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Abstract. The structural and electronic properties of the; G&Na,V,0s system, where the
composition CayOs exhibits an isolated dimer-like spin-gap state, and payfindicates a linear-

chain magnetic behaviour and undergoes a spin-singlet transitlgr=a84 K, have been explored

by means of x-ray four-circle diffraction and through magnetization and electron paramagnetic
resonance measurements. The crystal structures with 8 < 0.1 and 08 < x < 1 are
isomorphous with that of Ca}0s, where the space group Bmmn. The effective V valence is
correlated with the V—O bond length in the Y@yramid, 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 fer ® < 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< x < 1 still exhibit linear-chain behaviours, and for< 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.

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 Ca®,,+; insulator system with = 2—4 have beenrevealed. This
system consists of M0,,,+1 layers formed by sharing edges and corners of p¥®@amids, where

Ca atoms are situated between the layers, and it has a two—dimensienél configuration

at the V* (3d?) site of the [¥(n + 1)]-depleted square lattice [2-4]. As an example, the
CaV,0s-type structure projected on tl-plane is shown in figure 1 [4]. CaXDy exhibits

a singlet ground state with an energy gapof~ 110 K which may originate from weakly
coupled metaplaquettes [5, 6]. C&¥ also exhibits a singlet state with ~ 660 K basically

due to the corner-sharing dimerization between V zigzag chains [4, 7]. On the other hand,
CaV307 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 &Y., system.

0953-8984/99/173475+14$19.50 © 1999 IOP Publishing Ltd 3475
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Figure 1. The crystal structure of GazNay g3V20s projected onto theb-plane, where the thin
lines indicate the edges of the ¥@yramids. The broken lines and the thick lines denote the
edge-sharing V-V path/f) and the corner-sharing oneg{ andJ¢,) for the exchange couplings,
respectively.

There exist three possible exchange couplings for the,Og\¥ype structure (figure 1):
Je, through the edge-sharing path, and (J.), through the corner-sharing path along the
b-axis (@-axis). As described previouslye, is rather larger thade and J;; for CaV,Os [4,
7]. Moreover, one of the present authors has recently found that gH¥©an isolated = %
zigzag chain which is almost identical to that of G&¢, and it is a ferromagnet having
equal to—100 K and a Curie temperature of 24 K [10, 11]. The significant difference between
the exchange couplings of Cd¥@nd Ca\ Os is as regards whethdg, exists or not, so these
results are consistent with the model with J.1 <« Je2 [4, 7].

The recent structure analysis of Ng¥% indicates that the space groupRsmn with
only one equivalent V ion, and charge disproportionation irtband \#* (3d®) chains is not
allowed, i.e. the Vions are in the staté¥ [12—14], in contrast to the previous conclusion [15].
In this sense, the Na\Ds structure is similar to the CaDs-type one shown in figure 1. Since
NaV,0Os is an insulator and it exhibits one-dimensioak % 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/.; is considered to be the most effective as regards magnetic properties.
Moreover, Na\Os undergoes a spin-singlet transitionZagt= 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 theé*¥ state to the states close t¢*\and \P* at aroundr.
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#3; T4, 25]. For Na\4Os,
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 belpus very necessary.

Assuming that Ca¥Os is a half-filled ladder compound and Ng®5s is a quarter-filled
one regardless afe, their properties may be discussed from the viewpoints of an isolated
rung dimer and a linear chain with a spin %)fper rung, respectively. It is interesting to
explore the crossover between thes¢éremeproperties through the @a,Na,V,0s system.
Section 2 of this paper describes the crystal structures determined by means of single-crystal
x-ray diffraction for Ca_,Na,V,0s, 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 €a Na, V,0s with nominal compositions of = 0.05, 0.1, and
0.8 < x < 1 were prepared by heating sealed mixtureglof x)CaVGQ;, xNaVO;, and VO
at temperatures between 958 and 1223 K depending étere, CaVQ was made according
to the method described in reference [33], and,\4Dd NaVQ were obtained by heating a
sealed mixture of Y03 [33] and V,Os at 973 K for 24 h and by heating a mixture of f}&0s
and W05 at 823 K for 48 h in air, respectively. The large single crystals of pMadand the
Ca-doped compound were also prepared by the Nafl(@ method which is similar to the
method described in reference [22].

12f “ANaYOs 2 a4
AV fﬁ .
Ac 5% °
< 08 RS
3 : 3
o} A y
< 04 % 20 g 8
H
00" * 100
1 " 1 " 1 " 1 A.b $%§ ﬁi

00 02 04 06 08 10
X

Figure 2. The x-dependences of the lattice constant ratios of CHla,V,0s, defined as
Ap = 1— p/po, wherep is the lattice constant angy is that for Ca\tOs. 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 Cw Kadiation at 298 K using a Rigaku RAD-IIC
diffractometer. For @ < x < 0.8, the Ca\4O;-type second phase appeared. Figure 2 shows
thex-dependence of the lattice constant ratio definetias= 1 — p/ po, wherep is the lattice
constant angby is that for CaOs; a = 11.351(2) A, b = 3.604(1) A, ¢ = 4.8931) A, and
V = 2002(2) A3 [4]. The single-crystal diffraction results described below are also plotted,
as the full symbols. Only\c¢ has the linear-in: dependence, andb depends little orx.
Although Aa seems to increase with for the smallx region, it is constant for the large-
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 Maddiation and an 18 kW
rotating-anode generator at 298 K. Here, the single crystalsawith0.05 and 1 used were
prepared by the solid-state reaction method, and thosexith0.83 were made by the flux
method. As seen later, the structure result for Maythat is presented to allow us to explore
thex-dependence of the atomic parameters in the (Mda, V,0s5 system is almost consistent
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Table 1.
Ca_,Na, V205 with x = 0.05, 0.83, and 1 at 298 K.

Crystal data and a summary of the intensity measurements and refinements for

Ca.gsNagosV20s  Capa7Naps3V20s  NavaOs
a () 11.328(1) 11.294(1) 11.295(2)
b (A 3.600(1) 3.606(1) 3.605(1)
cA) 4.881(1) 4.806(2) 4.795(1)
v (A3) 199.05(6) 195.7(1) 195.2(2)
UMoKe (Mm™T) 5.814 4.790
Deal (Mg m—3) 3.689 3.485
No of unique reflections 1014 1000
Rint 0.051 0.033
Translation factor 0.71-0.93 0.92-1.00 0.89-1.00
No of observations/(> 30) 731 678
No of variables 29 28
R 0.039 0.023
Ry, 0.046 0.019

with that reported recently [12—-14]. Intensity data were collected over a maxiriuange
of 90° using thew—29 scan technique and corrections for Lorentz polarization, absorption,
and secondary extinction effects were applied. For all of the compounds, the space group and
the Z-value were determined to emmn (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 @ay/[4], the structures were refined by means
of full-matrix least-squares calculations with anisotropic displacement parameters. Atthe 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 parameBs (A?) for
Ca_Na, V205 with x = 0.05, 0.83, and 1 at 298 K, whese= ;11 for all of the atoms.
Atom CagsNagosV20s  Cap17NapsgsV20s  Navz0s
Y, 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 3 3

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)
02 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)

1 1 1

03 X b 7 b

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= (Z(|Fo| - |Fc|>2) / <Z |Fo|) &
R, = [(Zwﬂm - |Fc|>2)/(Z wFé)T/2 @

where F, and F; are the observed and calculated structure factors, respectively, are listed in

table 1t. All of the calculations were performed using the teXsan crystallographic software
package [36].

Table 3. Interatomic distances (A), angles (deg), V and O valences, and the ground-state wave-
functions for Ca_,Na,V,0s with x = 0.05, 0.83, and 1 at 298 K, where the translation codes
are (i)x, y,z; (i) 1 —x, =y, 1—z (i) 1 —x,1—y, 1—z (iv) % —x, 5,7, (V) x,—1+y,z;

(Vi) § +x, —y, —z; (vi)) 3 +x,1—y, —z; (vii) 3 -x,y,z

CagsNagosV20s  Cap17NapsgsV20s  NaVv,0s

V(i)-01(i) 1.645(3) 1.617(3) 1.610(1)
V(i)-02(i) 1.979(2) 1.981(2) 1.985(1)
V(i)-O2(ii, ii) 1.942(1) 1.919(1) 1.9129(7)
V(i)-03(i) 1.899(2) 1.833(2) 1.8234(8)
O1(i)-02(i) 2.999(4) 2.954(4) 2.954(2)
O1(i)-02(ii, i) 2.975(3) 2.885(4) 2.863(2)
O1(i)-03(i) 2.778(4) 2.708(5) 2.688(2)
02(i)-02(ii, ii) 2.500(3) 2.452(3) 2.448(2)
03(i)-02(ii, iii) 2.676(2) 2.691(2) 2.691(1)
V(i)-V(ii, ii) 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)—02(ii)-V(v) 135.9(2) 139.9(2) 140.89(8)
V(i)-03(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)-OA4(ii, iii, vi, vii) 2.536(2) 2.553(2) 2.549(1)
Ca, Na(i)-02(i, viii) 2.497(3) 2.582(3) 2.603(2)
Ca, Na(i)-03(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

02 valence 1.79 1.88 1.90

O3 valence 1.42 1.75 1.80

Wavefunction f < 2 A)
Wavefunction £ < 4 A)

0.860d, — 0.510d,, 0.811d, — 0.585d,, 0.795d, — 0.606d,,

0.993d, +0.118d,;

0.986d, +0.170d,,

0.986d,, +0.169d,.

The atomic coordinates and equivalent isotropic thermal parameters, of \GaV 05
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 onitipdane of
Cay17Nay g3V 20s. As explained in reference [4], the structures presented here are described
in terms of VG pyramids which are linked by sharing edges and corners to form V zigzag
chains along thé-axis. Along thez-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.

Tt 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: 4/2. The ground-state wavefunctions for
the VOs pyramid are found, on the basis of the crystal fields within the distancd< A
(the pyramid unit only) and 4 A, to be mainly composed of (table 3), wherer || a and
y || b, using the Hartree—Fock function for*¥/[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 the-axis is larger than those for paths along other directions, as
mentioned for NaYOs, on the basis of density-functional theory [12]. Thus, the exchange
coupling constant for the V—O3-V patlit in figure 1) for the half-filled case is expected to be
more effective thane andJ;1, which is consistent with the mechanism of spin-gap formation
in CaV,0s [4, 7].

The average Ga,Na,—O distances for the compounds;CaNa, Og with x = 0.05, 0.83,
and 1 are 2.47, 2.52, and 2.53 A, respectively, which almost agree with the values estimated
from reference [39]: 2.50, 2.55, and 2.56 A with the radius of the oxygen ion being 1.38 A.

3. Electronic properties

3.1. Magnetic susceptibility

The magnetizations of the polycrystalline specimens wita 0.05, 0.1, and ® < x < 1
were measured by the Faraday method with a field obUpTt attemperatures between 4.2 and
850 K. The magnetic susceptibility 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,8Ba,V,0s with
x = 0.05and 9@ < x < 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 09 < x < 1 appear to be rather similar to those of G&Y and Na\,LOs,
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*Vions is significant. This result is explained by
considering the following contributions: the dimer susceptibilitymer, the Curie—Weiss-type
susceptibility of the isolated iongsolate @and the temperature-independent susceptibility of
the Van Vleck orbital and diamagnetic components,

X = Xdimer T Xisolate T X0 3)
4Cdimer
A 4
Xdimer = 7 Texp(A /T) + 3] “)
Cisolate
) — 5
Xisolate T+ Tw (5)

where A is the spin gap,Cqgimer and Cisolate @re the Curie constants, arily is the
Weiss temperature. The full curve in figure 3(a) is drawn on the basis of the following
parametersA = 6821(4) K, Cgimer = 0.33486) emu K (mol V)2, Cisolate = 7.87(9) x

10-3 emu K (mol V)%, Ty = 2.0(2) K, and xo = 2.75(8) x 10-° emu (mol V) L. Since the

V4 ions in this system have the averagéactor of 1.96 as will be explained later, the above
Cdimer- andCisolatevValues are fairly consistent with the values expected from a model wherein
the Na or \?* doping gives rise to an unpaired electron which behaves as an isolated spin.
The data withv = 0.1 (not shown here) are also explained by this idea. The fact thak the
value obtained here is close to the value for @ay(A = 667 K) indicates that the exchange
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Figure 3. (a) The temperature dependence of the magnetic susceptjbibfyCa;_,Na, V.05

with x = 0.05, 0.9, 0.95, 0.98, 0.99, and 1; (b) the behaviour f&rg x < 1 at temperatures
below 50 K. The full curves fox = 0.05 and 0 < x < 1in (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 CayOs is rather stable. This is the same conclusion as was obtained from the
previous investigation for the CaV, Ti, Os system withx = 0.1 and 0.2 in which the Tiions
have no 3d electron [40].

The susceptibility results for.9 < x < 1 exhibit broad peaks ataround 300 K, as expected
for the low-dimensional spin system. These are almost fitted by the relation

X = X1d * Xisolate + X0 (6)
where the first term is the susceptibility for &h= % 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, wiiggeand J,4 are the Curie constant

Table 4. The susceptibility parameters of the one-dimensional (1d) spins and the isolated ones in
paramagnetic regions of €a Na,V20s; C14 andCisolateare Curie constants (emu K (mol ),

J14 is the exchange coupling constant (K)y is the Weiss temperature (K), apd is the constant
susceptibility (16° emu (mol V) ).

x C1id J1d Cisolate Tw X0

0.90 0217(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) O 5.13(4)
0.99 0.181(1) 510.1(7) 0.00083(1) O 5.56(8)
1.0  0.180(1) 491.0(4) 0.00015(1) O 4.84(1)
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and the exchange coupling constant fg§, respectively. The 14-values nearly correspond
to those expected from the chemical formulay = 0.36(1 — x/2) with g = 1.96. J14 Seems
not to depend on significantly. Since the susceptibility data are well explained in terms of the
Heisenberg chain model over a wide temperature region with a reasonable Curie cdgstant,
remains the most effective. Thus, it is postulated that the V—-O-V molecular orbital still exists
for 0.9 < x < 1. The previous report af1q = 0.188 emu K (mol V) and J;q = 560 K
for NaV,0s exhibiting T, 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 transitidias at

The singlet transitions at low temperatures are significant just.88 € x < 1, and the
transition temperaturé; at which the temperature derivative pfhas a peak decreases with
decreasing: forx = 1, T, = 340 K, and forx = 0.99, T, = 29.4 K. Forx = 0.98, it is
difficult to define T, precisely, since the susceptibility hollow is not so clear (figure 3(b)).
The Tc-value for Na\LOs agrees well with the value reported previously [16]. Various
investigations of the magnetic properties at temperatures bE/dar NaV,0s [19, 42—-45]
have indicated\ 5y = 85—-101 K in terms of the alternating exchange model [46]:

2,2
REVEED) i)/ ) @)
where N, ug, andk are the number of spins per mole of V, the Bohr magneton, and the
Boltzmann coefficient, respectively, andy) andg(y) are parameters that are dependent on
the alternating parameter[47]. However, there was no quantitative discussion that included
the prefactow (y) in equation (7). Letusreanalyse the susceptibility data attemperatures below
T.. As indicated by the full curve in figure 3(b), our data below 30 K are explained by the
following parametersy = 0.68(1), J' = 291(7) K, andyo = 7.24(3) x 10-° emu (mol V),
with the same values foyisoiate 8S 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 Jyith= 491 K at
temperatures abovk. These parameters give,er = 77 K from the relation

1 1 ,
Aalter = E + ; A-y)J

with a mean-field approximation [48], which is significantly smaller than the value reported
previously. Moreover, thgo-value is found to be different from the value abdyes 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 changgoafuantitatively.

As will be discussed later, the spin—orbit coupling effect itself does not change significantly at
aroundT..

Xalter =

3.2. Electron paramagnetic resonance

EPR measurements for the polycrystalline specimens with0.05, 0.1, and ® < x < 1

and for the single crystals with = 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 gnd 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 indi#tebc-, andab-planes. The

spin susceptibilitys was extracted precisely on the basis of the integration of the signal, taking
account of the temperature dependence @tfactor. This paper mainly describes results for

the single crystals.
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Let us first discuss the results for Ngs. Although various reports for the EPR invest-
igation of Na\bOs have been published, some disagreements exist there [43-45, 50-52].
Comparing between the-value and the static susceptibiliyshown in figures 3(a) and 3(b),
we can find thaj attemperatures aboZg mainly comes fronys, and theyo-value changes at
aroundT 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.

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

g = (g2coS ¢St 6 + g2 sir ¢ sin’ 6 + g2 cos 6) /2 @®

whereé and¢ are the polar and azimuthal angles of the direction of the external field, resp-
ectively, with respect to the crystallographic axe3, andc) which correspond to the principal
axes X, Y, and Z). Here, g, depends on the direction dil;; for example, at 296 K,
g« = 1.977(1) with H; || b and 1.974(1) withH; || ¢. On the other handg, = 1.974(1)
with H; || a and 1.973(1) withH; || ¢; andg. = 1.936(2) with both H; || a andH; | 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 gaseijthout the
dynamical shift is obtained fro@[ga(Hl || b) +g,(H3 || ¢)]. This correction is no more than
0.002, so it is not considered below. Similar phenomena have been observed @ Gaid
CaV;0q [54].

The temperature dependences of the pringigfalctors are shown in figure 4, whegg g5,
andg. are obtained wittH; || b, a, andb, respectively. Therelatiog), >~ g, > g.is consistent
with the d.,-type ground-state wavefunction for thé"Ds pyramid expected from the crystal-
field analysis. The-factors are nearly temperature independent at temperatures &hove
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_ +41.936

' | ' | '
0 100 200 300
T (K)

Figure 4. The temperature dependences of the principtdctors g,, g», andg.) of NaV,0s
and Ca 17Nag g3V 205, where the crystallographic axes, (b, ande) correspond to the principal
axes (X, Y, andZ), respectively. When the external field is parallel to 4heb-, andc-axes, the
microwave frequency fields are applied parallel tokhe:-, andb-axes, respectively.
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while belowT;, 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
¢ andy/" as well as the impurity spin with parametgf&P and xa™, wherexd™ is xisolate

in equation (6), angt"™ corresponds tgr1q for T > T and xarer (€quation (7)) forT < 30 K.

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

int imp_ imp

gntyint 4 g, xS ©
Xém + Xs

8 =

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

it — 1,974, andg™ = 1.936; for the impurity sping;™ = 1.985, g™ = 1.983, and
ngp 1.939. The energy level configuration for¥Vmay be calculated in terms of simple
perturbation theory of the spin—orbit coupling [55]:

L;|0)]
2e=2.% S _'EO (10)

whereAg; = 2— g;; A is the spin—orbit coupling constatt; is the orbital angular momentum
operator, and, is the energy of the orbital state With |0) = d.,,, the energies corresponding
to the d., d.,, and d-_, states are determined to bex7B7A, and 125, 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.d,.. This difference is attributable to covalency
effects of the oxygen p orbitals.

The angular dependence of the peak-to-peak linewidtbf the absorption derivative is

T T T
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NS R e :

[&] ; 2- :'A:::o..n 88D- R IN
;_ 2013 | %, @ a 1
;ﬂ 1 (b) 098 e . d

% , O 40 0 8ya g 00
; lo_ Ai T(K)A A‘Di Fr WaWbWC 7]

s &%ﬁ,ﬁﬁg" e = . x=083
Or o o » 100
| L | L
<, T T T T

Y x=083 4
; QW“OOQOQQ “"O o <&
< o 1
2 | G woc® 7100 |

(C) L 1 L | L
0 100 200 300
T (K)

Figure 5. (a) The temperature dependences of the principal EPR linewidthsW,,, andW,) of
NaV,0s5 and Ca 17Nag.g3V20s, where the crystallographic axes, (b, andc) correspond to the
principal axes X, Y, andZ), respectively; (b) the behaviour at temperatures below 90 K; (c) the
results forw,/ w,.
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expressed by
W = W, coS ¢ sin 6 + W, sir? ¢ si’ 6 + W, cos 6 (11)

where the definition fop and ¢ is the same as that in equation (8) awgd ~ W,. The
temperature dependences of the princlgavalues ¢, W,,, andW,) are shown in figure 5(a).
They decrease monotonically with decreasing temperature at temperaturesigbevde
below Tt, a rapid upturn occurs (figure 5(b)). Here, it should be noted that the V&tjoy,
or W./W,, 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 byhZJ.4, i being Planck’s constant, the space-averaged
linewidth due to the dd interaction is estimated to{B&q) = 0.08 mT from the relation

(Waa) = 2v3¢%ud 1 D i/

>

wherer;; is the distance between certain spins without consideration of the V-O-V molecular
orbital; the width due to the ae interaction(i&,¢) = 0.06 mT from

(Wao) = 272V/3Ag% g gt J1a.

On the other hand, the width due to the DM interactidp,- (S; x S;), with the vectord;;
defined betwees; andsS;, is (Wpm) =~ 30 mT from the relation

(Wom) = 97v3Ag% g3 ugt i

in the high-temperature limit, whetd| = 2= Ag g~1J14. This magnitude is comparable to

the experimental result. The anisotropy of the linewidth at high temperatures, approximately
given by W o 1+ cog4, is qualitatively explained if, for example;; = (0, 0, d) for the
third-nearest-neighbour V-V pairs with the exchange coupling,@t~ J1. Thisd;;-vector

is roughly consistent with the anisotropy of t@efactor. 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 gOhaV
correspond to the powder patterns calculated with the EPR parameters for the single crystals.
The signal for Cgy7Nag g3V 205 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 ghfactor and the linewidth for the single
Lorentzian in theic-, bc-, andab-planes are basically given by equations (8) and (11), where
their principal axes correspond to the crystallographic axes as in the case gbiNaw this
compound, the dynamical shiftis significant fgras well ag;,: at 296 K,g, = 1.9751) with

H, || band 1.971(1) withH3 || ¢; g, = 1.973(1) with H; || a and 1.969(1) withH; || ¢;

g = 1.936(2) with both H; || @ and H; || b. It may be difficult to explain this result within

the framework of th@urely one-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 meaguaegino more

than 0.002, and are neglected below. The temperature dependences of the prifeipals

and linewidths are shown in figures 4 and 5(a), respectively, wherg, andg. are obtained

with H; || b, a, andb, respectively. The anisotropy of tigefactor is very similar to that for
NaV,Os, but its temperature dependence is different, since the present ratio of the impurity
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spinto the intrinsic spin may increase with decreasiag expected from table 4. By analysing
the temperature dependence of ghtactor in terms of the same scheme as described earlier
with the susceptibility parameters for= 0.9, the followingg-factors are obtained with the
broken curve in figure 4: for the intrinsic spig" = 1.975,¢i" = 1.971, andg™™ = 1.936;
for the impurity spin,g, © = 1.982,g," = 1.978, andg, " = 1.937. This result is almost
identical to that for NaYOs. At first sight, the temperature dependence of the linewidth seems
roughly similar to that for Na¥Os, but there is a significant difference: the apparent linewidth
has a minimum at about 50 K and then increagesluallywith 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 Na¥Os, 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 aff, disappears fox < 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 ZCg\and the linear-chain

state of Na\Os, the structural and electronic properties of thg Glla,VV,0s 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 & x < 0.1 and 08 < x < 1 are isomorphous to that of
CaV,0s5 with only one equivalent V ion. The V valences estimated on the basis of the V-O
bond lengths in the VEpyramid are consistent with those expected from the chemical formula.

For the smalk-value, the structural properties may lead to a large transfer integral along
the V-0O3-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 largesalue suggests that the O3 ion still has a hole
concentration larger than that in the O2 ion. Moreover, the V-0O3-V bond angle is larger
than that for CayOs. These properties will give a large exchange coupling constant for the
V-03-V path, if spins are attached to a single V ion. However, in order to explain the magnetic
and transport properties of NaWs, we have to consider the V-O3-V molecular orbital as
pointed out previously. The compounds wit®& x < 1 stillindicate 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 1 < x < 0.8 are not obtained.

The singlet transition disappears for< 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 CuGe@th 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 o,Nai6 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 dapAs long as

the alternating-chain model is applied, we may expect not complete charge disproportionation
into V4 and \P* but incomplete order of ¥~ and V*** with 0 < v < 0.5 as suggested in
reference [28].

The EPRg-factors and the relaxation mechanism at high temperatures fosOiaahd
Cay17Nag g3V 205 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 fielow
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