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Magnetic Susceptibility of Quasi-One-Dimensional Compound
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—Possible Spin-Peierls Compound with High Critical
Temperature of 34 K—
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Stoichiometric powder samples of a’-NaV,0; were synthesized and the magnetic susceptibility
was measured in the temperature range from 2K to 700 K. The magnetic susceptibility has a
good fit to the equation for an S = 1/2 antiferromagnetic Heisenberg linear chain with J/kp =
280K and g = 2 above 34 K. Below 34K the magnetic susceptibility rapidly decreases with
decreasing temperature to a constant value of 1.49 x 10™* emu/V*"-mol which is reasonable for
spin-singlet V**—V** pairs. This rapid reduction of the spin susceptibility below 34 K suggests
the existence of a spin-Peierls transition. o/-NaV,0j; is a possible spin-Peierls compound with

the highest critical temperature yet observed.
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The magnetic properties of low-dimensional systems
have attracted considerable interest recently. The spin-
Peierls transition, which is one of the interesting phenom-
ena in one-dimensional (1-D) systems, has been found
in organic compounds.?) It is one of the quantum phe-
nomena in an S = 1/2 antiferromagnetic Heisenberg lin-
ear chain which couples to a lattice system. Below the
critical temperature, a finite energy gap opens in the
magnetic excitation spectrum accompanying with a lat-
tice distortion (lattice dimerization) and the spin sys-
tem is in a spin-singlet (nonmagnetic) state. The first
inorganic compound in which a spin-Peierls transition
was observed was CuGeOs.2) Spin-gap behavior with-
out any lattice distortion was observed in (VO)2P2073)
and SrCuyOs? which have a quasi-1-D ladder struc-
ture, and also in CaV40g® which has a quasi-2-D struc-
ture. Recently we observed a similar spin-gap behavior in
CaV,05% which has a ladder-type structure. The struc-
ture of a’-NaV;Oj is similar to that of CaV,05. CaV,05
is a tetravalent vanadium oxide while a’-NaV,0s5 is a
mixed-valence (V4+/V5T = 1) oxide.

o'-NaV,05 is one of the compounds in the Na, V205
system. Five bronze phases, a (0 < z £ 0.02), 8 (0.22 £
z £ 0.40), o/ (0.70 £ z £ 1.00), n (1.28 < z < 1.45),
and x (1.68 < z < 1.82), have been reported.”) Of
these, the G-phase has been intensively investigated be-
cause of its quasi-1-D conducting properties.®? There
are few reports on the physical properties of other phases.
o’-NaV305 crystallizes in an orthorhombic ¢ell with
space group P2;mn.'?) The schematic crystal structure
of o/-NaV505 is shown in Fig. 1. It consists of lay-
ers of VO3 square pyramids which share edges and cor-
ners with sodium ions lying between the layers. There
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Fig. 1. Schematic crystal structure of o’-NaV305 projected onto
the a-b plane and a-c plane. The filled circles represent Na't
ions. The white and shaded square pyramids show two kinds of
VO3 pyramids (two crystallographic vanadium sites). A and B
represent the V4+0j5 and V5t0j chains, respectively.
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are two crystallographic vanadium sites, which form two
kinds of VOjy chain (A and B in Fig. 1) along the b-axis.
Analysis of the V-O bond length and Na-V distance in-
dicated that the A and B chains are possibly V4+Os
and V3t Oy chains, respectively.'?) Therefore o/-NaV,05
is expected to be a quasi-1-D spin system because the
magnetic V4t Oj5 chains are isolated by the nonmagnetic
V5tQj5 chains in the structure. The static susceptibility
was measured by Carpy et al. in the temperature range
from 80K to 397K.'") They reported that the suscep-
tibility has a broad maximum at around room temper-
ature. Ogawa et al. studied a’-NaV,05 as a quasi-1-D
conducting system by means of EPR and NMR.1? They
measured the EPR susceptibility down to 12K and pro-
posed a spin-singlet state based on the bipolaron model
as the ground state, although no anomalous behavior
was observed in the temperature dependence of EPR sus-
ceptibility. They also suggested the existence of a V4+
zigzag chain, rather than a linear chain. We have pre-
pared powder samples of a’-NaV,Os with attention to
the stoichiometry and carefully measured the static mag-
netic susceptibility in the temperature range from 2K to
T00K.

In this letter, we report that o’-NaV,0j5 is a typical
S = 1/2 1-D antiferromagnetic Heisenberg linear. chain
system. We also report a rapid decrease in the magnetic
susceptibility below 34 K and therefore a possible spin-
Peierls transition in a/-NaV305. CuGeOQj is the only in-
organic spin-Peierls compound yet found. o’-NaV,Os is
possibly not only the second inorganic spin-Peierls com-
pound found but also the spin-Peierls compound with
the highest critical temperature among organic and in-
organic compounds.

Powder samples were prepared by the solid-state reac-
tion of mixtures with appropriate molar ratios of NaVOs,
V303 and V505. The weighed mixtures were pressed
into pellets and heated at 650°C in an evacuated sil-
ica tube for several days with one intermediate grind-
ing. A blue-black product of o/-NaV,05 was obtained.
The starting compounds V203 and V505 were prepared
by reducing NH4VOg3 in Hy gas at 900°C for 2 days
and by decomposing it in O, gas at 600°C for 2 days,
respectively. NaVOjs was prepared by heating mix-
ture of NagCO3 and V505 in air at 550°C for 2 days.
The prepared samples were characterized by powder X-
ray diffraction. In our experiments they were of single
phase in the composition range from z = 0.9 to 1.02 in
Na;V205. The lattice constants of the sample with the
nominal composition of x = 1.02 are ¢ = 1.130(8) nm,
b = 0.361(1) nm and ¢ = 0.480(1) nm at room tempera-
ture. This sample was considered to be the stoichiomet-
ric one, because sodium had a tendency to be slightly
sublimated during the reaction.

The magnetic susceptibility () was measured using a
Quantum Design SQUID magnetometer in the temper-
ature range from 2K to 700 K. The sample was sealed
into an originally designed quartz capillary with He gas
for measurements above 300 K. No significant difference
was observed between the data measured on heating af-
ter cooled under zero-field and 1T. The raw data of x
for the best sample (z = 1.02) measured at H = 1T are
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Fig. 2. (a) Raw data of magnetic susceptibility of o/-NaV,0s

measured in a field of 1 T. The solid line represents the fit to the
equation for the S = 1/2 1-D Heisenberg model (see text). (b)
Magnetic susceptibility of a’-NaV2Os in the temperature range
from 2 K to 100 K. The solid line shows the susceptibility derived
by subtracting the Curie contribution (see text). The inset shows
dx/dT — T plots.

shown in Figs. 2(a) and 2(b) as a function of temperature
(T). x has a broad maximum at around room temper-
ature, which reflects the low-dimensional nature of the
spin system and is consistent with the characteristics of
the structure. Furthermore, x rapidly decreases below
34K with decreasing temperature, showing a slight up-
turn below 12K. The upturn of x below 12K was con-
sidered to be due to the existence of impurities and/or
free ions caused by defects. Assuming impurities with
S = 1/2, the concentration was estimated to be less than
0.1%. The subtraction of this Curie contribution gives a
constant value of about 1.49 x 10~% emu/V**-mol below
12K, as can be seen in Fig. 2(b). This value is compa-
rable to x (~ 1.2 x 10™* emu/V**-mol) of the insulating
phase of VO in which the well-known spin-singlet V4 -
V4* pairs are formed.!® This indicates the formation of
a spin-singlet state at low temperature in o’-NaV30s.
The existence of a spin-singlet state was also inferred
from the effect of Na deficiency on Y, as described be-
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low. x at low temperature increased in proportion to the
degree of Na deficiency. For example the large increase
in x¥ at low temperature in Nay¢V,05 masked the re-
duction of x at around 34K. Na deficiency results in
additional V5% ions. The nonmagnetic V> ions them-
selves have no influence on the spin susceptibility but
are expected to have a significant effect on it when the
spin system is in a spin-singlet state, because the addi-
tional V®t ions disturb the formation of V4+-V4* spin
pairs and free magnetic V4t ions are produced in the
spin-singlet V4T-V4* chains.

Now we can estimate o (the sum of the diamagnetic
and Van Vleck paramagnetic parts) of o/-NaV305 to be
1.49 x 10~* (emu/V#*-mol). Using xo we tried to fit x
to the following equation for the S = 1/2 1-D (infinite

linear chain) model:'%)

_ Ng*ud A+BX 14+ CX?
" kgT 14+DX-14+EX-24+FX-3

where X = kgT/|J|, g is the powder-averaged g-factor,
and J the exchange constant. The following coefficients
which were obtained by fitting the 1-D equation to a the-
oretical calculation for the S = 1/2 Heisenberg system'%)
were used in our calculation: A = 0.25, B = 0.14995,
C =0.30094, D = 1.9862, E = 0.68854 and F' = 6.0626.
The result is shown by the solid line in Fig. 2(a). The
good fit indicates that o/-NaV,0; is a typical S = 1/2
1-D antiferromagnetic Heisenberg linear chain system.
The best fit to the equation was obtained with J/kg =
280K and g = 2.0.

The rapid reduction of the spin susceptibility below
34K strongly suggests the existence of a spin-Peierls
transition. The critical temperature is estimated to be
33.9K from dy/dT — T plots which are shown in the in-
set of Fig. 2(b). We carried out powder X-ray diffraction
measurement at low temperature. The lattice constants
are shown in Fig. 3 as a function of temperature. The
lattice constants smoothly change with temperature and
tend to become constant below 50 K without any signif-
icant discontinuous change. No discontinuous change of
lattice constants has been observed in CuGeO3 by pow-
der X-ray diffraction originally because the change in
atomic position is slight.®) A detailed structural analy-
sis using single crystals should be carried out in order to
confirm the lattice dimerization. The field dependence of
the critical temperature in CuGeO3; was reported as ev-
idence of the spin-Peierls transition.?) We examined the
critical temperature under fields of 0.1 T and 5T which
was the maximum field obtainable using our apparatus.
The temperature at the maximum of dy/dT appears to
be slightly lower at 5T than at 0.1T, as shown in the in-
set of Fig. 2(b). However a field of 5T is too low to deter-
mine the change in the critical temperature, we believe,
because the critical temperature (34 K) in o/-NaV,05 is
much higher than that (14 K) in CuGeOs.

In summary, we synthesized stoichiometric powder
samples of a’-NaV305 and measured the magnetic sus-
ceptibility in the temperature range from 2K to 700 K.
The magnetic susceptibility has a maximum at around
room temperature and below 34 K rapidly decreases with
decreasing temperature to the constant value xo. The
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Fig. 3. Temperature dependence of lattice constants of o'-
NaV0s.

magnetic susceptibility above 34K shows a good fit to
the equation for an S = 1/2 antiferromagnetic Heisen-
berg linear chain with J/kg = 280K and g = 2. The
ground state of o/-NaV,05 was concluded to be a spin-
singlet state because of the reasonable value of xo for
spin-singlet V4t-V4* pairs and the significant effect of
Na deficiency on x. The rapid reduction in spin sus-
ceptibility below 34K suggests the existence of a spin-
Peierls transition. o/-NaV,05 is possibly the second ex-
ample of a spin-Peierls inorganic compound. It should
be noted that the observed critical temperature is the
highest among spin-Peierls organic and inorganic com-
pounds at present. NMR, heat capacity and more de-
tailed diffraction studies are now being planned.
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