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Crystal structures and electronic properties in the crossover
region between the spin-gap system CaV2O5 and the
linear-chain system NaV2O5
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Institute of Physics, University of Tsukuba, Tennodai, Tsukuba 305-8571, Japan
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Abstract. The structural and electronic properties of the Ca1−xNaxV2O5 system, where the
composition CaV2O5 exhibits an isolated dimer-like spin-gap state, and NaV2O5 indicates a linear-
chain magnetic behaviour and undergoes a spin-singlet transition atTc = 34 K, have been explored
by means of x-ray four-circle diffraction and through magnetization and electron paramagnetic
resonance measurements. The crystal structures with 0< x 6 0.1 and 0.8 6 x 6 1 are
isomorphous with that of CaV2O5, where the space group isPmmn. The effective V valence is
correlated with the V–O bond length in the VO5 pyramid, and the transfer integral for the next-
nearest-neighbour V–V path is suggested to be larger than those for other paths, which may be
consistent with the formation mechanisms of the dimer in the Ca-rich compounds and the V–O–V
molecular orbital in the Na-rich compounds. The magnetic properties for 0< x 6 0.1 are
interpreted as being governed by contributions from the dimer which is formed between the V
zigzag chains and from the isolated spins that are present due to the breaking of the dimer. On the
other hand, the properties for 0.96 x < 1 still exhibit linear-chain behaviours, and forx 6 0.97
the singlet transition with a large reduction of the exchange coupling constant disappears, and no
magnetic ordering takes place. The characteristic spin dynamics for the Na-rich compounds is also
discussed.

M Supplementary data files are available from the article’s abstract page in the online journal; see
www.iop.org.

1. Introduction

The quantum spin-fluctuation and frustration effects in low-dimensional systems based on 3d-
transition-metal ternary oxides have been investigated intensively [1]. Recently, characteristic
electronic properties of the CaVnO2n+1 insulator system withn = 2–4 have been revealed. This
system consists of VnO2n+1 layers formed by sharing edges and corners of VO5 pyramids, where
Ca atoms are situated between the layers, and it has a two-dimensionalS = 1

2 configuration
at the V4+ (3d1) site of the [1/(n + 1)]-depleted square lattice [2–4]. As an example, the
CaV2O5-type structure projected on theab-plane is shown in figure 1 [4]. CaV4O9 exhibits
a singlet ground state with an energy gap of1 ' 110 K which may originate from weakly
coupled metaplaquettes [5, 6]. CaV2O5 also exhibits a singlet state with1 ' 660 K basically
due to the corner-sharing dimerization between V zigzag chains [4, 7]. On the other hand,
CaV3O7 has a stripe-phase magnetic order [8, 9]. Therefore, corner-sharing superexchange
interactions for the next-nearest-neighbour V–V path are expected to be very significant for
determining the magnetic properties of the CaVnO2n+1 system.

0953-8984/99/173475+14$19.50 © 1999 IOP Publishing Ltd 3475
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Figure 1. The crystal structure of Ca0.17Na0.83V2O5 projected onto theab-plane, where the thin
lines indicate the edges of the VO5 pyramids. The broken lines and the thick lines denote the
edge-sharing V–V path (Je) and the corner-sharing ones (Jc1 andJc2) for the exchange couplings,
respectively.

There exist three possible exchange couplings for the CaV2O5-type structure (figure 1):
Je, through the edge-sharing path, andJc1 (Jc2), through the corner-sharing path along the
b-axis (a-axis). As described previously,Jc2 is rather larger thanJe andJc1 for CaV2O5 [4,
7]. Moreover, one of the present authors has recently found that CdVO3 has an isolatedS = 1

2
zigzag chain which is almost identical to that of CaV2O5, and it is a ferromagnet havingJe

equal to−100 K and a Curie temperature of 24 K [10, 11]. The significant difference between
the exchange couplings of CdVO3 and CaV2O5 is as regards whetherJc2 exists or not, so these
results are consistent with the model withJe, Jc1� Jc2 [4, 7].

The recent structure analysis of NaV2O5 indicates that the space group isPmmn with
only one equivalent V ion, and charge disproportionation into V4+ and V5+ (3d0) chains is not
allowed, i.e. the V ions are in the state V4.5+ [12–14], in contrast to the previous conclusion [15].
In this sense, the NaV2O5 structure is similar to the CaV2O5-type one shown in figure 1. Since
NaV2O5 is an insulator and it exhibits one-dimensionalS = 1

2 magnetic properties with an
antiferromagnetic exchange coupling constant of 530–560 K [16, 17], it is suggested that spins
are not attached to a single V ion, but to a V–O–V molecular orbital between V zigzag chains
[12, 18]. In this case,Jc1 is considered to be the most effective as regards magnetic properties.
Moreover, NaV2O5 undergoes a spin-singlet transition atTc = 34 K [16] accompanied by a
lattice distortion, which has been investigated from various viewpoints [19–23]. There appears
to exist a valence ordering from the V4.5+ state to the states close to V4+ and V5+ at aroundTc.
For example, such a phenomenon, at the temperature of the transition to spin-singlet states,
is also seen in other early 3d-transition-metal oxides such as Ti3O5 [24, 25]. For NaV2O5,
several different patterns of the valence order have been postulated [26–32]. In order to obtain
direct evidence of the valence order and to clarify which pattern is more appropriate, a full
structure determination at temperatures belowTc is very necessary.

Assuming that CaV2O5 is a half-filled ladder compound and NaV2O5 is a quarter-filled
one regardless ofJe, their properties may be discussed from the viewpoints of an isolated
rung dimer and a linear chain with a spin of1

2 per rung, respectively. It is interesting to
explore the crossover between theseextremeproperties through the Ca1−xNaxV2O5 system.
Section 2 of this paper describes the crystal structures determined by means of single-crystal
x-ray diffraction for Ca1−xNaxV2O5, and section 3 presents the electronic properties revealed
through magnetization and electron paramagnetic resonance (EPR) measurements. Section 4
is devoted to further discussion and conclusions.
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2. Crystal structures

Polycrystalline specimens of Ca1−xNaxV2O5 with nominal compositions ofx = 0.05, 0.1, and
0.86 x 6 1 were prepared by heating sealed mixtures of(1− x)CaVO3, xNaVO3, and VO2

at temperatures between 958 and 1223 K depending onx. Here, CaVO3 was made according
to the method described in reference [33], and VO2 and NaVO3 were obtained by heating a
sealed mixture of V2O3 [33] and V2O5 at 973 K for 24 h and by heating a mixture of Na2CO3

and V2O5 at 823 K for 48 h in air, respectively. The large single crystals of NaV2O5 and the
Ca-doped compound were also prepared by the NaVO3 flux method which is similar to the
method described in reference [22].
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Figure 2. The x-dependences of the lattice constant ratios of Ca1−xNaxV2O5, defined as
1p = 1− p/p0, wherep is the lattice constant andp0 is that for CaV2O5. The full symbols
represent the single-crystal diffraction results.

The single phase for the specimens described above was confirmed on the basis of the x-ray
powder diffraction patterns obtained with Cu Kα radiation at 298 K using a Rigaku RAD-IIC
diffractometer. For 0.1< x < 0.8, the CaV3O7-type second phase appeared. Figure 2 shows
thex-dependence of the lattice constant ratio defined as1p = 1−p/p0, wherep is the lattice
constant andp0 is that for CaV2O5; a = 11.351(2) Å, b = 3.604(1) Å, c = 4.893(1) Å, and
V = 200.2(2) Å3 [4]. The single-crystal diffraction results described below are also plotted,
as the full symbols. Only1c has the linear-in-x dependence, and1b depends little onx.
Although1a seems to increase withx for the small-x region, it is constant for the large-x
region. Thus, the structural dimensionality of the Ca-rich compounds is lower than that of
the Na-rich compounds, which is, of course, due to the change of the effective ionic radii of
cations as will be discussed in detail later.

The x-ray four-circle diffraction measurements were carried out on a Rigaku AFC-7R
diffractometer (custom-made) with graphite-monochromated Mo Kα radiation and an 18 kW
rotating-anode generator at 298 K. Here, the single crystals withx = 0.05 and 1 used were
prepared by the solid-state reaction method, and those withx = 0.83 were made by the flux
method. As seen later, the structure result for NaV2O5 that is presented to allow us to explore
thex-dependence of the atomic parameters in the Ca1−xNaxV2O5 system is almost consistent
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Table 1. Crystal data and a summary of the intensity measurements and refinements for
Ca1−xNaxV2O5 with x = 0.05, 0.83, and 1 at 298 K.

Ca0.95Na0.05V2O5 Ca0.17Na0.83V2O5 NaV2O5

a (Å) 11.328(1) 11.294(1) 11.295(2)
b (Å) 3.600(1) 3.606(1) 3.605(1)
c (Å) 4.881(1) 4.806(2) 4.795(1)
V (Å3) 199.05(6) 195.7(1) 195.2(2)
µMo Kα (mm−1) 5.814 4.982 4.790
Dcal (Mg m−3) 3.689 3.526 3.485
No of unique reflections 1014 1004 1000
Rint 0.051 0.054 0.033
Translation factor 0.71–0.93 0.92–1.00 0.89–1.00
No of observations (I > 3σ ) 731 615 678
No of variables 29 29 28
R 0.039 0.038 0.023
Rw 0.046 0.034 0.019

with that reported recently [12–14]. Intensity data were collected over a maximum 2θ range
of 90◦ using theω–2θ scan technique and corrections for Lorentz polarization, absorption,
and secondary extinction effects were applied. For all of the compounds, the space group and
theZ-value were determined to bePmmn (No 59) andZ = 2. The lattice constants and the
various parameters used for the structure refinements are summarized in table 1.

On the basis of the atomic parameters of CaV2O5 [4], the structures were refined by means
of full-matrix least-squares calculations with anisotropic displacement parameters. At the same
time, the Ca and Na concentrations were determined precisely. Here, the atomic scattering
factors were taken from reference [34], and anomalous dispersion effects were included using

Table 2. Atomic coordinates and equivalent isotropic thermal parametersBeq (Å2) for
Ca1−xNaxV2O5 with x = 0.05, 0.83, and 1 at 298 K, wherey = 1

4 for all of the atoms.

Atom Ca0.95Na0.05V2O5 Ca0.17Na0.83V2O5 NaV2O5

V x 0.40382(5) 0.40241(5) 0.40211(3)
z 0.3908(1) 0.3913(2) 0.39212(7)
Beq 0.561(7) 0.738(9) 0.642(4)

Ca, Na x 3
4

3
4

3
4

z 0.1559(2) 0.1438(5) 0.1399(3)
Beq 0.76(1) 1.66(4) 1.41(2)

O1 x 0.3775(2) 0.3852(2) 0.3854(1)
z 0.0593(5) 0.0573(6) 0.0586(3)
Beq 1.08(4) 1.18(5) 1.18(2)

O2 x 0.5753(2) 0.5732(2) 0.5731(1)
z 0.4678(6) 0.4844(7) 0.4878(3)
Beq 0.77(3) 0.94(5) 0.80(2)

O3 x 1
4

1
4

1
4

z 0.5453(8) 0.5225(10) 0.5195(4)
Beq 0.72(4) 0.92(7) 0.78(3)
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the values from reference [35]. The final residual factors defined as

R =
(∑

(|Fo| − |Fc|)2
)/(∑

|Fo|
)

(1)

Rw =
[(∑

w(|Fo| − |Fc|)2
)/(∑

wF 2
o

)]1/2

(2)

whereFo andFc are the observed and calculated structure factors, respectively, are listed in
table 1†. All of the calculations were performed using the teXsan crystallographic software
package [36].

Table 3. Interatomic distances (Å), angles (deg), V and O valences, and the ground-state wave-
functions for Ca1−xNaxV2O5 with x = 0.05, 0.83, and 1 at 298 K, where the translation codes
are (i)x, y, z; (ii) 1 − x, −y, 1− z; (iii) 1 − x, 1− y, 1− z; (iv) 1

2 − x, y, z; (v) x,−1 +y, z;
(vi) 1

2 + x,−y,−z; (vii) 1
2 + x, 1− y,−z; (viii) 3

2 − x, y, z.

Ca0.95Na0.05V2O5 Ca0.17Na0.83V2O5 NaV2O5

V(i)–O1(i) 1.645(3) 1.617(3) 1.610(1)
V(i)–O2(i) 1.979(2) 1.981(2) 1.985(1)
V(i)–O2(ii, iii) 1.942(1) 1.919(1) 1.9129(7)
V(i)–O3(i) 1.899(2) 1.833(2) 1.8234(8)
O1(i)–O2(i) 2.999(4) 2.954(4) 2.954(2)
O1(i)–O2(ii, iii) 2.975(3) 2.885(4) 2.863(2)
O1(i)–O3(i) 2.778(4) 2.708(5) 2.688(2)
O2(i)–O2(ii, iii) 2.500(3) 2.452(3) 2.448(2)
O3(i)–O2(ii, iii) 2.676(2) 2.691(2) 2.691(1)
V(i)–V(ii, iii) 3.0207(9) 3.034(1) 3.0348(6)
V(i)–V(iv) 3.485(1) 3.443(1) 3.4362(8)
V(i)–O2(ii)–V(ii) 100.78(7) 102.12(7) 102.24(4)
V(i)–O2(ii)–V(v) 135.9(2) 139.9(2) 140.89(8)
V(i)–O3(i)–V(iv) 133.2(2) 139.8(3) 140.9(1)
V(i)–Ca, Na(ii, iii) 3.3424(9) 3.347(2) 3.352(1)
Ca, Na(i)–O1(ii, iii, vi, vii) 2.536(2) 2.553(2) 2.549(1)
Ca, Na(i)–O2(i, viii) 2.497(3) 2.582(3) 2.603(2)
Ca, Na(i)–O3(ii, iii) 2.316(3) 2.413(3) 2.432(2)
V valence 4.08 4.47 4.56
O1 valence 1.58 1.72 1.76
O2 valence 1.79 1.88 1.90
O3 valence 1.42 1.75 1.80
Wavefunction (r 6 2 Å) 0.860dxy − 0.510dyz 0.811dxy − 0.585dyz 0.795dxy − 0.606dyz
Wavefunction (r 6 4 Å) 0.993dxy + 0.118dyz 0.986dxy + 0.170dyz 0.986dxy + 0.169dyz

The atomic coordinates and equivalent isotropic thermal parameters of Ca1−xNaxV2O5

with x = 0.05, 0.83, and 1 are listed in table 2. Selected interatomic distances and angles
are listed in table 3. Figure 1 shows the crystal structure projected on theab-plane of
Ca0.17Na0.83V2O5. As explained in reference [4], the structures presented here are described
in terms of VO5 pyramids which are linked by sharing edges and corners to form V zigzag
chains along theb-axis. Along thea-axis, these chains are joined by sharing corners, leading
to a quasi-two-dimensional layer. Ca and Na atoms are located between the layers and each
surrounded by eight O atoms. The displacement parameters for entire atoms are in the normal
range.

† Supplementary data files are available from the article’s abstract page in the online journal: see http://www.iop.org.
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The effective valences at the V and O sites estimated empirically in terms of the bond-
length–bond-strength relation [37] are listed in table 3. The V valences almost agree with
the values expected from the chemical formula: 4 +x/2. The ground-state wavefunctions for
the VO5 pyramid are found, on the basis of the crystal fields within the distancesr of 2 Å
(the pyramid unit only) and 4 Å, to be mainly composed of dxy (table 3), wherex ‖ a and
y ‖ b, using the Hartree–Fock function for V4+ [38]. The result that the hole concentrations
at the O1 and O3 sites may be higher than that at the O2 site suggests that the transfer integral
for the V–O3–V path along thea-axis is larger than those for paths along other directions, as
mentioned for NaV2O5, on the basis of density-functional theory [12]. Thus, the exchange
coupling constant for the V–O3–V path (Jc2 in figure 1) for the half-filled case is expected to be
more effective thanJe andJc1, which is consistent with the mechanism of spin-gap formation
in CaV2O5 [4, 7].

The average Ca1−xNax–O distances for the compounds Ca1−xNaxO8 with x = 0.05, 0.83,
and 1 are 2.47, 2.52, and 2.53 Å, respectively, which almost agree with the values estimated
from reference [39]: 2.50, 2.55, and 2.56 Å with the radius of the oxygen ion being 1.38 Å.

3. Electronic properties

3.1. Magnetic susceptibility

The magnetizations of the polycrystalline specimens withx = 0.05, 0.1, and 0.9 6 x 6 1
were measured by the Faraday method with a field of up to 1 T attemperatures between 4.2 and
850 K. The magnetic susceptibilityχ was deduced from the linear part of the magnetization–
field (M–H ) curve with a decreasing field.

The temperature dependence of the magnetic susceptibility for Ca1−xNaxV2O5 with
x = 0.05 and 0.9 6 x 6 1 is shown in figure 3(a) and the low-temperature part is
indicated in figure 3(b). Apart from the low-temperature parts, the magnetic behaviours for
x = 0.05 and for 0.9 6 x < 1 appear to be rather similar to those of CaV2O5 and NaV2O5,
respectively [4, 16].

Forx = 0.05, there is a rounded maximum at 400 K, while at low temperatures, a Curie–
Weiss-like tail possibly due to isolated V4+ ions is significant. This result is explained by
considering the following contributions: the dimer susceptibility,χdimer, the Curie–Weiss-type
susceptibility of the isolated ions,χisolate, and the temperature-independent susceptibility of
the Van Vleck orbital and diamagnetic components,χ0:

χ = χdimer + χisolate+ χ0 (3)

χdimer= 4Cdimer

T [exp(1/T ) + 3]
(4)

χisolate= Cisolate

T + TW
(5)

where 1 is the spin gap,Cdimer and Cisolate are the Curie constants, andTW is the
Weiss temperature. The full curve in figure 3(a) is drawn on the basis of the following
parameters:1 = 682.1(4) K, Cdimer = 0.3348(6) emu K (mol V)−1, Cisolate = 7.87(9) ×
10−3 emu K (mol V)−1, TW = 2.0(2) K, andχ0 = 2.75(8)× 10−5 emu (mol V)−1. Since the
V4+ ions in this system have the averageg-factor of 1.96 as will be explained later, the above
Cdimer- andCisolate-values are fairly consistent with the values expected from a model wherein
the Na or V5+ doping gives rise to an unpaired electron which behaves as an isolated spin.
The data withx = 0.1 (not shown here) are also explained by this idea. The fact that the1

value obtained here is close to the value for CaV2O5 (1 = 667 K) indicates that the exchange
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Figure 3. (a) The temperature dependence of the magnetic susceptibilityχ of Ca1−xNaxV2O5
with x = 0.05, 0.9, 0.95, 0.98, 0.99, and 1; (b) the behaviour for 0.9 6 x 6 1 at temperatures
below 50 K. The full curves forx = 0.05 and 0.9 6 x 6 1 in (a) indicate the results calculated
from the isolated dimer model and the linear-chain model, respectively, and the curve in (b) is based
on the alternating-chain model.

coupling between the zigzag chains depends little on the small degree of doping and that the
dimer state of CaV2O5 is rather stable. This is the same conclusion as was obtained from the
previous investigation for the CaV2−xTixO5 system withx = 0.1 and 0.2 in which the Ti ions
have no 3d electron [40].

The susceptibility results for 0.96 x 6 1 exhibit broad peaks at around 300 K, as expected
for the low-dimensional spin system. These are almost fitted by the relation

χ = χ1d + χisolate+ χ0 (6)

where the first term is the susceptibility for anS = 1
2 antiferromagnetic Heisenberg chain

system [41] and the second term is defined in equation (5). The full curves in figure 3(a) are
drawn on the basis of parameters listed in table 4, whereC1d andJ1d are the Curie constant

Table 4. The susceptibility parameters of the one-dimensional (1d) spins and the isolated ones in
paramagnetic regions of Ca1−xNaxV2O5; C1d andCisolateare Curie constants (emu K (mol V)−1),
J1d is the exchange coupling constant (K),TW is the Weiss temperature (K), andχ0 is the constant
susceptibility (10−5 emu (mol V)−1).

x C1d J1d Cisolate TW χ0

0.90 0.217(1) 541.9(9) 0.00261(4)−11.6(6) 3.84(9)
0.95 0.183(1) 504(1) 0.00172(1)−3.97(7) 6.0(1)
0.98 0.189(1) 510.2(4) 0.00087(1) 0 5.13(4)
0.99 0.181(1) 510.1(7) 0.00083(1) 0 5.56(8)
1.0 0.180(1) 491.0(4) 0.00015(1) 0 4.84(1)
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and the exchange coupling constant forχ1d, respectively. TheC1d-values nearly correspond
to those expected from the chemical formula:C1d = 0.36(1− x/2) with g = 1.96. J1d seems
not to depend onx significantly. Since the susceptibility data are well explained in terms of the
Heisenberg chain model over a wide temperature region with a reasonable Curie constant,Jc1

remains the most effective. Thus, it is postulated that the V–O–V molecular orbital still exists
for 0.9 6 x < 1. The previous report ofC1d = 0.188 emu K (mol V)−1 andJ1d = 560 K
for NaV2O5 exhibiting Tc should be revised [16]. It should be noted that the isolated spin
considered here is not intrinsic but due to lattice imperfections and/or defects caused by the
doping. No magnetic order exists here except the singlet transitions atTc.

The singlet transitions at low temperatures are significant just for 0.986 x 6 1, and the
transition temperatureTc at which the temperature derivative ofχ has a peak decreases with
decreasingx: for x = 1, Tc = 34.0 K, and forx = 0.99, Tc = 29.4 K. For x = 0.98, it is
difficult to defineTc precisely, since the susceptibility hollow is not so clear (figure 3(b)).
The Tc-value for NaV2O5 agrees well with the value reported previously [16]. Various
investigations of the magnetic properties at temperatures belowTc for NaV2O5 [19, 42–45]
have indicated1alter= 85–101 K in terms of the alternating exchange model [46]:

χalter= Ng2µ2
Bα(γ )

kT
exp(−J ′β(γ )/T ) (7)

whereN , µB, andk are the number of spins per mole of V, the Bohr magneton, and the
Boltzmann coefficient, respectively, andα(γ ) andβ(γ ) are parameters that are dependent on
the alternating parameterγ [47]. However, there was no quantitative discussion that included
the prefactorα(γ ) in equation (7). Let us reanalyse the susceptibility data at temperatures below
Tc. As indicated by the full curve in figure 3(b), our data below 30 K are explained by the
following parameters:γ = 0.68(1), J ′ = 291(7)K, andχ0 = 7.24(3)×10−5 emu (mol V)−1,
with the same values forχisolate as are listed in table 4. Therefore, an alternating chain is
characterized by the coupling constants 291 and 198 K. Their average is much smaller than
the previous value (441 K) [19] and it is reduced to half as compared withJ1d = 491 K at
temperatures aboveTc. These parameters give1alter= 77 K from the relation

1alter'
(

1

2
+

1

π

)
(1− γ )J ′

with a mean-field approximation [48], which is significantly smaller than the value reported
previously. Moreover, theχ0-value is found to be different from the value aboveTc as has been
pointed out on the basis of NMR investigations [42, 49], which is consistent with the EPR spin
susceptibility result described later. It is difficult to explain the change ofχ0 quantitatively.
As will be discussed later, the spin–orbit coupling effect itself does not change significantly at
aroundTc.

3.2. Electron paramagnetic resonance

EPR measurements for the polycrystalline specimens withx = 0.05, 0.1, and 0.9 6 x 6 1
and for the single crystals withx = 0.83 and 1 prepared by the flux method were performed
at temperatures between 15 and 300 K at 9.2 GHz using a JEOL spectrometer. All of the
compounds gave signals with a single Lorentzian andg ' 1.96 at room temperature. For
the single crystals, the measurements were also done as a function of the angle between the
direction of the external field and the crystallographic axis in theac-, bc-, andab-planes. The
spin susceptibilityχs was extracted precisely on the basis of the integration of the signal, taking
account of the temperature dependence of aQ-factor. This paper mainly describes results for
the single crystals.
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Let us first discuss the results for NaV2O5. Although various reports for the EPR invest-
igation of NaV2O5 have been published, some disagreements exist there [43–45, 50–52].
Comparing between theχs-value and the static susceptibilityχ shown in figures 3(a) and 3(b),
we can find thatχ at temperatures aboveTc mainly comes fromχs, and theχ0-value changes at
aroundTc as described earlier. The signal is expressed by a single Lorentzian at temperatures
above 18 K. At lower temperatures, the signal is asymmetric due to the superimposition of the
signal originating from lattice imperfections and/or defects that are inevitable.

Theg-factor for the single Lorentzian basically has the following angular dependence:

g = (g2
a cos2 φ sin2 θ + g2

b sin2 φ sin2 θ + g2
c cos2 θ)1/2 (8)

whereθ andφ are the polar and azimuthal angles of the direction of the external field, resp-
ectively, with respect to the crystallographic axes (a,b, andc) which correspond to the principal
axes (X, Y , andZ). Here,ga depends on the direction ofH1; for example, at 296 K,
ga = 1.977(1) with H1 ‖ b and 1.974(1) withH1 ‖ c. On the other hand,gb = 1.974(1)
with H1 ‖ a and 1.973(1) withH1 ‖ c; andgc = 1.936(2) with bothH1 ‖ a andH1 ‖ b.
This result may be explained by the effect of nondiagonal dynamical susceptibility in the one-
dimensional spin system or the so-called dynamical shift [53]. In this case,ga without the
dynamical shift is obtained from12[ga(H1 ‖ b)+ga(H1 ‖ c)]. This correction is no more than
0.002, so it is not considered below. Similar phenomena have been observed for CaV3O7 and
CaV4O9 [54].

The temperature dependences of the principalg-factors are shown in figure 4, wherega,gb,
andgc are obtained withH1 ‖ b,a, andb, respectively. The relationga ' gb > gc is consistent
with the dxy-type ground-state wavefunction for the V4+O5 pyramid expected from the crystal-
field analysis. Theg-factors are nearly temperature independent at temperatures aboveTc,
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Figure 4. The temperature dependences of the principalg-factors (ga , gb, andgc) of NaV2O5
and Ca0.17Na0.83V2O5, where the crystallographic axes (a, b, andc) correspond to the principal
axes (X, Y , andZ), respectively. When the external field is parallel to thea-, b-, andc-axes, the
microwave frequency fields are applied parallel to theb-, a-, andb-axes, respectively.
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while belowTc, they depend significantly on temperature as described in reference [44]. This
is explained by considering that the EPR line originates from the intrinsic spin with parameters
gint andχ int

s as well as the impurity spin with parametersgimp andχ imp
s , whereχ imp

s is χisolate

in equation (6), andχ int
s corresponds toχ1d for T > Tc andχalter (equation (7)) forT < 30 K.

Thus, the measuredgi (i = a, b, andc) is expected to be given by

gi = gint
i χ

int
s + gimp

i χ
imp
s

χ int
s + χ imp

s

. (9)

The full curves in figure 4 lead to the following parameters: for the intrinsic spin,gint
a = 1.977,

gint
b = 1.974, andgint

c = 1.936; for the impurity spin,gimp
a = 1.985, gimp

b = 1.983, and

g
imp
c = 1.939. The energy level configuration for V4+ may be calculated in terms of simple

perturbation theory of the spin–orbit coupling [55]:

1gi = 2λ
∑
n

|〈n|Li |0〉|2
En − E0

(10)

where1gi = 2−gi ; λ is the spin–orbit coupling constant,Li is the orbital angular momentum
operator, andEn is the energy of the orbital staten. With |0〉 = dxy , the energies corresponding
to the dyz, dzx , and dx2−y2 states are determined to be 77λ, 87λ, and 125λ, respectively. This
level configuration for the excited orbitals is different from that estimated from the crystal-field
analysis, in which the first excited orbital is dx2−y2. This difference is attributable to covalency
effects of the oxygen p orbitals.

The angular dependence of the peak-to-peak linewidthW of the absorption derivative is
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Figure 5. (a) The temperature dependences of the principal EPR linewidths (Wa ,Wb, andWc) of
NaV2O5 and Ca0.17Na0.83V2O5, where the crystallographic axes (a, b, andc) correspond to the
principal axes (X, Y , andZ), respectively; (b) the behaviour at temperatures below 90 K; (c) the
results forWc/Wa .



Crystal structures and electronic properties of Ca1−xNaxV2O5 3485

expressed by

W = Wa cos2 φ sin2 θ +Wb sin2 φ sin2 θ +Wc cos2 θ (11)

where the definition forθ andφ is the same as that in equation (8) andWa ' Wb. The
temperature dependences of the principalW -values (Wa,Wb, andWc) are shown in figure 5(a).
They decrease monotonically with decreasing temperature at temperatures aboveTc, while
belowTc, a rapid upturn occurs (figure 5(b)). Here, it should be noted that the ratio,Wc/Wa

or Wc/Wb, depends significantly on temperature as shown in figure 5(c). The linewidth is
generally a measure of the relaxation rate for spin fluctuations perpendicular to the static
field, although its analysis is complicated by the effect of the field on the spin dynamics.
For insulating spin systems, there exist several kinds of typical relaxation mechanism
through the dipole–dipole (dd) interaction, the anisotropic exchange (ae) interaction, and the
Dzyaloshinsky–Moriya (DM) antisymmetric exchange interaction, and so on [55, 56]. Using
a correlation time roughly given by 2¯h/J1d, h̄ being Planck’s constant, the space-averaged
linewidth due to the dd interaction is estimated to be〈Wdd〉 = 0.08 mT from the relation

〈Wdd〉 = 2
√

3g3µ3
BJ
−1
1d

∑
i>j

r−6
ij

whererij is the distance between certain spins without consideration of the V–O–V molecular
orbital; the width due to the ae interaction is〈Wae〉 = 0.06 mT from

〈Wae〉 = 2−1
√

31g4 g−5µ−1
B J1d.

On the other hand, the width due to the DM interaction,dij · (Si × Sj ), with the vectordij
defined betweenSi andSj , is 〈WDM〉 ' 30 mT from the relation

〈WDM〉 = 9−1
√

31g2 g−3µ−1
B J1d

in the high-temperature limit, where|d| = 2−11g g−1J1d. This magnitude is comparable to
the experimental result. The anisotropy of the linewidth at high temperatures, approximately
given byW ∝ 1 + cos2 θ , is qualitatively explained if, for example,dij = (0, 0, d) for the
third-nearest-neighbour V–V pairs with the exchange coupling ofJ1d ' Jc1. Thisdij -vector
is roughly consistent with the anisotropy of theg-factor. The reduction of the anisotropy
at low temperatures suggests that another relaxation mechanism in addition to the quantum
fluctuation effects has to be considered.

It has been confirmed that the EPR results for the polycrystalline specimens of NaV2O5

correspond to the powder patterns calculated with the EPR parameters for the single crystals.
The signal for Ca0.17Na0.83V2O5 is a single Lorentzian at temperatures above 60 K. At

the lower temperatures, the signal seems to consist of two lines with different linewidths and
similar g-factors. The angular dependences of theg-factor and the linewidth for the single
Lorentzian in theac-, bc-, andab-planes are basically given by equations (8) and (11), where
their principal axes correspond to the crystallographic axes as in the case of NaV2O5. In this
compound, the dynamical shift is significant forga as well asgb: at 296 K,ga = 1.975(1)with
H1 ‖ b and 1.971(1) withH1 ‖ c; gb = 1.973(1) with H1 ‖ a and 1.969(1) withH1 ‖ c;
gc = 1.936(2) with bothH1 ‖ a andH1 ‖ b. It may be difficult to explain this result within
the framework of thepurelyone-dimensional spin system. Although the electron distribution
would be found on the basis of detailed measurements for the anisotropy of the dynamical shift,
it is not touched here. The corrections of the dynamical shift for the measuredg are no more
than 0.002, and are neglected below. The temperature dependences of the principalg-factors
and linewidths are shown in figures 4 and 5(a), respectively, wherega, gb, andgc are obtained
with H1 ‖ b, a, andb, respectively. The anisotropy of theg-factor is very similar to that for
NaV2O5, but its temperature dependence is different, since the present ratio of the impurity
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spin to the intrinsic spin may increase with decreasingx as expected from table 4. By analysing
the temperature dependence of theg-factor in terms of the same scheme as described earlier
with the susceptibility parameters forx = 0.9, the followingg-factors are obtained with the
broken curve in figure 4: for the intrinsic spin,gint

a = 1.975,gint
b = 1.971, andgint

c = 1.936;

for the impurity spin,gimp
a = 1.982,gimp

b = 1.978, andgimp
c = 1.937. This result is almost

identical to that for NaV2O5. At first sight, the temperature dependence of the linewidth seems
roughly similar to that for NaV2O5, but there is a significant difference: the apparent linewidth
has a minimum at about 50 K and then increasesgraduallywith decreasing temperature; and
the anisotropy of the linewidth is nearly temperature independent for the region where the
lineshape is a single Lorentzian. The origin of the linewidth at high temperatures is considered
to be similar to that for NaV2O5, but the relaxation mechanism at low temperatures is expected
to be different.

On the basis of the results for the polycrystalline specimens, it can be said that the rapid
upturn of the linewidth atTc disappears forx 6 0.97, which may be consistent with the
magnetic susceptibility results.

4. Further discussion and conclusions

To clarify the crossover between the simple dimer-like state of CaV2O5 and the linear-chain
state of NaV2O5, the structural and electronic properties of the Ca1−xNaxV2O5 system have
been investigated. The single-phase doped compounds have electronic states roughly similar
to these two extreme states as summarized below.

The crystal structures for 0< x 6 0.1 and 0.8 6 x 6 1 are isomorphous to that of
CaV2O5 with only one equivalent V ion. The V valences estimated on the basis of the V–O
bond lengths in the VO5 pyramid are consistent with those expected from the chemical formula.

For the smallx-value, the structural properties may lead to a large transfer integral along
the V–O3–V path as compared with those along other paths. Thus, the magnetic properties
are expected to be mainly determined by the corner-sharing exchange coupling for the next-
nearest-neighbour V–V path. In effect, the magnetic properties presented here are interpreted
as being governed by contributions from the dimer formed between the zigzag chains and from
the isolated spins that are present due to the breaking of the dimer.

The structural consideration for the largex-value suggests that the O3 ion still has a hole
concentration larger than that in the O2 ion. Moreover, the V–O3–V bond angle is larger
than that for CaV2O5. These properties will give a large exchange coupling constant for the
V–O3–V path, if spins are attached to a single V ion. However, in order to explain the magnetic
and transport properties of NaV2O5, we have to consider the V–O3–V molecular orbital as
pointed out previously. The compounds with 0.96 x < 1 still indicate linear-chain properties
with the effective spin concentrations expected from the chemical formula, so the charact-
eristic molecular orbital is basically unchanged. It is difficult to clarify whether the crossover
between the simple dimer-like state and the linear-chain state is continuous or not, since the
compounds with 0.1< x < 0.8 are not obtained.

The singlet transition disappears forx 6 0.97, in which region the compounds remain
paramagnetic without any sign of magnetic order. This result is clearly different from the
doping effect in the typical linear-chain compound CuGeO3 with a spin–Peierls transition
[57]. This difference is probably attributable to the presence of the V–O–V molecular orbital
or the freedom of the charge order. The spin-singlet state of NaV2O5 is apparently explained
in terms of the alternating-chain model with parameters significantly different from those
reported previously. The present analysis gives a spin gap smaller than the value determined
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by means of the neutron scattering [21]. Therefore, we have to estimate the spin gap using an
improved theory, as has been already noted from the large ratio of the gap toTc. As long as
the alternating-chain model is applied, we may expect not complete charge disproportionation
into V4+ and V5+ but incomplete order of V4.5−v and V4.5+v with 0< v < 0.5 as suggested in
reference [28].

The EPRg-factors and the relaxation mechanism at high temperatures for NaV2O5 and
Ca0.17Na0.83V2O5 are explained within the framework of the usual paramagnetic resonance
theory. On the other hand, in order to clarify several characteristics on the relaxation revealed
at low temperatures, further considerations are necessary including the effects of the V–O–V
molecular orbital, the quantum fluctuations, and the incomplete valence order belowTc.
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