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To clarify the reason for the coexistence of long-range antiferromagnetic order and metallic conductivity for
NaV,0,, in which the V ions form quasi-one-dimensional zigzag chains along the b axis, we have performed
a neutron-scattering experiment using a powder sample down to 20 K. The analysis of the magnetic powder
diffractogram below 7Ty=140 K demonstrates the formation of an incommensurate spin-density-wave order
with k=(0,0.191,0); the ordered moment was estimated as (0,0,0.77ug) at 20 K.
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Itinerant antiferromagnetism (AF) in general, and for
quasi-one-dimensional systems, in particular, remains one of
the big unresolved problems in condensed-matter physics.
Since conduction electrons are naturally hindered in their
cooperative motion by the spin order,!=> the main issue is to
clarify how metallic conductivity and AF order can coincide.
In order to solve this puzzle, the AF spin structure is thus
expected to be unconventional compared to those for insu-
lating AF compounds.

The title compound is a very recent arrival among the
metallic AF systems because NaV,0, is only obtained by a
high-pressure synthesis technique.* NaV,0, belongs to the
CaFe,0,-type orthorhombic structure with space group
Pnma. Here, V,0, double-leg chains, i.e., zigzag chains
formed by a network of edge-sharing VOg4 octahedra align
along the b axis so as to make an irregular hexagonal one-
dimensional (1D) channel (see Fig. 1). Because of a mixed-
valence state of the V ions (+3.5), NaV,0, exhibits metallic
conductivity down to 40 mK while susceptibility (x) mea-
surements indicate an AF transition with Ty=140 K.* Mag-
netic anisotropy measurements using single-crystal samples
suggested that the intraleg interaction is ferromagnetic (FM)
while the interleg interaction is AF, i.e., nearest-neighbor J;
is positive and next-nearest-neighbor J, is negative.

Although theoretical treatments of the zigzag chain com-
pounds with S=1/2 and S=1 are available,>? there are, to
the authors’ knowledge, very limited investigations regarding
the ground state of a mixed-valence state.>'” Recent positive
muon-spin-relaxation/rotation (u*SR) measurements'' clari-
fied the existence of static AF order below Ty and suggested
a complex magnetic ground state based on the observation of
oscillatory signals in zero applied field (ZF). That is, the
ZF-p"SR spectrum consisted of mainly four signals below
120 K and one signal above 120 K (and up to Ty), implying
the existence of one more transition at 120 K (=Ty,). The
delay of the initial phase of the cosine function for fitting a
ZF spectrum below Ty should be (close to) zero for a simple
commensurate spin structure.'? In the NaV,0, case, nonzero
initial phases indicated a complex ground state. However,
since w"SR does not provide information on the correlation
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length of magnetic order,'? it is very difficult to determine
the AF spin structure solely by u*SR. On the other hand, for
long-range magnetic order, neutron scattering is a direct
method to detect magnetic order as magnetic Bragg peaks. In
this Rapid Communication we present data from neutron-
diffraction measurements on NaV,0,. Together with
synchrotron-radiation x-ray diffraction (SR-XRD) and
previous u*SR data, we demonstrate the formation of an
incommensurate spin-density-wave (IC-SDW) order below
Tn=140 K.

A polycrystalline sample of NaV,0, was prepared by a
solid-state reaction technique under a pressure of 6 GPa us-
ing Na,V,05 and V,05 powders as starting materials. A mix-
ture of the two powders was packed in an Au capsule, then
heated at 1300 °C for 1 h, and finally quenched to ambient
T. A powder XRD analysis showed that the samples were
single phase with an orthorhombic system of space group
Pnma at ambient T. DC-x(T) data from the present sample
reproduce the prior measurements reported in Ref. 13. The
preparation and characterization of the samples were de-
scribed in greater detail elsewhere.!® Neutron-scattering ex-
periments were performed in the 7 range between 20 and
150 K, using the HRPT (Ref. 14) to get high resolution pow-
der diffraction data as well as DMC (Ref. 15) station to
detect the magnetic diffraction peaks of SINQ at the Paul
Scherrer Institute (PSI), Switzerland. The SR-XRD measure-
ments were performed using the X04SA beamline'® of SLS
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FIG. 1. (Color online) Crystal structure of NaV,0,. The V,0,
double chains, i.e., zigzag chains are formed by a network of edge-
sharing VOg¢ octahedra align along the b axis so as to make an

irregular hexagonal 1D channel. The Na ions are located in the
center of the 1D channel.
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FIG. 2. (Color online) SR-XRD pattern at 7=150 K and fit
result by Rietveld analysis where the reliability (R) factor was mini-
mized down to 4.96%. The diffraction peaks from the V,03 phase
are also observed. However, since its mass fraction is estimated as
1.3%, the V,05 phase is eventually ignorable for the present struc-
tural and magnetic-structural analyses.

at PSI. The diffraction data were analyzed using both FULL-
PROF (Ref. 17) and RIETAN-2000.'8

Prior to the neutron experiment, we investigated the
existence/absence of structural changes at Ty. Figure 2
shows the XRD and Rietveld refinement pattern for the SR-
XRD data acquired at 150 K. We obtained a reliable fit by
Rietveld analysis using the space group of Pnma with
a=0.9173(2) nm, »=0.28909(4) nm, and ¢=1.0682(2) nm.
Further, XRD patterns were acquired as a function of
T=70-300 K and fitted using the same space group. Figure
3 shows the T dependencies of the lattice parameters, i.e., a,
b, and c, and the unit-cell volume (V). As T decreases from
300 K, all the parameters show a monotonic change down to
120 K. This clearly excludes a structural transition at 7TYy.

Figure 4(a) shows the neutron powder-diffraction (NPD)
patterns measured at 20 and 150 K. At 20 K, i.e., well below
Ty=140 K, several magnetic Bragg peaks are clearly seen
and they are indexed with the propagation vector
k=(q..q,,49.)=(0,0.191,0). This means that the AF structure
is IC to the lattice period along the b axis. As T increases
from 20 K, the square-root intensity of the 0 ¢, 0 peak
(qu o) decreases and finally disappears at 140 K(=Ty) [see
Flg 4(c)], as expected for the order parameter of the AF
transition. This is very consistent with the prior pu*SR
results.!! The qu o(T) curve (and the u*SR data) is well ex-
plained by the BCS prediction'® for an order parameter of the
SDW state [see Fig. 4(c)]. Further, it was difficult to fit the
data by a mean-field theory, i.e., I/17_q x=[(Tx=T)/Tyx]?,
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FIG. 3. (Color online) T dependences of lattice parameters and
unit-cell volume for NaV,0, obtained by Rietveld analysis. Gray
(red online) and black symbols denotes the data taken using He-
flow cryostat and liquid N, cryojet, respectively.

which implies the formation of a IC-SDW order below
Tn, as in the case of, e.g., the organic compound
(TMTSF),PF,.2°

We extracted eight possible models that agreed with both
the crystal symmetry and the propagation vector k, I'; g and
I'; i with i=1-4 (where S means SDW order and H means
helical order). We found that I'; g (with SDW order) pro-
vided the best fit to the experimental data [see Table I and
Fig. 4(b)]. That is, the magnetic moment m, at the Ith V site
is represented by

(1)

where m;=(0,0,0.77up) at 20 K. In other words, the V
moments align parallel/antiparallel to the ¢ axis but their
amplitude is modulated along the b axis with the period of
(~1/0.191=5.26) X b (see Fig. 5). It is thus found that the
interleg interaction is FM and the intraleg interaction is AF,

m;=m cos(mk - 1),
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FIG. 4. (Color online) (a) NPD patterns obtained at 20 and 150 K, and their difference. At least, four magnetic Bragg peaks are clearly
observed and they are indexed by an incommensurate propagation vector with k=(0,0.191,0). (b) Fit result for the NPD pattern obtained at
20 K using a SDW model along the b axis (I'; 5). (¢) T dependence of the normalized square root of the intensity of the magnetic Bragg peak
0 g, 0. The u*SR result (muon-spin precession frequency f,, in ZF) is also plotted for comparison; below 120 K, the second highest f,,
among the four f,’s is plotted, as it is continuous to f,, above 120 K. The solid line in (c) represents the T dependence of the BCS gap energy.
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TABLE I. Bragg- and magnetic-R factors (Rg and R,,) for the
eight possible I' models for the Neutron data. The fit using I'5 g
yields the lowest Rg and R, (shown in bold) among them. The fit
was performed by the program FULLPROF (Ref. 17).

Model Ry R,

Iys 2.75 39.98
Iy 2.33 19.19
I 1.79 10.76
Ty 1.80 17.47
Iy 2.79 90.60
oy 2.33 17.78
Iin 243 39.25
Cyn 2.51 82.93

contrary to prediction from magnetization measurements of
single-crystal samples.* Such prediction was, however,
solely based on the typical AF behavior in the x(7) curve
at Ty, the positive paramagnetic Curie temperature
(0,=118 K), and the absence of a FM loop in the M(H)
curve obtained with both Hllb and H L b, together with the
metallic conductivity along the b axis. Note that the I';g
magnetic structure is against to the magnetic anisotropy of
the single crystal measured at H=50 kOe.* However, the
easy magnetization axis of the low-dimensional system is
known to change with applied H.2! Thus, although the mag-
netic anisotropy was reported only at H=50 kOe for
NaV,0,, it is speculated that the easy magnetization axis is
not the b axis but the ¢ axis at low H and/or ZF. This is a
reasonable explanation both for the proposed SDW structure
and magnetic anisotropy of NaV,0,.

From a recent w"SR study, it is suggested that either a
small spatial displacement of O~ ions or a spin reorientation
transition occurs at Tx,=120 K.'! However, there is no in-
dication of a spin reorientation transition in the magnetic
neutron scattering [see Fig. 4(c)]. Therefore, combining with
the structural analysis of the XRD data, we conclude that the
drastic change in the w*SR signal at Ty, is induced by a
small spatial displacement of O? ions. Such displacement
naturally leads to the change in the u* sites and the number
of muon-spin precession frequencies.?

Among several theoretical work on the 1D S=1/2 (or 1)
Heisenberg system with competing J;(<0) and J,(>0), to
our knowledge, the presence of an SDW phase is predicted
only when the effect of an external magnetic field is consid-
ered as®

H=d, 20881+ 81 S0 - HY 5] (2)
1 1 I

Here, s;1s a S=1/2 operator on the site / and H is an external
magnetic field, which partially polarizes spins along the x
direction perpendicular to the exchange pathway of J; and
J,. In the case that J,/J,=-1, i.e., FM J| is stronger than AF
J,, the SDW phase appears in two separated regions defined
by two parameters, namely, J,/J, and H/J,. Here, it is con-
sidered that the condition J;/J,=-1 is satisfied for NaV,0,
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FIG. 5. (Color online) Magnetic structure of NaV,0, at 20 K.
Small (red) and large (blue) circles correspond to V ions at different
sites (V; and V,). Arrows indicate the direction and magnitude of
the V moment. Na and O atoms are not shown for clarity. The
average value of the ordered magnetic moment is estimated as
0.49uy/V by integration of Eq. (1) in the whole lattices, although
the effective magnetic moment (o) Wwas reported as
1.99-2.70up/V (Ref. 4).

because |J,| is stronger than |J,| due to the large positive
value @1, of DC-y measurement. The SDW phase, however,
never appears at H=0 but locates in the H range with
H/J,=0.03, meaning that the SDW order is only stabilized
by H. This is most likely to be applicable to the insulating
1D §=1/2 system, such as LiCuVO,,?® but very different
from the present result. In particular, although s, is essential
to form the SDW order in the above model, there is no x
component of the spin-density wave for NaV,0, by neutron
measurements.

For the ground state of the V,0, zigzag chain in a mixed-
valence state, on the other hand, past theoretical work®'? has
concentrated the effort to explain the formation of a spin-gap
state due to charge ordering (CO) of hollandite-type com-
pounds, Bi, VO, (Ref. 24) and K,V¢0,.2° The obtained AF
magnetic structure is naturally commensurate to the CO in-
sulator lattice and, as a result, is not applicable for NaV,0.
Consequently, we need a different theoretical approach on a
1D metallic system as a function of electron filling from
S=1/2 to 1 in order to fully understand the magnetic nature
of NaV,0,. Consequently, it is very significant to study the
change in the AF (SDW) structure with the substitution for
Na by Ca in NaV,0y, i.e., Na;_,Ca,V,0,, by neutron scat-
tering, since a static magnetic order state was found by w*SR
in the x range between ~0.78 and 1.!! Although the available
x range is limited, such neutron experiments will provide
crucial information for a novel theoretical approach and to
predict the phase diagram of Na,_,Ca,V,0,. Part of such
work has at present already been initiated.

In conclusion, we demonstrate the formation of an IC-
SDW order in NaV,0, below Ty=140 K by means of neu-
tron scattering. Since the modulation period is 5.26 along the
b axis (along the zigzag chain), this compound is thought to
be a rare case where a 1D system exhibits a metallic AF
nature. Furthermore, a precise structural analysis of the x-ray
diffraction data obtained at a synchrotron-radiation source
clarified the occurrence of slight distortion of the VOq octa-

100410-3



NOZAKI et al.

hedron at T,. This is consistent with the appearance of the
four signals in the previously obtained ZF-u*SR spectrum
below 120 K.
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spallation neutron source SINQ and the Swiss Light Source,
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