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We report susceptibility, specific heat, and neutron diffraction measurements on NaCu2O2, a spin-1/2 chain
compound isostructural to LiCu2O2, which has been extensively investigated. Below 12 K, we find a long-
range ordered, incommensurate magnetic helix state with a propagation vector similar to that of LiCu2O2. In
contrast to the Li analog, substitutional disorder is negligible in NaCu2O2. We can thus rule out that the helix
is significantly influenced by impurities. A spin Hamiltonian with frustrated longer-range exchange interactions
provides a good description of both the ordered state and the paramagnetic susceptibility.
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Copper oxides are excellent model systems for low-
dimensional spin-1/2 quantum antiferromagnets. In particu-
lar, copper oxides with magnetic backbones comprised of
chains of CuO4 squares have been shown to exhibit quasi-
one-dimensional behavior. Two classes of copper oxide spin
chain materials are known. Compounds in which adjacent
squares share their corners are excellent realizations of the
one-dimensionals1Dd spin-1/2 Heisenberg Hamiltonian.1–3

Linear Cu–O–Cu bonds along the spin chains give rise to a
large antiferromagnetic nearest-neighbor exchange coupling.
In compounds built up of edge-sharing squares, on the other
hand, the Cu–O–Cu bond angle is nearly 90°, so that the
nearest-neighbor coupling is more than an order of magni-
tude smaller.4 Because of the anomalously small nearest-
neighbor coupling, longer-range frustrating exchange inter-
actions have a pronounced influence on the physical
properties of these materials. Edge-sharing copper oxides
thus provide uniquely simple model systems to test current
theories of spin correlations in frustrated quantum magnets.

At low temperatures, the ground state of edge-sharing
copper oxides is either a three-dimensional-s3Dd-ordered
antiferromagnet5–7 or a spin-Peierls state,8 depending on
whether interchain exchange interactions or spin-phonon in-
teractions are dominant. In the former case, the magnetic
order is almost always collinear. An interesting exception
was recently discovered in LiCu2O2,

9–12 which undergoes a
transition to a magnetic helix state at low temperatures.
While such a state is expected for classical spin models with
frustrating interactions, quantum models predict a gapped
spin liquid state in the range of exchange parameters that was
claimed to describe the spin system in LiCu2O2. Since the
ionic radii of Li+ and Cu2+ are similar, chemical disorder was
identified as a possible solution to this puzzle. Indeed, a
chemical analysis of the sample used in the neutron scatter-
ing study of Ref. 11 showed that about 16% of the Cu2+ ions
in the spin chains were replaced by nonmagnetic Li+ impu-
rities. Since even much lower concentrations of nonmagnetic
impurities are found to induce magnetic long-range order in
other quasi-one-dimensional spin-gap systems, the authors of
Ref. 11 speculated that that the highly disordered lattice
structure of LiCu2O2 might play a significant part in driving
helical ordering in this system.

Here we report magnetic susceptibility, specific heat, and
neutron diffraction data on NaCu2O2, a Mott insulator that is

isostructural to LiCu2O2. However, since Na+ is much larger
than Cu2+, substitutional disorder isa priori unlikely in
NaCu2O2. Chemical analysis and neutron diffraction data
confirm that the Na-Cu intersubstitution is negligible in our
NaCu2O2 samples. Below a Néel temperatureTN of 12 K, we
find an incommensurate helix state similar to that in
LiCu2O2. This state is thus the ground state of a spin chain
system without impurities. The incommensurability along
the chain axis is such that the magnetic unit cell is nearly
quadrupled with respect to the chemical cell. Together with
an analysis of the susceptibility data, this indicates that an
antiferromagnetic next-nearest-neighbor interaction along
the spin chain is the dominant exchange interaction in
NaCu2O2. This disagrees with the spin Hamiltonian pro-
posed for LiCu2O2,

11 but agrees with arguments presented in
Ref. 12. Each copper oxide chain thus contains two interpen-
etrating, but nearly independent 1D spin systems. A model
with longer-range exchange interactions provides a quantita-
tive description of the ground state and paramagnetic suscep-
tibility of this spin-1/2 system.

Microcrystalline powder samples of NaCu2O2 were syn-
thesized as described elsewhere.13–15 Powder x-ray diffrac-
tion patterns for initial characterization were collected with a
Stoe STADI-P diffractometer using Cu Ka1 and Mo Ka1 ra-
diation. No impurity phases were detected, except small
traces of CuO and Cu2O. The single crystals were grown by
the self-flux method, as described previously.16 The crystals
have a platelet shape with typical sizes of 733 mm2 and
thickness of up to 100mm. X-ray diffraction from single
crystals ground to powder showed no sign of impurity phases
within the resolution limit. In addition, no platinum impuri-
ties were detected in our crystals by inductively coupled
plasma atomic emission spectroscopysICP-AESd measure-
ments. Finally, we have used ICP-AES to establish the
chemical composition of our crystals as
Na1.00±0.02Cu2.00±0.02Oy. The Na:Cu ratio is thus identical to
the ideal stoichiometry within the experimental error. This
should be compared to the samples studied in Ref. 11 whose
chemical composition was quoted as Li1.16Cu1.84O2.01.

For the neutron diffraction measurements, a powder
sample of weight,5 g was fitted into a cylindrical vana-
dium container and loaded in a standard helium-flow cry-
ostat. High-resolution diffraction patterns were collected at
3.5, 23, and 300 K on the two-circle powder diffractometer
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D2B at the Institut Laue-Langevin, Grenoble. A wavelength
l=1.5946 Å was selected by a Gef355g monochromator. The
diaphragms were set to 70/70 and the collimations to
108-108-108 before the monochromator, between the mono-
chromator and sample, and between the sample and detector,
respectively. Complementary neutron diffraction data were
taken on the high-flux powder diffractometer D20 using a
wavelengthl=2.4 Å. The diaphragms were set to 70/10.
Measurements of the magnetic susceptibility and the heat
capacity were carried out on powder samples as well as on
single crystals. The powder measurements were taken on a
sample of total mass of 115 mg in a superconducting quan-
tum interference devicesSQUIDd magnetometersMPMS,
Quantum Designd.

A Rietveld analysis of the diffraction pattern at room tem-
perature confirms that NaCu2O2 has an orthorhombic crystal
structure sspace group Pnmad with lattice parameters
a=6.2087 Å,b=2.9343 Å andc=13.0548 Å, in agreement
with an x-ray investigation of small single crystals. A picto-
rial representation of the lattice structure is shown in Fig. 1.
The unit cell of NaCu2O2 contains four magnetic Cu2+ ions
belonging to two pairs of copper oxide chains running along
b. The Cu–O–Cu bond angle is 92.9°. The chains are sepa-
rated from each other in thec direction by rows of nonmag-
netic Cu+ ions, and in thea direction by Na+ ions. Since the
two chains within one pair are shifted relative to each other
by half a unit cell alongb, each pair can also be viewed as a
single zigzag chain.17 The nearest-neighbor Cu2+-Cu2+ dis-
tances between different chain pairs are considerably larger
than those within a pair. It is thus reasonable to expect that
the system is magnetically one dimensional.

In order to check for a possible Na-Cu intersubstitution,
we have refined the occupancies of Na and Cu sites in the
Rietveld analysis of the neutron diffraction data and obtained
full occupancy of both positions within an error of 2%. This
finding is expected, based on the different ionic radii of Na+

and Cu2+, and it confirms the results of the chemical analysis
above. In contrast to LiCu2O2, substitutional disorder on the
copper oxide chains is therefore negligible in NaCu2O2.

Figure 2 shows the uniform magnetic susceptibility of a
NaCu2O2 powder as a function of temperature. The main
feature of the curve is a broad maximum at 52 K, which is
characteristic of low-dimensional spin systems and indicates
a crossover to a state with antiferromagnetic short-range or-
der. A Curie-Weiss fit of the high-temperature susceptibility
for 200,T,300 K yields a negative Curie-Weiss tempera-
ture of QCW=−62 K, indicating predominant antiferromag-
netic interactions. Because of the intrinsic 1D nature of our

FIG. 1. sColor onlined sad Crystal structure,
andsbd proposed magnetic structure of NaCu2O2.
In panel sbd, the most important magnetic inter-
actions within a chain pair are sketched.

FIG. 2. sColor onlined Temperature dependence of the static
magnetic susceptibility of a powder sample of NaCu2O2 in a mag-
netic fieldB=0.1 T sopen circlesd. The thick red line is the result of
a fit to the helix model described in the text, whereas the blue line
sdot-dashed, mostly hidden by the red oned is the sexactd suscepti-
bility of the 1D-Heisenberg chainsJ2=85Kd sRef. 18d. For compari-
son, the green line represents the result of a fit to a simplerJ1-J2

helix modelssee textd. The inset shows the actually measured data,
from which a Curie contributionxCur=0.0105/T has been sub-
tracted to obtain the data presented in the main panel. Note that the
Curie tail is very weak, providing testimony to the high quality of
the sample.
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system, we have fitted the susceptibility curve to the exact
solution of theS=1/2 Heisenberg chain with a single anti-
ferromagnetic interactionJ2,

18 resulting from the dominant
Cu-O-O-Cu exchange path. We added a diamagnetic contri-
bution from the closed atomic shells, which we estimate as
−52310−6 cm3/mol from Pascal’s increments.19 The fit
yieldsJ2=85 K skB;1d andg=2.07, and the result is shown
in Fig. 2. Our susceptibility data are thus in good quantitative
agreementsexcept for small deviationsd with a model includ-
ing a single antiferromagnetic interaction parameter along
the spin chainssFig. 2d, supporting the view of a single chain
as two interpenetrating, weakly coupledJ2-Heisenberg
chains.

The low-temperature susceptibility and specific heat data
plotted in Fig. 3 indicate two magnetic phase transitions at
12 and 8 K. Both transition temperatures are much smaller
than J2, as expected based on the quasi-one-dimensionality
of the magnetic lattice. The temperature-dependent suscepti-
bility of a single-crystal sample in the three crystallographic
directions is plotted in Fig. 3sad. The susceptibility in theb
direction,xb, is not strongly affected by the 12-K transition,
while xa andxc are suppressed. Below the 8-K transition, on
the other hand,xa and xb exhibit an upturn, reflecting the
role of anisotropic interactions. The specific heat anomaly at
the 8-K transition is weaker and obliterated by a modest
magnetic field of 9 TfFig. 3sbdg, whereas the 12-K transition
is more robust. Taken together, these data suggest that the
8-K transition arises from spin canting. A similar canting
transition has been observed in Li2CuO2.

7

These data indicate that the magnetic ground state is more
complex than suggested by the initial analysis of the para-
magnetic susceptibility. In order to determine the spin con-
figuration in the ground state, neutron powder diffraction
data were taken on the high-flux powder diffractometer D20.
The results are shown in Fig. 4. Several additional Bragg
reflections are observed below 12 K at low scattering angles.
Since no high-angle counterparts of these reflections are ob-
served, and the intensities vanish at the magnetic ordering
temperaturesinset in Fig. 4d, these reflections can be identi-
fied as magnetic. They can be indexed based on the magnetic

propagation vectors0.5,z ,0d with z=0.227, which corre-
sponds to a pitch anglefb=81.7° along theb axis. Since an
amplitude modulation of the copper spin is not expected in a
Mott insulating state, the intensities were compared to mod-
els in which the spins form a helicoidal state with identical
amplitude on every Cu2+ site, analogous to that observed in
LiCu2O2. An excellent refinement of the peak intensities
ssolid line in Fig. 4d was obtained by assuming a helix po-
larized in theab planesFig. 1d, similar to LiCu2O2.

11,20 The
ordered moment per Cu2+ ion at base temperature is
0.56s4dmB.

Since the observed helical spin structure of NaCu2O2 can-
not be accounted for within a simple nearest-neighbor
Heisenberg model, we reanalyzed the paramagnetic suscep-
tibility in terms of a spin Hamiltonian with longer-ranged
interactionsJd. Such additional couplings are expected for
Cu-O-O-Cu bridges in edge-sharing copper chains.4 We con-
sider magnetic couplings up to a distanced=4b. Whereas
couplingsJdù2 are always antiferromagnetic,J1 can be either
ferromagnetic or antiferromagnetic depending on the
Cu–O–Cu bond angle.4 The classical ground state of this
model is a helix whose pitch anglefb is given by the
expression

cosfb . −
J1 − 3J3

4sJ2 − 3J4d
, s1d

which is valid as long asuJ1u , uJ3u, and uJ4u are significantly
smaller than uJ2u. Using a finite temperature Lanczos
technique,21 we have calculated the temperature-dependent
susceptibility on chains of lengthN=24 for models where
conditions1d is fulfilled, using the anglefb=82° obtained in
the analysis of the neutron scattering data. An excellent fit
sred line in Fig. 2d is obtained for the entire temperature
range from just aboveTN up to 330 K, with the parameters
J1=−16.4 K,J2=90 K, J3=7.2 K, andJ4=6.3 K. Theg fac-
tor, g=2.14, is typical for Cu2+ in square-planar geometry.
The fact that the antiferromagnetic interactionJ2 is by far the
largest parameter in the spin Hamiltonian explains the sur-

FIG. 3. Single-crystal data for NaCu2O2 as a function of tem-
perature.sad Susceptibility taken with a magnetic field of 0.1 T
applied along the principal crystallographic axes.sbd Specific heat
for two applied magnetic fields: 0 Tsopen circlesd and 9 T sfull
circlesd. The inset extends the temperature range.

FIG. 4. Difference of neutron diffraction data collected at 2 and
20 K sopen circlesd. The extra reflections at low temperature are all
of magnetic origin. The solid line is a fit to a spiral model in thebc
plane with propagation vectors0.5,z ,0d with z=0.227. The tem-
perature dependence of thes0.5,z ,1d reflection is plotted in the
inset together with a fit of the intensity to a power law.
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prisingly good fit obtained by the nearest-neighbor model
discussed above. The longer-range couplingsJ3, J4 are
small, as expected, yet they are essential in this context,
since fits attempted withJ3=J4=0 sJ1/J2=−0.52, which
yields the experimental pitch angle, green line in Fig. 2d are
in significantly poorer agreement with the experimental data.

We have thus determined the magnetic ground state of
NaCu2O2, a spin-1/2 chain compound without significant
substitutional disorder, as a magnetic helix with a substantial
ordered moment of 0.56mB. This rules out that the ground
state is significantly influenced by impurities as proposed in
Ref. 11 for LiCu2O2, where a helix with a similar propaga-
tion vector was observed. The spin Hamiltonian is dominated
by a large antiferromagnetic exchange parameterJ2,90 K,
which can be identified as the interaction between second-
nearest neighbors along the spin chains. The dominance of
the J2 coupling may at first seem surprising, but it can be
understood as a consequence of the structural geometry of
NaCu2O2, whose Cu–O–Cu bond angle, 92.9°, is very close
to the critical angle of,94° at which the nearest-neighbor
interaction is expected to change sign.4 Hence, the nearest-
neighbor couplingJ1 is small. The magnitude ofJ2 is in very
good agreement with theoretical calculations for edge-
sharing copper oxide chains with Cu–O bond parameters de-
termined for NaCu2O2.

4 This agreement is significant, be-
cause the prediction is largely insensitive to the bond angle
and hence quite robust, and because direct measurements of
this parameter in other copper oxide spin chains yield com-
parable results. The inclusion of a small interchain interac-
tion within a chain pairfJ8 in Fig. 1sbdg marginally affects
the values of the intrachain exchange parameters extracted
from the susceptibility, and therefore does not change this
picture qualitatively.

In view of our work on a clean, isostructural compound
and the theoretical work of Ref. 4, the exchange parameters
of LiCu2O2 should be reexamined. Because of the smaller
Cu–O–Cu bond angle, the magnitude of the nearest-neighbor
coupling in the spin Hamiltonian for LiCu2O2 is expected to
be larger than that of NaCu2O2, but the next-nearest-
neighbor coupling should be comparable.23 In agreement
with Ref. 12, we conclude that a scenario in which an anti-
ferromagnetic interchain interaction of magnitudeJ8,70 K
significantly exceeds all of the relevant intrachain
interactions11 appears very unlikely.

In conclusion, the magnetic helix state and paramagnetic
susceptibility of NaCu2O2 are in good quantitative agree-
ment with the predictions of a model including longer-range
exchange interactions. An open question concerns our use of
the classical expressions1d for the pitch angle. Some theo-
retical work suggests that the pitch angle for quantum mod-
els deviates substantially from this expression.22 However,
one has to keep in mind that the magnitude of the ordered
moment per magnetic copper site is 0.56mB, somewhat larger
than the values typically observed in 1D systems.1 Quantum
zero-point fluctuations thus appear to be significantly sup-
pressed in the ordered state. Large ordered moments were
also observed in other corner-sharing copper oxide spin
chain compounds, and were ascribed to large exchange
anisotropies. A quantitative understanding of the interplay
between spin anisotropies and frustration in NaCu2O2 and
other spin chain materials is an interesting subject of further
investigation.
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