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Abstract

In this work, we report on low-temperature x-ray diffraction, electron-
spin-resonance and magnetic-susceptibility measurements performed on
n-Naj 286 V20s. We show that the low-temperature structure of this compound
differs from that at room temperature mainly by the doubling of the unit cell in
the b direction. The magnetic measurements give evidence for the opening of
a spin gap which we discuss in conjunction with the low-temperature structure
of this compound.

1. Introduction

During the last decade, a variety of vanadium oxides have been recognized as low-dimensional
quantum spin systems with remarkable magnetic properties. In this context, the sodium—
vanadium—oxygen phase diagram has been the subject of intense research. In particular, the
detailed study of the V#*-rich zone of this diagram has led to the structural characterization of
the vanadium oxide bronze 1n-Naj 236 V205 [1, 2] (also denoted by the stoichiometric formula
NagV1403s). Isobe ef al [2] reported a spin-gap behaviour for this compound, but mentioned
that its magnetic susceptibility curve could not be fitted by theoretical equations for spin-gap
systems, and suggested that this compound could be a new type of low-dimensional system.
The structure of 1n-Naj 236 V2Os5 (space group P2/c) is built up of layers consisting of VOs
square pyramids sharing edges and corners with their apical oxygens pointing up and down
alternately to form double strings in the [100] direction. These double strings are isolated in the
[001] direction via VO tetrahedra and have a stair-like shape with a step every ten VOs square
pyramids. Whangbo and Koo [3] proposed a tentative explanation for the spin-gap behaviour
in terms of a fused chain of 10-node rings, using a spin-dimer analysis. However, recently,
new superstructure reflections were observed below 7. = 100 K at the reduced wavevector
q. = (0, %, 0) indicating the occurrence of a structural phase transition [4]. In the light of
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these findings, we have decided to re-examine the low-temperature behaviour of this compound.
Here, we present the first results obtained on the low-temperature structure of 7-Naj 286 V205
as determined from x-ray scattering data acquired at 15 K, as well as complementary magnetic
susceptibility and electron spin resonance (ESR) measurements.

2. Single crystal x-ray diffraction study

The x-ray diffraction data were collected with an Xcalibur CCD diffractometer (Oxford
Diffraction; 2001) using graphite monochromated Mo Ko (1 = 0.71073 A) radiation. The
temperature was controlled using a helium gas cryostream cooler (Helijet Oxford Cryosystems;
2001). A needle-like single crystal with dimensions of 0.890 mm x 0.140 mm x 0.118 mm
was selected for the measurement. As the additional reflections were very weak in comparison
with the main ones, the determination of the lattice parameters at 15 K from a peak search
over the measured raw images (standard diffractometer software Crysalis RED [5]) led to the
monoclinic lattice a = 15.2006(8) A, b = 5.0001(3) A, ¢ = 20.776(1) A, B = 109.128(6)".
This is commonly noted as the basic-structure unit-cell since only the main reflections are
used. In fact, the presence of additional reflections at £g. results in the doubling of the
unit cell in the b direction. The raw frames were reduced to Bragg intensities using the
standard diffractometer software Crysalis RED [5]. The integrated intensities were corrected
for Lorentz and polarization effects. Absorption was corrected analytically using the crystal
shape and the indices of the faces determined by the program Movie [5]. The systematic
absences of the main reflections are still consistent with the space group P2/c. Using the
4227 main reflections (3626 observed ones with I > 30 (1)), the basic structure refined in
P2/c gave a good fit to the data with the final reliability factors R(obs/all) = 0.0387/0.0438
and wR(obs/all) = 0.0728/0.0775. The average structure obtained was quite similar to the
model determined at room temperature [1, 2], except for the atomic displacement parameters
which were in accordance with low-temperature measurements. The V atoms at the site V7,
which is located at the corner of the double string, exhibited however the most anisotropic
displacement parameters with U??> > 5U'! and U** > 2.5U%. It is interesting to note that
the vanadium on this site was in the partial oxidation state V#>* at room temperature. The
O atoms at the oxygen apical site O7 showed very anisotropic displacement parameters with
U? > 1.75U'"" and U?? > 2U3 as well.

The additional reflections do not introduce other systematic absences. The space group
of the superstructure on the corresponding a x 2b x c¢ supercell is then the same as at room
temperature, namely P2/c. However, the translational symmetry of the blattice spacing, which
kept the crystal invariant at room temperature, is no longer a symmetry at low temperature.
The structural phase transition of the n-Naj 236 V20O5 compound is therefore characterized by
a symmetry breaking, which is typical of a second-order transition. Direct refinement of the
superstructure failed, because the parameters appeared to be too severely correlated. The
solution to this problem is provided by the superspace description of the structure [6, 7]. Thus
all the reflections observed on the collected frames were indexed with four integers hklm
according to the four-dimensional base [6, 7]

H = ha" +kb* +I1c" + mq (1)

where a*, b*, ¢* are the reciprocal axes of the basic structure and q (¢ = q.) is the modulation
vector. Main reflections have m = 0. Analysis of the data using the four-integer indexing
system shows that there are 5175 observed reflections (3626 main ones, and 1549 satellites
(Jm| = 1) with I > 30 (1)).
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The atomic positions x;* in a one-dimensionally modulated structure are given as the sum
of an average position and a shift:

xi“ = )?l“ +uf‘(i4) 2)
=L+ 3)
Xy =th+q-x (4)

where X/ (i = x, y, z) are the coordinates of an atom  in the average structure, L; are integers
and i?“ the average position within the unit cell. The components of the modulation function
of atom p are u!'(X4) with u!' (X4 + 1) = ul'(Xs). X4 = fo + q - @ is the fourth superspace
coordinate with starting phase #y. Because of the commensurateness, the modulation functions
are written as a finite Fourier expansion. Only the first-order harmonics were included in the
refinement:

ut' (X4) = A; sin(2mxs) + B; cos(2mw xs). 5)

The symmetry of the modulated structure is described by the superspace group
P2/c(080)00 [7, 8]. The average model was used as a starting point for the refinement of the
modulated structure. The modulation was determined by the refinement of all independent
modulation amplitudes against the intensities of the main reflections and first-order satellites
using the program Jana2000 [9]. The value of the starting phase #p defining the symmetry of the
superstructure [10] has to be determined from the refinement. The best solution was obtained
with #y equal to % and with a simple harmonic displacement of all atoms. Thus the centres
of symmetry located on (000) and (0%0) are lost in the supercell, and only those located on
(0%0) and (0%0) remain. Only the components of the amplitude of the sine term were refined.
The final refinement converged to R = 0.0451 for all observed reflections (R = 0.0395 for
the main reflections and R = 0.1178 for the satellite reflections).

Our refinement shows that V atoms at the site V7 and the corresponding apical oxygen
O7 are the most displaced from their average position. Two Na atoms also contribute to the
intensity of the satellite reflections, namely, the Nal and Na5 sites, which are close to the
V7 site. The other atoms remain almost fixed. The modulations mainly occur along the
[010] direction, indicating the longitudinal mode of displacements. The two positions (noted
a and b) resulting from the modulations of these atoms in the corresponding a x 2b x ¢
supercell are reported in table 1. The positions of the oxygen ions coordinated to V7 are also
given.

The model obtained leads to V7—O7 bonds unchanged with respect to room temperature.
This means that V7 and O7 move in phase along the [010] direction. On the other hand, as the
other oxygen atoms are almost not displaced from their average position, two types of V-O basal
plane pyramid changes in the first coordination sphere of V7 can be observed: an expansion
(for V7a) and a contraction (for V7b). As the formal valence of V#>* was assigned to the V7
site at room temperature, we attribute the formal valence state V** to the expanded pyramid,
and the oxidation state V>* to the contracted pyramid. This hypothesis was confirmed with the
calculation of the valences of V sites using the bond-valence method [11]. The existence of two
kinds of V7 sites results in an alternating charge ordering with the sequence 4+, 5+, 4+, 5+, .. .,
along the b axis and in a peculiar charge ordering along the infinite double strings in the (a,
c) planes. Indeed, on the ten VOs square pyramids along the double strings in the stair-like
shape, nine V cations are in the oxidation state V* and one, which is located at the corner of
the double string, is in the V>* state (figure 1).

As mentioned earlier, the modulations are not restricted only to the V7 and O7 atom sites.
The Naatoms close to the V7 atoms, i.e. the Nal and Na5 sites, are also displaced along the [010]
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Figure 1. A projection of the 7 = 15 K 1-Naj 236 V2Os structure onto (010). The oxidation state
(4+ or 5+) of each vanadium atom along the double strings is indicated. The dashed line is the unit

cell.

(This figure is in colour only in the electronic version)

Table 1. Positions resulting from the modulations of the most displaced atoms in the supercell.

Atom  x y Z Ueq (AZ)
Via 0.906 14(4) 0.684 33(5) 0.476 87(3) 0.004 68(17)
V7b 0.908 03(4) 0.19647(5) 0.478 69(3) 0.00498(17)
Nala O 0.45095(17)  0.75 0.007 0(6)
Nalb 0 0.94747(17)  0.75 0.007 5(6)
NaSa  0.86891(10)  0.43022(13)  0.57919(7) 0.008 9(4)
NaSb  0.87123(9) 0.92446(13)  0.57775(7) 0.007 5(4)
O7a 0.900 13(15)  0.526 1(2) 0.48761(11)  0.0063(4)
O7b 0.90465(16)  0.0387(2) 0.48997(12)  0.0099(5)
Ol4a 0.16219(15) 0.2675(2) 0.61703(11)  0.0064(4)
O14b  0.16230(15)  0.7665(2) 0.61617(11)  0.0062(4)
Ol17a  0.79738(15) 0.7642(2) 0.49095(11)  0.0059(4)
O17b  0.79908(15)  0.2639(2) 0.49044(11)  0.0056(4)
O18a  0.01173(14) 0.2649(2) 0.94324(11)  0.0067(4)
O18b  0.00509(14)  0.766 6(2) 0.94216(11)  0.0062(4)

direction with respect to their average position. However, their displacements are smaller than
the ones observed for V7 and O7 (b x Ay(Nal) >~ +0.075(1) A,bx Ay(NaS) ~ £0.150(1) A,

b x Ay(V7/07) ~ +0.300(1) A).

These results show that the low-temperature phase of Naj36V20Os is characterized by
a three-dimensional ordering of the V#/V>* atoms on the V7 site, which corresponds to a
charge ordering. The Na atoms, which ensure the balance of charges, are sensitive to this

charge ordering.
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Figure 2. The temperature dependence of the susceptibility of 17-Naj 236V20s5 as deduced from
the double integration of the ESR signal.

3. Magnetic-susceptibility and electron-spin-resonance measurements

We have measured the magnetic susceptibility of 17-Naj 236 V205 in a field of 1 T, between 1.8
and 330 K, using a Quantum Design SQUID magnetometer. The obtained susceptibility
curve (not shown here) is similar to that reported by Isobe et al [2] in that it shows, in
particular, a spin-gap behaviour at low temperature and a small kink, just above 100 K,
which we attribute to the structural phase transition discussed above. In addition, we have
performed an ESR spectroscopy study on this compound, between 4.2 and 330 K, using a
Bruker EMX spectrometer operating in the X-band (v = 9.635 GHz). We here show in
figure 2 the susceptibility of n-Naj 236 V205 as deduced from the double integration of the ESR
signal.

The temperature dependence of the spin susceptibility deduced from the ESR spectra is
similar to that directly measured by the SQUID magnetometer. In the light of the structural
data discussed above, the origin of the spin-gap behaviour may now be attributed to the fact
that the magnetic unit cell contains, below 100 K, 18 spins instead of 9 as was the case at room
temperature, due to the doubling of the b lattice parameter. A detailed study (which will be
reported elsewhere) of the measured susceptibility has allowed us to suggest that the gap value
is around 35 K.

4. Conclusion

From x-ray diffraction measurements performed at 15 K on single crystals of n-Naj 236V2Os,
we report on the low-temperature structure of this compound and show that it differs from that
at room temperature mainly by the doubling of the b lattice parameter. Magnetic-susceptibility
and ESR measurements give evidence for a spin-gap behaviour, which we discuss in association
with the low-temperature structure of this compound.
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