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We report susceptibility, specific heat, and neutron diffraction measurements op®a@tspin-1/2 chain
compound isostructural to LiGD,, 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,Li@u
contrast to the Li analog, substitutional disorder is negligible in N&@GuWe 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-sostructural to LiCyO,. However, since Nais much larger
dimensional spin-1/2 quantum antiferromagnets. In particuthan C@*, substitutional disorder i priori unlikely in
lar, copper oxides with magnetic backbones comprised oNaCy0O,. Chemical analysis and neutron diffraction data
chains of CuQ squares have been shown to exhibit quasi-confirm that the Na-Cu intersubstitution is negligible in our
one-dimensional behavior. Two classes of copper oxide spiNaCyO, samples. Below a Néel temperatigof 12 K, we
chain materials are known. Compounds in which adjacentind an incommensurate helix state similar to that in
squares share their corners are excellent realizations of tHeCu,O,. This state is thus the ground state of a spin chain
one-dimensional1D) spin-1/2 Heisenberg Hamiltonidn®  system without impurities. The incommensurability along
Linear Cu—O—Cu bonds along the spin chains give rise to #he chain axis is such that the magnetic unit cell is nearly
large antiferromagnetic nearest-neighbor exchange couplinguadrupled with respect to the chemical cell. Together with
In compounds built up of edge-sharing squares, on the othen analysis of the susceptibility data, this indicates that an
hand, the Cu—O-Cu bond angle is nearly 90°, so that thantiferromagnetic next-nearest-neighbor interaction along
nearest-neighbor coupling is more than an order of magnithe spin chain is the dominant exchange interaction in
tude smallef. Because of the anomalously small nearest-NaCuO,. This disagrees with the spin Hamiltonian pro-
neighbor coupling, longer-range frustrating exchange interposed for LiCyO,, but agrees with arguments presented in
actions have a pronounced influence on the physicaRef. 12. Each copper oxide chain thus contains two interpen-
properties of these materials. Edge-sharing copper oxidestrating, but nearly independent 1D spin systems. A model
thus provide uniquely simple model systems to test currentvith longer-range exchange interactions provides a quantita-
theories of spin correlations in frustrated quantum magnetstive description of the ground state and paramagnetic suscep-

At low temperatures, the ground state of edge-sharingibility of this spin-1/2 system.
copper oxides is either a three-dimensio(g)-ordered Microcrystalline powder samples of Nagld, were syn-
antiferromagnét” or a spin-Peierls stafe,depending on thesized as described elsewh&e> Powder x-ray diffrac-
whether interchain exchange interactions or spin-phonon intion patterns for initial characterization were collected with a
teractions are dominant. In the former case, the magnetiStoe STADI-P diffractometer using Cudd and Mo Kal ra-
order is almost always collinear. An interesting exceptiondiation. No impurity phases were detected, except small
was recently discovered in LiGD,,%*? which undergoes a traces of CuO and GO. The single crystals were grown by
transition to a magnetic helix state at low temperaturesthe self-flux method, as described previou$lfhe crystals
While such a state is expected for classical spin models withave a platelet shape with typical sizes ok 3 mn? and
frustrating interactions, quantum models predict a gappethickness of up to 10@&m. X-ray diffraction from single
spin liquid state in the range of exchange parameters that wasystals ground to powder showed no sign of impurity phases
claimed to describe the spin system in LyOy. Since the  within the resolution limit. In addition, no platinum impuri-
ionic radii of Li* and C@#"* are similar, chemical disorder was ties were detected in our crystals by inductively coupled
identified as a possible solution to this puzzle. Indeed, gplasma atomic emission spectroscap@P-AES measure-
chemical analysis of the sample used in the neutron scattements. Finally, we have used ICP-AES to establish the
ing study of Ref. 11 showed that about 16% of th¢'Qans  chemical composition of our crystals as
in the spin chains were replaced by nonmagneticittipu- — Nay o:0.0£ U 00:0.00y- The Na:Cu ratio is thus identical to
rities. Since even much lower concentrations of nonmagnetithe ideal stoichiometry within the experimental error. This
impurities are found to induce magnetic long-range order irshould be compared to the samples studied in Ref. 11 whose
other quasi-one-dimensional spin-gap systems, the authors ohemical composition was quoted as Ld{Cu; 05 o1.
Ref. 11 speculated that that the highly disordered lattice For the neutron diffraction measurements, a powder
structure of LiCyO, might play a significant part in driving sample of weight~5 g was fitted into a cylindrical vana-
helical ordering in this system. dium container and loaded in a standard helium-flow cry-

Here we report magnetic susceptibility, specific heat, anastat. High-resolution diffraction patterns were collected at
neutron diffraction data on NaG0,, a Mott insulator that is 3.5, 23, and 300 K on the two-circle powder diffractometer
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FIG. 1. (Color onling (a) Crystal structure,
s BT and(b) proposed magnetic structure of NgQy.
-r : In panel(b), the most important magnetic inter-
actions within a chain pair are sketched.

(a) (b)

D2B at the Institut Laue-Langevin, Grenoble. A wavelengthand C@*, and it confirms the results of the chemical analysis
A=1.5946 A was selected by a [885] monochromator. The above. In contrast to LiGKD,, substitutional disorder on the
diaphragms were set to 70/70 and the collimations tacopper oxide chains is therefore negligible in NaGu
10'-10'-10' before the monochromator, between the mono- Figure 2 shows the uniform magnetic susceptibility of a
chromator and sample, and between the sample and detectdlaCuO, powder as a function of temperature. The main
respectively. Complementary neutron diffraction data werdeature of the curve is a broad maximum at 52 K, which is
taken on the high-flux powder diffractometer D20 using acharacteristic of low-dimensional spin systems and indicates
wavelengthrn=2.4 A. The diaphragms were set to 70/10.a crossover to a state with antiferromagnetic short-range or-
Measurements of the magnetic susceptibility and the heater. A Curie-Weiss fit of the high-temperature susceptibility
capacity were carried out on powder samples as well as ofor 200< T<300 K yields a negative Curie-Weiss tempera-
single crystals. The powder measurements were taken ontare of ®,=-62 K, indicating predominant antiferromag-
sample of total mass of 115 mg in a superconducting quanaetic interactions. Because of the intrinsic 1D nature of our
tum interference devicéSQUID) magnetometeMPMS,

. 0.003
Quantum Design
A Rietveld analysis of the diffraction pattern at room tem- -
perature confirms that NagD, has an orthorhombic crystal Eoooz 1
structure (space groupPnmag with lattice parameters “c
a=6.2087 A,b=2.9343 A andc=13.0548 A, in agreement R
with an x-ray investigation of small single crystals. A picto- ®
rial representation of the lattice structure is shown in Fig. 1. 0.001 Al .
The unit cell of NaCyO, contains four magnetic Gtiions L (107 em’fmob) |
belonging to two pairs of copper oxide chains running along 0010 TR0 | . |
b. The Cu-O-Cu bond angle is 92.9°. The chains are sepa- % 100 T(ég)o 300

rated from each other in thedirection by rows of nonmag-
Rﬁgccr?;nlgr\]/\?i'ﬂ?iﬂdolr?eth:rdgfecgﬁ?ﬁgﬁ Ir\leélalt(i)\?e&tc?lgcehth?h . FIG. 2. (Color onling Temperature dependence of the static

. P . . ach o emagne’[ic susceptibility of a powder sample of NaOslin a mag-
by half a unit cell alond, each pair can also be viewed as a

: . . i ; netic fieldB=0.1 T (open circles The thick red line is the result of
7 +
single zigzag chaif! The nearest-neighbor €uCw?* dis- a fit to the helix model described in the text, whereas the blue line

tances between different chain pairs are considerably |arggotgashed, mostly hidden by the red piwthe (exac) suscepti-
than those within a pair. It is thus reasonable to expect thajjity of the 1D-Heisenberg chaifd,=85K) (Ref. 18. For compari-
the system is magnetically one dimensional. son, the green line represents the result of a fit to a simhlds

In order to check for a possible Na-Cu intersubstitution,helix model(see text The inset shows the actually measured data,
we have refined the occupancies of Na and Cu sites in thRom which a Curie contributionyc,=0.0105/T has been sub-
Rietveld analysis of the neutron diffraction data and obtainedracted to obtain the data presented in the main panel. Note that the
full occupancy of both positions within an error of 2%. This Curie tail is very weak, providing testimony to the high quality of
finding is expected, based on the different ionic radii of Na the sample.
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FIG. 3. Single-crystal data for NagD, as a function of tem- FIG. 4. Difference of neutron diffraction data collected at 2 and

perature.(a) Susceptibility taken with a magnetic field of 0.1 T 20 K (open circles The extra reflections at low temperature are all
applied along the principal crystallographic axés. Specific heat  of magnetic origin. The solid line is a fit to a spiral model in the
for two applied magnetic fields: 0 Topen circley and 9 T (full plane with propagation vectd©.5,£,0) with /=0.227. The tem-
circles. The inset extends the temperature range. perature dependence of tt6.5,£,1) reflection is plotted in the
inset together with a fit of the intensity to a power law.
system, we have fitted the susceptibility curve to the exact
solution of theS=1/2 Heisenberg chain with a single anti- propagation vecto(0.5,;,0) with {=0.227, which corre-
ferromagnetic interactiod,,'® resulting from the dominant sponds to a pitch anglé,=81.7° along thé axis. Since an
Cu-O-O-Cu exchange path. We added a diamagnetic contrgmplitude modulation of the copper spin is not expected in a
bution from the closed atomic shells, which we estimate ag/ott insu|ating state, the intensities were Compared to mod-
-52x10° cm?/mol from Pascal's increment8. The fit  els in which the spins form a helicoidal state with identical
yields J,=85 K (kg=1) andg=2.07, and the result is shown amplitude on every Cii site, analogous to that observed in
in Fig. 2. Our susceptibility data are thus in good quantitative_iCu,0,. An excellent refinement of the peak intensities
agreementexcept for small deviationsvith a model includ-  (solid line in Fig. 4 was obtained by assuming a helix po-
ing a single antiferromagnetic interaction parameter alongarized in theab plane(Fig. 1), similar to LiCu0,.112°The
the spin chaingFig. 2), supporting the view of a single chain ordered moment per Gt ion at base temperature is
as two interpenetrating, weakly coupled,-Heisenberg 0.564)ug.
chains. Since the observed helical spin structure of Ng@ucan-
The low-temperature susceptibility and specific heat dat@ot be accounted for within a simple nearest-neighbor
plotted in Fig. 3 indicate two magnetic phase transitions aHejsenberg model, we reanalyzed the paramagnetic suscep-
12 and 8 K. Both transition temperatures are much smalleﬁbi"ty in terms of a spin Hamiltonian with longer-ranged
than J,, as expected based on the quasi-one-dimensionalititeractionsJy. Such additional couplings are expected for
of the magnetic lattice. The temperature-dependent susceptry-0-0O-Cu bridges in edge-sharing copper chaie con-
bility of a single-crystal sample in the three crystallographicsjder magnetic couplings up to a distante4b. Whereas
directions is plotted in Fig. @). The susceptibility in thé  couplingsJ,-, are always antiferromagnetid, can be either
direction, x, is not strongly affected by the 12-K transition, ferromagnetic or antiferromagnetic depending on the
while x, andx. are suppressed. Below the 8-K transition, oncy—O-Cu bond angteThe classical ground state of this

the other handy, and x,, exhibit an upturn, reflecting the model is a helix whose pitch angle, is given by the
role of anisotropic interactions. The specific heat anomaly agxpression

the 8-K transition is weaker and obliterated by a modest
magnetic field of 9 TFig. 3(b)], whereas the 12-K transition J;—3J;
is more robust. Taken together, these data suggest that the COS¢hp = = 4(3,-33,)°
8-K transition arises from spin canting. A similar canting
transition has been observed in,CuO,.” which is valid as long a$ly|, |34, and|J,| are significantly
These data indicate that the magnetic ground state is mosamaller than |J,|. Using a finite temperature Lanczos
complex than suggested by the initial analysis of the paratechnique’* we have calculated the temperature-dependent
magnetic susceptibility. In order to determine the spin consusceptibility on chains of lengtN=24 for models where
figuration in the ground state, neutron powder diffractioncondition(1) is fulfilled, using the angles,=82° obtained in
data were taken on the high-flux powder diffractometer D20the analysis of the neutron scattering data. An excellent fit
The results are shown in Fig. 4. Several additional Bragdred line in Fig. 2 is obtained for the entire temperature
reflections are observed below 12 K at low scattering anglesange from just abov@y up to 330 K, with the parameters
Since no high-angle counterparts of these reflections are ol3,=-16.4 K,J,=90 K, J;=7.2 K, and];=6.3 K. Theg fac-
served, and the intensities vanish at the magnetic orderingr, g=2.14, is typical for C&" in square-planar geometry.
temperaturdinset in Fig. 4, these reflections can be identi- The fact that the antiferromagnetic interactibyris by far the
fied as magnetic. They can be indexed based on the magnetargest parameter in the spin Hamiltonian explains the sur-

1)
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prisingly good fit obtained by the nearest-neighbor model In view of our work on a clean, isostructural compound
discussed above. The longer-range couplinigsJ, are  and the theoretical work of Ref. 4, the exchange parameters
small, as expected, yet they are essential in this contex@f LiCu,O, should be reexamined. Because of the smaller
since fits attempted withl;=J,=0 (J;/J,=-0.52, which Cu—-O-Cu bond angle, the magnitude of the nearest-neighbor
yields the experimental pitch angle, green line in Figage ~ coupling in the spin Hamiltonian for LiGO, is expected to
in significantly poorer agreement with the experimental databe larger than that of NaG@, but the next-nearest-
We have thus determined the magnetic ground state dieighbor coupling should be comparabieln agreement
NaCwO,, a spin-1/2 chain compound without significant with Ref. 12, we conclude that a scenario in which an anti-
substitutional disorder, as a magnetic helix with a substantidf'fomagnetic interchain interaction of magnitugle-70 K
ordered moment of 0.56,. This rules out that the ground significantly exceeds all of the relevant intrachain
56 ; ] ;
state is significantly influenced by impurities as proposed idnteractloné appears very unlikely.

. o - ) In conclusion, the magnetic helix state and paramagnetic
Ref. 11 for LICy0O,, where a helix with a similar propaga usceptibility of NaCyO, are in good quantitative agree-

Eon vlector watgfobserved. Ihe splhn Hamiltonian is %%mlénate%em with the predictions of a model including longer-range
y a 1arge antiterromagnetic exchange .paraméger ' xchange interactions. An open question concerns our use of
which can be identified as the interaction between secondye classical expressidfl) for the pitch angle. Some theo-
nearest neighbors along the spin chains. The dominance Qktical work suggests that the pitch angle for quantum mod-
the J, coupling may at first seem surprising, but it can begs geyiates substantially from this expressidtiowever,
understood as a consequence of the structural geometry ghe has to keep in mind that the magnitude of the ordered
NaCu.0,, whose Cu—-O-Cu bond angle, 92.9°, is very closenoment per magnetic copper site is Q&6somewhat larger

to the critical angle of~94° at which the nearest-neighbor han, the values typically observed in 1D systén@uantum
interaction is expected to change sfghlence, the nearest- ;eo-point fluctuations thus appear to be significantly sup-
neighbor couplingl, is small. The magnitude @k is in very  pressed in the ordered state. Large ordered moments were
good agreement with theoretical calculations for edgeyisg opserved in other corner-sharing copper oxide spin
sharing copper oxide Ehams with Cu-O bond parameters dgnain compounds, and were ascribed to large exchange
termined for NaCyO,." This agreement is significant, be- apjisotropies. A quantitative understanding of the interplay
cause the prediction is largely insensitive to the bond anglgeqyeen spin anisotropies and frustration in NgGuand

and hence quite robust, and because direct measurementsgfier spin chain materials is an interesting subject of further
this parameter in other copper oxide spin chains yield COMjyestigation.

parable results. The inclusion of a small interchain interac-

tion within a chain paifJ’ in Fig. 1(b)] marginally affects We would like to thank A. Ivanov, G. J. Mcintyre, T.
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