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Neutron and X-ray diffraction experiments have shown that P&
consists of zig-zag V chains of average valence 4.5 rather than a charge
ordered state at room temperature. Both these experiments revealed super-
lattice reflections below the phase transition temperafygge= 34 K. The
modulation below Epis due to displacements predominantly of V atoms

for which we propose a mode® 1998 Elsevier Science Ltd. All rights
reserved

Since the discovery of high temperature superconductivijowever, for Na\tOs 2A/kg Tsp = 6.44 which is almost

in doped antiferromagnetic cuprate materials there hdsuble the value of 3.53 expected from a BCS-type
been a renewed interest in low-dimensional quantutheory in the weak coupling limit. All other known
antiferromagnets. A linea® = 1/2 chain with antiferro- organic and inorganic spin-Peierls systems have
magnetic interaction along the chain interacting with th2A/kgTsp close to the expected BCS value. According
three-dimensional phonons can lead to a spin-Peietts [9] NaV,Os crystallizes in the non-centrosymmetric
(SP) phase transition. A dimerization of the spin chaiarthorhombic space grolR2;mnwith lattice parameters
below the transition temperatur@sp leads to the a=11318%0.005, b=3.611x*0.002, c=4.979*
formation of a non-magnetic singlet ground state [1-30.003 A at room temperature. The non-centrosymmetric
The transition is called a spin-Peierls transition becaustucture allows two independent V atoms in the unit cell.
it is the magnetic analog of the Peierls transition iifhis led to the belief [6—9] that the crystal structure
quasi-one-dimensional conductors. The SP transitimontains V" (S= 1/2)-chains along the-axis, in which
was initially observed only in a few organic compoundspins are antiferromagnetically coupled. These chains are
[4]. The discovery of a SP-state in the inorganiseparated from each other by non-magneti¢-vhains,
compound CuGe® [5] has renewed strong interestwhich results in a quasi-one-dimensional behaviour
in this phenomenon. Recently Isobe and Ueda [@Jong the \*" chains. To our knowledge there exists no
discovered a new inorganic spin-Peierls system d&V experimental evidence of such a charge-ordered state
Magnetic susceptibility measurements on both polywhich is on the contrary incompatible with the recent
crystalline samples [6] and single crystals [7Raman scattering experiments [10]. In this letter we
have shown that a spin gap opens beldys =~ 34 K show that Na\Os is not a conventional spin-Peierls
and Raman scattering measurements [7] imply system withS= 1/2 linear chains but consists of zig-zag
crystallographic distortion belowWsp. Low-temperature chains of V atoms with average valence of 4.5 abbye
X-ray diffraction measurements [8] on single crystal8ased on our neutron and synchrotron X-ray diffraction
showed superlattice reflections with a lattice modulatiotiata belowl spwe propose a model for the low temperature
vectork = (4, 1, ). Also inelastic neutron scattering [8]structure of Na\Os.

from a powder sample showed an energy gap of Single crystals of NayOs were grown by a self-flux
A = 9.8 meV at a scattering vect@ = 1.0 A~* corre- method. A single crystal of dimensions of about
sponding to the reciprocal lattice point,%l,O). Thus 63X 0.6 X 0.1 mm® was mounted inside the 4-circle
NaV,05 seems to be a spin-Peierls compound with theryostat of the diffractometer D10 of the Institut Laue-
highest critical temperature so far knoWwip = 34 K. Langevin. We measured the intensities of kéandhk-I
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reflections at 295 K yieldigg 346 unique reflections at a - T T T T
neutron wavelength of 1.26.Aeast-squares refinements asok NaV, o, T=50KJ
of the structure models against these data and also roo L Q = 3/2,1/2,11/4
temperature X-ray diffraction data obtained from labora- [
tory X-ray diffractometer were performed in both the Bl ]
centrosymmetricBmmn and the non-centrosymmetric T
(P2;mn) space groups. A comparison of the results of 3sof 1 1
these two refinements led us to conclude that the actu: 1
space group of Na)Os is the centrosymmetri®mmn 300 | ]
Details of the structural analysis will be published [ Tf
elsewhere [11]. There is thus only one symmetry ¢ 2 . 1 {
independent V atom in the unit cell and to describe the € 239 5 I }‘{E—‘ ]
structure as having magnetic*V chains separated by [ #‘h‘ i I "H%"}
non-magnetic V'-chains along theb axis is not £ 200F + 1
correct, at least not at room temperature. Instead on « - . : s R
should consider zig-zag chains of crystallographically § Sl 1 :
indistinguishable V ions with an average valence of 4.5 § ' ﬁl T =300 K
Thus V atoms in NayOs are most probably in an ¢ 300 1l \f -
insulating mixed-valent state at room temperature. We 2 i ff
detected superlattice reflections beloWsp =~ 34 K 2 ss0f I {T rr-f/ L {r 1 { ]
. . b7 i ® L Tf.

corresponding to the cell doubling aloregand b and [ -T-{A—rh{?bﬁ ol
guadrupling alongc. We measured the intensities of [ I TIJ- TI i
several main and superlattice reflections at 5K by ~ 2°°p ¢ ]
using a neutron wavelength of 2.36 Ahe superlattice 300 T =400 K 1
reflections are very weak being of the order of about*10 1 r

. h ) - T T
of the main reflections. Figure 1 shows scans of3Het! x5 b ”T{ 0ol II ? ¥ i 1
superlattice reflection measured by neutrons at sever: F o ” eataal I. “il.e?
temperatures. The intensity of this reflection increase: IS i.'.l'—fft T lzrr lffﬁ
continuously belowTsp~ 34 K and saturates at low 200 f { ISR i ]
temperatures. S ! '

X-ray synchrotron measurements were performec R M3 Rk B S WF RSB

on the same single crystal as used in the neutrol Sample rotation angle (deg.)

diffraction experiment on the high-energy beam line, 3
ID15A of the European Synchrotron Radiation Facility'.:'g' 1. Coupledw —xf scans of the;
The X-ray wavelength was 0 105 vihich corresponds feflection of Na\,Os measured by ne
. several temperatures.
to an X-ray energy of 114.3 keV. A search for super-
lattice reflections at 4.2 K again revealed intensitigshase transition one expects thd/d value to attain a
corresponding to the cell doubling alorrgand b and constant value at very low temperatures. In the presence
quadrupling alongc. Figure 2 shows the temperaturecase however thad/d value decreases with decreasing
variation of the intensity of theg % 175 superlattice temperature but then starts increasing continuously at
reflection. The intensity decreases continuously ardpe We interpret this abrupt increase in the/d value to
becomes zero afsp~ 34 K. The continuous variation be due to the magnetoelastic coupling. By extrapolating
of the intensity of the reflection shows that the spinthe Ad/d values and then subtracting we have separated
Peierls transition is of the second order. The result is the straine = Ad/d due to the magnetoelastic effects
agreement with those of Fujit al. [9]. We determined from the phonon contribution. The inset on the bottom
the intensities of a number of superlattice and mainght of Fig. 3 shows the log—log plot of normalized
reflections at 4.2 K. The ratio of the intensity of superstrain e/ep against reduced temperaturén the critical
lattice to the main reflections in the X-ray data is of theegime. According to the phenomenological Landau
order of 0.1. theory the spontaneous strains can be treated by a
We also measured using synchrotron X-ray diffraczoupling between the elastic strain and the order
tion the thermal expansion anomaly due to the magngarametery of the phase transition which is the lattice
toelastic effects close to the spin-Peierls transitiodistortion connected with the dimerization of the V ions.
temperature. Figure 3 shows the temperature variatidhis adds a ternuieip” to the free energy, wherg;s
of Ad/d for the 005 reflection. For systems without anglenote the coupling constants. Considering in addition

Nl=

L superlattice
tron diffraction at
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Fig. 2. Temperature variation of the intensity of the 12 S ol 3 4
superlattice reflection of Na¥Ds measured %y i r ]
synchrotron X-ray diffraction. The inset shows the - [ 28=06731) 1 —
log—log plot of the reduced intensity vs the reduced 001 Lo vennd 4 v ira
temperaturg = Tgp— T/Tsp. 0.1 o1 1
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the elastic energy of the latticEe® (C is the elastic
constant) and the condition of the stress free system,

0F [0 - 0, one obtains the spontaneous strains to kﬁg 3. Temperature variation of the relative change in
proportlé)nal to the square of the order parameter, I.Rtice spacingAd/d of NaV,0s along [0 0 5]. The inset
e(T) «n“(T). The inset on the left top of Fig. 3 shows aat bottom right shows the log—log plot of normalized
plot of e = Ad/d at different temperatures beloWsp strain e/e; against reduced temperaturén the critical
against the integrated intensity of tHel 13 reflection regime. The inset at top left shows a plotAud/d (strain)
which is the square of the order parameterThe linear along [0 0 5] at different temperatures beldws against

- - - 3115 :
plot shows that the strain is approximately proportiond['€ integrated intensity of the; 5 7> superlattice

to the square of the order parameter. The slope of t eg::%'ggr\’\'hmh is proportional the square of the order
log—log plot of the reduced strai¢fep vs the reduced '
temperaturé shown the bottom right inset of Fig. 3 givesrespectively. The X-ray atomic scattering factors in the
28 =0.673*=0.003 (3 = 0.336* 0.02). It is not quite forward direction for V, Na and O are 23, 11 and 8
obvious why the thermal expansion anomaly alang electrons, respectively. Thus the V atoms contribute very
(perpendicular to the V chain) should be rather large, bstrongly to the X-ray intensities but very weakly to the
it may be connected to anharmonic thermal motion of theeutron intensities. Indeed for this reason we were able to
O atoms along the axis belowTsp Our results agree refine neutron diffraction intensity data of only the main
well with the thermal expansion investigations [12] byeflections from both polycrystalline and single crystals
capacitance dilatometric technique. of NaV,0s collected at 4.2 K with parameters essentially
The results of the present joint X-ray and neutroof the high temperature structure. A possible model
diffraction study allow us to reach a very importanfor the low temperature structure can be obtained by
conclusion about the structural modulation of N&¢ ‘“decorating” the zig-zag vanadium chains parallel to the
below Tsp The very fact that the intensities ofcrystallographid axis. The doubling of the axis can be
the superlattice reflections in the X-ray diffractioreasily achieved by modulating the V-V distance (short S
experiment are of the order of 1bthose of the main and long L, S being the distance between thelichers).
reflections whereas in the neutron diffraction thénthe hightemperature phase they are equal (D) along the
corresponding ratio is of the order of 10implies that zig-zag chain. So if one has the sequence S-L-L-L-S-L
the structural modulation beloWsp is essentially due to in the low temperature phase instead of the sequence
vanadium atoms. The neutron scattering length of B-D-D-D-D... at room temperature then the unit cell is
is only —0.03821) X 10~ cm, whereas those of Nadoubled along. If we also decorate successive parallel
and O are 8632) X 10~ *2and 058054) X 10~ '?cm, chains as we move along tfaeaxis as L-S-L-L-L-S..,

Temperature (K)
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spin-Peierls-like ground state or not. The high value of
Tspand the large &/kgTsp of NaV,05 compared to other
conventional spin-Peierls systems may be connected to
this. Based on our joint neutron and synchrotron X-ray
diffraction data we have proposed a possible model for
the low temperature structure of Ng®s which can be
termed as a “valence- or bond-density-wave”. Fluctua-
tions can reduce the transition temperature in such chains

b e Na
O v

——V-V (short)

a ——— V-V (long)

leading to a larger /kgTsp as observed experimentally.
Additionally we have shown the existence of large
thermal expansion anomaly beloli¥s alongc which is
perpendicular to the V chain direction.
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projected on to the a—b plane.

L-L-S-L-L-L-S... and L-L-L-S-L-L-L-S... we get cell
doubling along thea axis (see Fig. 4). Now it is easy to
stack these chains in tlae-b plane along in order to get
the cell quadrupling along theaxis, although there are
several ways of doing this. One suaimodel has indeed 4
given a reasonable fit to the low temperature X-rays,
diffraction data which are limited to one reciprocal 6.
layer [14]. It is to be noted that similar V-V pair (short
distance S) was invoked by Chakravedi al. [13] in
vanadium bronze NggV ,0:s. 9
In conclusion our structural investigations have ™

shown that the belief [6—9] that Ng®@s consists of 1q.
distinguishable magnetic 4 chains separated by non-11.

magnetic \?* chains is not correct, at least not at room

temperature. The structure consists of zig-zag chains -

indistinguishable V ions of average valency of 4.5. Sé3
instead of considering a half-filled single chain and a

empty parallel chain, one should consider the same”

number of electrons in the zig-zag chain, i.e. an extended
(significant overlap) Hubbard model that is quarter filled.
It is not quite clear whether such a system can have a
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