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Abstract. The crystal structure of the insulator Cdy®as been determined at 296 K by means

of x-ray four-circle diffraction with residual factors & = 0.027 andR,, = 0.025. The crystal

data show an orthorhombic structure; space grBupia, a = 14.301(1) A, b = 3.5981) A,

c =5.2041) A, andZ = 4. The isolated V zigzag chains with a nearest-neighbour V-V distance
of 3.05 A are formed along thieaxis by sharing edges and corners ofa@yramids. The zigzag-

chain unit and the V@pyramid are almost identical to those of the two-dimensishal % system
CaV,0s5 which exhibits a simple dimer state with a gap of 660 K. The electronic states have been
explored through magnetization and electron paramagnetic resonance measurementss@dVO

S = % ferromagnet with a Curie temperatufe = 24 K. The paramagnetic properties above 50 K

are explained in terms of the ferromagnetic Heisenberg chain model in the classical limit, where
g = 1.96 and the edge-sharing exchange coupling: —1001(3) K, and the properties between

50 Kand 30 K are considered as indicating a critical behaviour of the three-dimensional Heisenberg
ferromagnet. This evidence is consistent with a previous model for the spin-gap formation of
CaV,0s, in which it was postulated that the exchange coupling between the zigzag chains is rather
larger than those within the zigzag chain.

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

1. Introduction

The properties of various low-dimensional spin configurations have been explored intensively.
The vanadium-based system which is a member of the compound series of transition metal
ternary oxides and bronzes often exhibits spin-singlet ground states, such as bipolgons in
Nag 33V 205 with a zigzag-chain structure [1] and trimers in LiY@ith a triangular lattice [2],

which are accompanied by a lattice distortion due to electron—phonon interaction. The singlet
state in (VO)}P,0; was once considered to be attributable to the properties of the two-leg spin
ladder [3], but recently, a different interpretation in terms of an alternating-chain model has
been given [4].

The CaV,0,,+1 insulator system wite = 2—4 consists of YO, layers formed by
sharing edges and corners of ¥@yramids, where Ca atoms are situated between the layers
[5-7]. It has a two-dimensional = 1 configuration at the ¥* (3d") site of the [¥(n + 1)]-
depleted square lattice. Caly and Ca\tOs exhibit singlet ground states with energy gaps of
A ~ 110K [8] and 660 K [7, 9, 10], respectively. The mechanism of spin-gap formation for
CaV4,09 may be explained from the viewpoint of the weakly coupled metaplaquette picture
[8, 11], while the spin gap for Ca)Ds originates from the corner-sharing interchain dimer
[10]. CaVs0; does not exhibit a singlet state, but has a stripe-phase magnetic order [12,
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13]. These results clearly indicate that corner-sharing superexchange interactions for the next-
nearest-neighbour V-V path are very significant for determining the magnetic properties of
this system.

Many vanadium oxides and bronzes have antiferromagnetic correlations, whose magnitude
may be estimated roughly on the basis of structural chemistry [14, 15]. Recent theoretical work
on the magnetic properties of Cal,,+1 postulates that all of the possible exchange couplings
are antiferromagnetic. For example, consideringSas: % double-spin-chain system that
seems to correspond to the V zigzag-chain unit of §@has led to the proposal of various
characteristic states for the antiferromagnetic coupling case, such as the Haldane, the dimer,
the ladder, and the Majumdar—Ghosh models [16].

In order to establish the mechanism of spin-gap formation for LgVit is important
to investigate the properties of the V zigzag-chain unit with V—O bond lengths and V-O-V
bond angles similar to those of Ca®s. The subject of this work is CdV§for which neither
crystal data nor structural models have been published [17, 18]. The magnetic susceptibility
measurements at temperatures above 77 K indicate this compound to have ferromagnetic
correlation [19]. This paper describes the precise crystal structure of €dé@rmined
by means of x-ray four-circle diffraction, as well as the electronic states revealed through
measurements of the magnetization and electron paramagnetic resonance (EPR). It will be
shown that CdV@ has a completely isolated zigzag chain of V ions, and is one of the few
vanadium compounds that are ferromagnetic. The zigzag-chain unit and theywnid of
CdVO; are almost identical to those of Cals, which may shed new light on the anomalous
magnetic properties of Ca\D,,+1 and the related systems.

2. Crystal structure

Polycrystalline specimens of Cd\{Qvere prepared by the solid-state reaction method as
follows [19]. Mixtures of 4CdO (99.99% purity), 205 (99.99% purity), and ¥YO5 that was

made according to the procedure described in reference [20] were ground and pressed into
pellets. These were sealed in quartz tubes and then heated at 1073 K for 24 hours. The x-ray
powder diffraction patterns measured at 296 K on a two-circle diffractometer withdCu K
radiation were very similar to those reported previously [17, 18], and agreed well with those
calculated from the atomic parameters described below. The single crystals used inthe structure
analysis were obtained with an annealing temperature of 1173 K. Above this temperature, the
specimens decomposed. Cdy® an insulator.

The x-ray four-circle diffraction measurements were performed at 296 K on a Rigaku
AFC-7R diffractometer (custom-made) with graphite-monochromated Maddiation and
a 18 kW rotating-anode generator. A crystal with dimensions.02 & 0.01 x 0.09 mm
was mounted on a glass fibre. The intensity data for the structure analysis were collected
over a maximum @ range of 90 using thew—29 scan technique. Of 1343 unique reflections,

725 reflections with F,| > 30, F, ando being an observed structure factor and its standard
deviation, respectively, were used. Lorentz polarization, the absorption correction, and the
extinction correction were applied, where the transmission factors were in the range 0.89-
1.00. The internal consistency of the reflections was estimated on the baggtofbe

Rint = 0.079.

Through the systematic absences of reflections, a statistical analysis of the intensity
distribution, and the successful solution and refinement of the structure, the crystal data
were determined to be: orthorhombic with space gréupna (No 62); a = 14.301(1),

b = 3.5981), c = 5.2041) A, v = 267.81(7) A3, Z = 4; u(Mo Ka) = 11.18 mnT?; and
Dca = 5.241 Mg nv 3.
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The structure was solved by direct methods [21], expanded using Fourier techniques, and
refined by full-matrix least-squares calculations with anisotropic displacement parameters.
The atomic scattering factors were taken from reference [22], and anomalous dispersion effects
were included with the values given by reference [23]. The residual factors defined as

R =Y (IFol = IFe)?/ 3 IFd

and

1/2
Ry = [qum - |Fc|>2/ZwF§}

whereF, is a calculated structure factor, are finally= 0.027 andR,, = 0.025%. All of the
calculations were performed using the teXsan crystallographic software package [24].

Table 1. Atomic coordinates, equivalent isotropic thermal parameﬁgﬁs():\z), and anisotropic
displacement parametets; of CdVOs at 296 K, wherey = ;11 andUio = Upz = 0 for all

of the atoms. Beq and U;; are defined byBeq = %nz[Ull(aa*)z + Uoo(bb*)2 + Usa(cc*)? +
2U12aa*bb* cosy + 2Uyzaa*cc* cosp + 2U3bb*cc* cosa], and the parameters are defined in
the thermal factor forml’ = exp[—272(a*2U11h? + b*2Uk? + ¢*2U3z3l? + 2a*b*Uiohk +
2a*c*Uyzhl + 2b* c* Uazkl)].

Atom  x z Begq U1 U2 Uss Uiz

Cd  0.31842(3) 0.13832(8) 0.912(5) 0.0132(1) 0.0105(1) 0.0109010025(1)
v 0.08058(6) 0.0826(2) 0.65(1) 0.0083(3) 0.0081(3) 0.0084(@)0005(2)
01  0.096(3) 0.3930(8) 1.31(7) 0.019(2) 0.020(2) 0.011¢2).001(1)
02 -0.0579(3) 0.0421(8) 0.91(6) 0.012(1) 0.008(1) 0.014(2p.001(1)
03  0.1941(2) —0.1064(7) 0.77(5) 0.007(1) 0.011(1) 0.011(1)0.001(1)

Table 2. Selected interatomic distances (A) of Cdy/@vhere the translation codes arexij)y,
i (i) —x, =3 +y, —z (i) —x, 3+y. —z (V) 3 —x.—y. -3+ W i-x 1y —F+z
(Vi) 3+x. 53—y, 3 —z (Vi) 3 —x,—y, 3 +z; (Vi) 3 —x,1—y, 3 +z.

VOs pyramid Edges of pyramid Others
V(i)-01(i) 1.668(4) O1L(i)-0O2(i) 3.012(5)  V(i)-V(i, iii) 3.048(1)
V(i)-02(i) 1.991(4) O1(i)-O2(ii, iii) 2.985(5) V(i)-Cd(iv, v) 3.2665(8)
V(i)-02(ii, iii)  1.940(2) O1(i)-03(i) 2.866(6) Cd(i)-O1(iv, v) 2.434(3)
V(i)-03(i) 1.899(3) O2(i)-0O2(ii, iii) 2.484(5) Cd(i)-O2(vi) 2.428(4)
— O3(i)-02(ii, i)  2.673(4) Cd(i)-03(i) 2.187(3)

— — Cd(i)-O3(vii, vii)  2.244(2)

The atomic coordinates, equivalent isotropic thermal parameters, and anisotropic
displacement parameters are listed in table 1. Selected interatomic distances are listed in
table 2. Figure X)) shows the crystal structure projected on the orthorhombiplane,
which is described by a linkage of \@yramids having apex oxygens in the direction of the
c-axis with the normal displacement parameters. A clinographic view for the structure with
the polyhedral scheme is shown in figuré)L(The V zigzag chains extend along thexis
by sharing edges and corners of the pyramids, where the nearest-neighbour V-V distance is
3.05 A. The effective valence at the V site is estimated to be 4X) (8dthe basis of the bond-
length—bond-strength relation [25]. The ground-state wavefunctiohfof the VQ; pyramid

T Supplementary data files are available from the article’s abstract page in the online journal; see
http://www.iop.org.



752 M Onoda and N Nishiguchi

Figure 1. The crystal structure of CdV§at 296 K: @) the projection on the orthorhombid-

plane, where the dashed lines and the thick ones show edge- and corner-sharing paths, respectively,
responsible for the possible exchange couplings; &pd €linographic view with the polyhedral
scheme, where the shaded spheres indicate Cd atoms.

is mainly composed 0f0.865d,, + 0.503d,;, wherez || a andy | b, in terms of simple
crystal-field analysis using the Hartree—Fock function fd¥ Y26]. Cd atoms are located
between the chains and each surrounded octahedrally by six O atoms. Since the average Cd-O
distance for the Cdgis 2.33 A, the effective ionic radius of €tis estimated to be about
0.95 A, which is consistent with the value for six-coordinated Cd ions [27].

The edge- and corner-sharing paths in the zigzag chain responsible for the super-
exchange interactions are shown by the dashed and the thick lines in fighireespectively.
From table 2, the V-O-V angles for these paths are calculated to be 1056¢11]36.1(2),
respectively. TheV zigzag-chain unitand thefyramid revealed here are almostidentical to
those of CayOs, which are joined by sharing oxygen corners to form a two-dimensional layer,
since the nearest-neighbour V-V distance and the next-nearest-neighbour one in the zigzag
chain are 3.03 A and 3.60 A, respectively; and the V-O-V angles for the edge and corner
linkages in the zigzag chain are 100and 135.3, respectively [7]. Therefore, exchange
interactions in the zigzag chain are expected to be similar to those of@zaVFurther
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discussion of the correlation between the crystal structure and the magnetic properties will
be given in section 4.

3. Electronic states

Magnetizations with a field of uptl T for the polycrystalline specimens were measured by
the Faraday method between 4.2 and 300 K. The magnetic suscepjibiliig deduced from
the linear part of the magnetization—field £H) curve with a decreasing field.

8 T I ! I '

(a) CdVO,

/

0 T.T,

200 300

100
T (K)

Figure 2. The temperature dependence of the magnetic susceptipilitf CdVOs: (a) x 1

againstT’, where the full curve and the broken line indicate the calculated results in terms of the
ferromagnetic Heisenberg chain modelin the classical limit and a Curie—Weiss law, respectively, and
Tc andTiy on the abscissa display the Curie and Weiss temperatures, respectively) g *

against logT" — Tc), where the full line shows a critical behaviour with an exponent ef 1.33.

The temperature dependence of! is shown by the open circles in figuread( As
temperature is lowereg, ! decreases with a ferromagnetic correlation, and has a minimum
at 24 K which corresponds to the Curie temperatlireas described below. The behaviour
above 50 K is explained in terms of the ferromagnetic Heisenberg chain model in the classical

limit [28, 29]:
Cl+u ) 3J ar
X == + xo0 with u = cothl —— ) +

T1—u ar) 37
whereC, J, and xo are, respectively, the Curie constant, the net exchange coupling [30],
and the temperature-independent contributions from the Van Vleck orbital and diamagnetic
susceptibilities. The full curve in figure &) indicates the calculated result, with parameters
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of C = 0.36122) emu K mol!, J = —100.1(3) K, and xg = 0. This Curie constant agrees
well with the value estimated on the basis of the EfRctor which will be described later,
and they,-value is close to those for Ca®s [7] and MgV,0s [10]. The one-dimensional
magnetic properties at high temperatures are consistent with the structural result. Here, the
possible exchange interactions in the zigzag chair/grérough the edge-sharing path, and
Je, through the corner-sharing one, as shown in figurg.1According to a qualitative rule
for the exchange interactions [31, 32], it is possiblefoto become ferromagnetic when the
effect due to direct overlap of 3d wavefunctions gives a minor contribution. The fact that the
susceptibility data are well explained by just one paramétasyer a wide temperature region
with a reasonable Curie constant may indicate that evérisffinite, it is significantly smaller
than|Je|. Therefore,J corresponds tde.

For comparison, the result of Curie—Weiss analysis

X = + Xo

T +Tw

whereTy is Weiss temperature, for the behaviour above 120 K, is plotted as the broken line,
whereC = 0.37164) emu K mol?t, Ty = —39.2(2) K, and xo = 0. When|Je| > Jq,
Je is about—80 K, which is 20% smaller than the value estimated above. This difference is of
course attributed to that between the assumptions made for the models considered here. In the
paramagnetic region between 50 K and 3(xKs considered as indicating a critical behaviour
of the three-dimensional Heisenberg ferromagnpetx (T — Tc)~". Figure 2f) shows the
comparison between experimental and calculated results, where the full ling givds33(1).
This critical exponent is consistent with the value calculated from series expansions [33]. The
deviation of the data from the calculated line betw&emand 30 K is due to the so-called size
effect as mentioned below.

Below 25 K, the remanent magnetizationdefined a4 = x H +o, appears clearly. The
M-H curve at5.1 K is shown in figure B), where the initial magnetization is displayed by the
full circles, and a part of the hysteresis loop is indicated by the open circles and the full curve.
On the basis of this result, the saturation magnetization is estimated #%&& emu mot™?,
which corresponds to the value of the full moment So= % system withg >~ 2.0, and the
coercive force is about 9 mT. The temperature dependenrcexifapolated from the high-field
side is shown in figure 3] by the open circles. It is approximately expressed by the relation

T
o _ tanh("_c>
oo O'oT

with og = 5.4 x 10° emu mot?! and7c = 24 K as shown by the full curve. Here, a slight
disagreement between the experimental and calculated results @fgusdttributed to a
short-range-order effect.

EPR measurements for the polycrystalline specimens were performed at 9.2 GHz using
a JEOL spectrometer at temperatures between 14 and 300 K. The signal is single Lorentzian
at temperatures above 30 K. The extracted spin susceptibility is comparable with the static
susceptibility, which is consistent with the result that the static susceptibility comes from the
V spins. The peak-to-peak linewidth of the absorption derivative at 300 K is 32 mT, which
decreases monotonically with the decrease of temperature, and is 7 mT at 30 K. Below this
temperature, the signal is asymmetric due to the presence in the specimen of inhomogeneous,
effective local magnetic fields [34]. Thefactoris nearly temperature independgnt; 1.961,
which corresponds to the values for Heisenberg magnets with similgpy@mids and the
d,,-type ground-state wavefunction [10].

Thus, the electronic states of Cdy@t high and low temperatures are characterized as

S = % Heisenberg ferromagnets in one and three dimensions, respectively.
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Figure 3. (a) The temperature dependence of the remanent magnetizatidrCdVOs, where

the full curve indicates the result based on the Brillouin function wiith= % and ¢) the

field dependence of the magnetizatidh at 5.1 K, where the full circles indicate the initial
magnetization, and the open circles and the full curve indicate a part of the hysteresis loop for
theregion-1T< H 1T

4. Discussion and conclusions

The crystal structure and electronic states of CgVWi@ve been explored by x-ray four-circle
diffraction and through measurements of the magnetization and EPR.

CdVO; has aone-dimensional V zigzag chain formed alongthgis by sharing edges and
corners of \*Os pyramids and it is af = % ferromagnet witifc = 24 K. To the best of our
knowledge, this compound is the first example of an ionic ferromagnetic vanadium compound
with a half-filled state. The paramagnetic properties at temperatures above 50 K are explained
in terms of the ferromagnetic Heisenberg chain model in the classical limitgvith 1.96
and the edge-sharing exchange coupliag= —100 K, and the properties between 50 K and
30 K are interpreted as indicating a critical behaviour of the three-dimensional Heisenberg
ferromagnet. Quantum spin effects in one dimension at temperatures well below the exchange
coupling energy [29] do not appear due to the three-dimensional coupling between the zigzag
chains.

The V zigzag chain and the \{@yramid revealed here are almost identical to those in the
two-dimensional layer of Cay0s which exhibits an isolated dimer state with a gap of 660 K.

A previous model proposed by one of the authors for the spin-gap formation giGzd)as
postulated that the exchange coupling within the zigzag chains is rather smaller than that for
interchain bonds, if all of the couplings are antiferromagnetic [10]. For M@Mvith a two-
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dimensional layer similar to that of Ca®@s, the V zigzag chain and the \{@yramid are a little
different from those discussed here. In this case, the exchange coupling between the zigzag
chains is reduced significantly, so the ratio of exchange couplings within the zigzag chain to the
interchain coupling should increase relatively. This will lead to a significant reduction of the
magnitude of the spin gap if it is finite [10, 15]. The present result indicates that for the zigzag
chain of CdVQ@, only the edge-sharing exchange coupling is effective and ferromagnetic, and
the corner-sharing coupling is not relevant to magnetic properties. This is consistent with the
dimer model for CaYOs. In order to understand these properties quantitatively, an accurate
estimation of the kinetic and potential exchange couplings on the basis of the detailed crystal
structure is necessary.

y-LiV,0s also has V zigzag chains which consist of*@s pyramids, but these are
connected by ¥*Os pyramids [35, 36]. The magnetic properties of this compound appear to
be explained in terms of the Bonner—Fisher model fof aa % antiferromagnetic Heisenberg
chain system [37], although the reportedactor, 1.8, is rather smaller than our EPR value,
1.94 [38]. The significant difference of magnetic properties for the V zigzag-chain systems
should be attributed to that of the spin-density distributions of the oxygen ions.
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