetry function
for three-muon stopping sites is given by

a(t ) = a1[ f1 exp(−λ1t ) cos(γμB1t )

+ f2 exp(−λ2t ) cos(γμB2t )

+ (1 − f1 − f2) exp(−λ3t ) cos(γμB3t )]

+ a2 exp(−λLt ) + aBG, (3)

where a1 and a2 are the intrinsic asymmetries a1 = 9.0 and
a2 = 4.5, respectively, λi (i = 1 to 3) and λL are the relaxation
rates of the transverse and longitudinal component, respec-
tively, Bi are internal magnetic fields. In Na2CuSO4Cl2l, three
possible stopping sites exist for the positive muons: one near

FIG. 5. (a) INS spectrum along the a∗ axis of Na2CuSO4Cl2

measured at 30 K with incident neutron energy of 3.68 meV.
(b) Constant-E cuts of the measured scattering intensity of (a). The
superimposed blue solid lines indicate the upper energy boundaries
of the continuum. The intensity in each panel is integrated within the
energy range shown in the lower or upper right corner.

the SO4 and two near the two Cl ions. The f1 and f2 represent
the muon fractions stopped at the different muon sites which
result from two Cl sites. Adding a third component with 11%
leads to a perfect agreement with the oscillation data. The
component represents the muons stop near the SO4 ions. The
a2 is one-third of the relaxing asymmetry, and the nonprecess-
ing (longitudinal) component. The temperature dependence of
the relaxation rates increased rapidly when the temperature
approached TN = 0.54 K, thus implying a critical slowing
toward TN [see Fig. 6(d)]. The temperature dependence of the
internal magnetic fields Bi decrease with increasing tempera-
ture and vanished at TN, as shown in Fig. 6(e). Analyzing the
data with the power law,

Bi = Bi(0)[1 − (T/TN)]β (4)

yields the critical exponent β = 0.18, and the internal
magnetic fields B1(0) = 280.64 G, B2(0) = 174.29 G, and
B3(0) = 69.19 G. The value of β is different from the critical
exponent expected for a 3D magnetic system (β = 0.36).
Such behavior is often observed in low-dimensional systems
[29].
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FIG. 6. (a) ZF-μSR spectra measured on a powder sample of
Na2CuSO4Cl2 at representative temperatures. The thick lines behind
the data points are curves fitted with a fixed constant background
of aBG = 6.1 (see text). (b) ZF-μSR spectra measured at 0.34 and
1.0 K, showing the fitted time window up to 20 μs. (c) μSR spectra
measured at 0.34 K under ZF and representative external fields.
(d) Temperature dependence of the muon spin relaxation rates. (e)
Temperature dependence of the internal magnetic fields, and the gray
solid lines are power-law fit curves.

To discuss the development of short-range correlations at
temperatures above that of the 14.3(1) K (JNa), we investigated
the spin dynamics by performing LF-μSR measurements on
a single crystal of Na2CuSO4Cl2 with the incident beam
parallel to the a axis. As mentioned, the field distribution of
the nuclear dipoles is �/γμ = 2.2 G, therefore we applied a
50G LF to decouple the contribution of nuclear dipolar fields.
The relaxations are very weak, as shown in Fig. 7(a), but a
distinct increase in the relaxation rate is observed at higher
temperatures. The spectra can be described by the exponential
relaxation function

a(t ) = ar exp(−λt ) + anr, (5)

where the relaxing asymmetry ar is fixed and anr is a non-
relaxing component. In a conventional 3D antiferromagnet,
paramagnetic moments critically slow down as TN is ap-
proached, which results in an increase in the spin relaxation
rate λ with decreasing temperature. Although critical slowing

FIG. 7. (a) Weak LF-μSR spectra measured on a single crystal
of Na2CuSO4Cl2 at 2.9 and 70 K in a longitudinal external magnetic
field of 50 G. The thick lines behind the data points are curves fitted
to the data by Eq. (5). (b) Temperature dependence of the muon spin
relaxation rate λ. The gray solid line is guide to the eye.

down is certainly observed near TN, the λ increases with
the increasing temperature, which continues up to at least
70 K [Fig. 7(b)]. We suggest that this is caused by diffusive
spin transport in a 1D spin chain. The μSR method is not
selective for the wave vector of the spin excitations. Therefore,
at low-temperature (but above TN), the spin relaxation can
be described by a sum of the Brillouin zone centers and
q = 0 components. In that case, the temperature dependence
of λ is known to be quadratic [30]. In the quasi-1D S = 1

2
spin systems, the thermal conductivity due to spinons was
observed at higher temperature than that of J [31]. There-
fore, λ increases with increasing temperature even at higher
temperatures.

IV. CONCLUSIONS

In summary, we presented the Cu2+ salt Na2CuSO4Cl2

as a quasi-1D quantum spin system with conjectured uni-
form DM interaction. The μSR and INS studies demon-
strated that the quantum state of a 1D spin- 1

2 Heisenberg
antiferromagnet, which was previously revealed for the re-
lated compounds K2CuSO4X2 (X = Cl, Br), is present in
Na2CuSO4Cl2. Our work also shows that long-range ordering
is present in Na2CuSO4Cl2. Moreover, unconventional value
of the critical exponent β and diffusive spin transport above TN

are observed. We suggest that 1D spin correlation influences
the formation of magnetic ordering in Na2CuSO4Cl2. Further
study is in progress to determine its magnetic structure. More-
over, ESR experiment is required to obtain evidence that this
compound has uniform DM interaction. Since the transition
in Na2CuSO4Cl2 occurs in a readily accessible range of
temperatures, future study of DM-induced frustration effects
in a 1D quantum spin system are expected to be facilitated.
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