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Analysis of the Spin Exchange Interactions in the Three Phases of Vanadium
Pyrophosphate, (VOYP,0-, in Terms of Spin—Orbital Interaction Energy
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The spin exchange interactions in the ambient-pressure orthorhombic (APO), high-pressure orthorhombic (HPO),
and ambient-pressure monoclinic (APM) phases of the vanadium pyrophosphatelP{&Qyvere analyzed by
calculating the spirrorbital interaction energiese — A€® of their spin dimers. The anisotropy of the spin exchange
interactions in the HPO phase is well explained by Mee— A€® values. For the APO phase, the reported crystal
structure does not provide accurate enodgh— A€° values to conclude unambiguously which of the~\i2

and V3-V4 chains has a larger spin gap and which of the bridged and edge-sharing spin dimers has a stronger
spin exchange interaction in the ¥¥2 and V3-V4 chains. The APM phase is predicted to exhibit essentially

two spin gaps, with a large spin gap for the-v85—V7—V6 chain and a very small one for the V&2—-V3—

V1 chain.

Introduction Table 1. Spin Gap (K), Spin Exchange Parameters (K), and

Nearest-Neighbor WV Distances (A) Associated with the Dimer

An efficient catalyst for oxidizingn-butane to maleic Chains of the APO, HPO, and APM Phases of (%),

anhydride is vanadium pyrophosphate, (Y®7,! which is

. V-V V-V
made up of YOg dimers and pyrophosphates@?. A V;0g phase chain type spin gapli/ke| |Jo/ks| (OPOY (O)
dimer is obtained fr(_)m two V@square pyramld_s by sharing HPO? >7 137 123 523 321
an O-0 edge of their basal planes, and #Punit from two APOP V1-V2 68 136 02 513 3.6
PO, tetrahedra by sharing an oxygen corner. An important V3—-V4 35 124 103 5.18 3.18
structural feature of (VQJP,0; is the chain of \{Og dimers APM¢ V4—-V2-V3-V1 f f f ~5.14 ~3.23
V8-V5-V7-V6 f f f ~5.16 ~3.21

(hereatfter referred to as the dimer chain) in which adjace®V
dimers are linked by two PPtetrahedra via the ©P—0O
bridges. Each vanadium site of (VO has a \#* (d) cation,
and this gives rise to the magnetic properties of (MD;.
Since the study of Johnston et athe magnetic properties of

2The spin gap and spin exchange parameters were taken from the
magnetic susceptibility study of Azuma et @and the =V distances
from the crystal structure study of Azuma efaf. The spin exchange
parameters were taken from the inelastic neutron scattering study of

: : : Garrett et al’ the spin gaps from the NMR study of Kikuchi et al.,
(VO)2P20; have received much attention. Their work showed and the \&-V distances from the crystal structure study of Hiroi et al.

that the ambient-pressure orthorhombic (APO) phase of crpe vy gistances were taken from the crystal structure study of
(VO)2P,07 has a singlet ground state and that its magnetic Nguyen et aP. @ For the intrachain spin dimef.For the edge-sharing
susceptibility is well described by the spif- alternating spin dimer.f Unknown.

antiferromagnetic (AFM) chain model although it$"\sublat-

tice is suggestive of spin ladders (assuming that the super-chains. This suggestion has been confirmed by the recent crystal
exchange interaction via the R@trahedra is weak). The spin  structure study.The high-pressure orthorhombic (HPO) phase
ladder model describes the magnetic susceptibility of the APO of (VO),P.0; consists of identical spil~ alternating AFM
phase well and predicts a spin g&bas does the alternating  chains and consequently has a single spin&j&ipe magnetic
AFM chain model. However, the later studies proved conclu- properties of the ambient-pressure monoclinic (APM) phase
sively that the alternating AFM chain model is correct for the of (VO),P.O; have not been reported. The spin gaps, the spin
APO phasé;®and the structural feature leading to this behavior exchange parameters, and the nearest-neighbaf distances

is the dimer chaifi=” The APO phase has two spin gafisereby associated with the dimer chains of the APO and HPO phases
suggesting the presence of two different alternating §pidFM are summarized in Table 1.

So far the anisotropy of the spin exchange interactions of
(VO),P,07 has not been examined from the viewpoint of the
electronic structures of their spin dimers (i.e., structural units
containing two adjacent spins). Thus, a number of important
guestions remain unanswered. It is known that thePSO
bridges of oxovanadium phosphates provide spin exchange
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pathways and the way these bridges are arranged determines<3 T3, 4T3 4
the magnitude of the spin exchange interactibH.However, |
it is not clear why the spin exchange via the-B-0O bridges ” 3
is much larger within each dimer chain than between adjacent — — -
dimer chains. As already mentioned, the dimer chains of HPO X 4 ,,Xi\]
and APO are well described by the spip-alternating AFM . - :
chain modeP~7 However, it is not known which spin exchange 4 Y ]
interaction, the one via the R@trahedra or that within a)Dg 3 4138, 4, 1N\3 | 4
dimer, is larger in magnitude. In the APO phase the larger spin AN S
gap was assigned to the dimer chain consisting of the V1 and 3 / 3 1 3 i
V2 atoms assuming that in a given type of spin exchange
interaction the magnitude of the interaction decreases with
increasing -V distance®’ It is important to test the validity

of this assumption because structural factors other thanthé V
distance can influence the interaction between the two magnetic
orbitals of a spin dimer. The spin exchange interaction along
the a-direction (i.e., the ladder direction) is weakly ferromag-
netic® rather than AFM, in contrast to the assumption made in
the ladder model. The reason for this ferromagnetic interaction
has not been explained. In the present work we probe these
and related questions by studying the nearest-neighbor spin
exchange interactions of the APO, HPO, and APM phases on
the basis of the spin dimer analy&ts1” In the following, the

spin dimers and spin monomers (i.e., structural units containing
a single spin) of these phases were first identified, and then the
relative magnitudes of the spin exchange interactions were
estimated on the basis of molecular orbital calculations for the
spin dimers and monomers.

(b)
Figure 1. Schematic projection views of the structure of the APO
phase: (apc-plane layer; (bpc-plane layer. In (a) the numbers in the
squares and triangles refer to the kinds of the V and P atoms,
respectively. In (b) each triangle refers to a 3/€uare pyramid and
the pyrophosphate units are not shown for simplicity.

Crystal Structures and Spin Dimers

To facilitate our discussion, we construct the ideal crystal
structures for the APO, HPO, and APM phases of (ARQy;. are not shown for simplicity. The crystal structure has &eo
The APO phase has thééplane” layers made up of the dimer plane layers per unit cell along thedirection. The ideal
chains depicted in Figure 1a, where each square represents atructure of the APM phase is the same as that of the APO
VOs square pyramid and a square with solid (dashed) diagonalphase described above, but this is not the case for the HPO
lines has the apical oxygen atom above (below) the basal planephase. The ideal structure of the HPO phase habdtimane
of the VG; square pyramid. In each \{Bquare pyramid the V  layers depicted in Figure 2a.
atom lies above the basal plane such that it makes a shorter The real structure of the HPO ph8sethe same as the ideal
V—0 bond with the apical oxygen atom than with the basal structure in that all the V atoms are equivalent, and so are all
oxygen atoms. This is a typical geometry found fora&Qquare the P atoms. This is not the case for the real structure of the

pyramids containing a % (dY) cationl81® Each triangle
represents a®y unit (i.e., GP—O—PQO;) viewed along the
a-direction (the P---P axis of 7 is pointed along the

APO phasé,which has four different V atoms; one dimer chain
consists of the V1 and V2 atoms (hereafter referred to as the
V1-V2 chain), and the other dimer chain the V3 and V4 atoms

a-direction). Each shaded (unshaded) triangle means that the(hereafter referred to as the ¥¥4 chain). The APO phase

lower (upper) PQtetrahedron of the ®; unit is corner-shared
with three \bOg dimers in a giverbc-plane layer. Along the
a-direction, every BO7 unit links two adjacenbc-plane layers,
so the crystal structure of the APO phase hashieplane layers
per unit cell along the-direction. The crystal structure of the
APO phase may also be viewed in terms of the-flane” layers
of the dimer chains depicted in Figure 1b, where th@/Rinits
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has two different PO7 units and four different P atoms; one
P,O7 unit has the PAXO—P2 linkage, and the other unit the
P3—-0—P4 linkage. The numbers in the squares and triangles
of Figure la refer to the kinds of the V and P atoms,
respectively, found in the real structure of the APO phase.
Adjacent \LOg dimers of each V+V2 chain are linked by the
O—P1-0 and G-P2-0 bridges, and those of each ¥¥4
chain by the G-P3—0 and G-P4-0 bridges. The APM phase
is the same as the APO phase in that each has two different
dimer chains. In the APM phase, however, each dimer chain
consists of four different V atoms, and a unit cell has four
different BO; units and eight different P atoms. One dimer chain
has the V4, V2, V3, and V1 atoms (hereafter referred to as the
V4—V2—-V3—V1 chain), and the other dimer chain has the V8,
V5, V7, and V6 atoms (hereafter referred to as the-V&—
V7—-V6 chain). The P+O—P4, P2-O—P3, P5-O—P8, and
P6—-0—P7 linkages are found in the four®; units (Figure
2b)?

According to the crystal structures described above, the spin
monomers of the APO, HPO, and APM phases are represented
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Figure 4. Interaction between spin monomers leading to the two singly
(a) filled energy levels of a spin dimer: (a) between equivalent spin
monomers; (b) between nonequivalent spin monomers.
5] NN xv ) . .
| 2 P i X and singlet states of the corresponding spin dimer,J&. AE
A g 3 4 b = 1E — 3E.20-22|n generalJ is written as) = Jr + Jar, Where
VAN L ST N N c the ferromagnetic terrde favors the triplet state (i.eJz > 0),
s e [" L b while the antiferromagnetic terdag favors the singlet state (i.e.,
"/.{g/ A 5 4 ) 5 Jar < 0). Qualitative trends in thé parameters of an extended
s T e 51 oA T N8 magnetic solid can be discussed in terms of one-electron orbital
JEAN energies of spin dimers obtained from extendettkdél mo-
A 4 é% 3 A 4 2 lecular orbital calculation&®2*For the interaction between two

Figure 2. Schematic projection views of tHac-plane layers of the
(a) HPO and (b) APM phases. In (b) the numbers in the squares and
triangles refer to the kinds of the V and P atoms, respectively.

a

L.

(b)

VAN

(V2010)2”

(a)

Figure 3. Schematic projection views of (a) a spin dimerQ4o)*?~
along thea-direction, (b) an edge-sharing spin dimerQ4)®, (c) an
intrachain bridged spin dimer ¢%,0.4)'%", and (d) an interchain bridged

(VoP2044)'°”

(c)

spin dimer (\4P,014)1%".

equivalent spins|Jar| increases with increasinge, whereAe

is the energy separation between the highest two singly occupied
energy levels of a spin dimer (Figure 48§ For the interaction
between two nonequivalent spindar| increases with the net
change in orbital energy\e — A€’ (Figure 4b)'*25For AFM
systems, the variation of thd| parameters can be understood
by studying that of the corresponding — A€° values (for the
interaction between two equivalent spite® = 0), as shown

for a large number of ternary transition metal oxides and
fluorides!?~17 The spin exchange interaction of a spin dimer is
most likely to be ferromagnetic when thtee — A€P value is
negligible. In the present work this spin-dimer analysis was
carried out for the APO, HPO, and APM phases. The parameters
of the atomic orbitals used in our calculations were taken from
our previous work21326Double{ Slater type orbita® were
used for the d orbitals of V and for the 2s/2p orbitals of O,
because diffuse components of these orbitals provide diffuse
tails crucial for intermolecular overlag:1’

The Ae — A€® values calculated for the various spin dimers
of the APO, HPO, and APM phases of (\MB)O; are
summarized in Table 2. For the edge- and bridge-sharing spin
dimers, the legends trans and cis indicate that the apical oxygen
atoms occur on the opposite sides and on a same side of the
basal plane, respectively. To assess the role of thé>-©0
linkages of a bridged spin dimer §#,014)1%, the Ae — A€?

=

(V,0g)%”

(b)

(VoPo044)'0”

(d)

by the (VO)5~ ions. There are several different kinds of spin Value was also calculated for the spin dimerQy)'*~ that

dimers to consider. Along theedirection, a spin dimer consists

results from the bridged spin dimer by removing the ®-O

of two isolated VQ square pyramids and has the formula Pridges. Sucie — AP values are listed in parentheses in Table
(V2010)2 (Figure 3a). Each dimer chain has two different spin 2. For each bridged spin dimer of the APO and APM phases,

dimers, an edge-sharing spin dimerQ4)®~ (Figure 3b) and a
bridged spin dimer in which two V§square pyramids are linked

by two PQ, units (e.g., Figure 3c). (To simplify our calculations,
each BO; unit of a bridged spin dimer is replaced with the
PO, unit directly attached to the Vi{square pyramids.) Thus
the formula of a bridged spin dimer is given by,f014)1°".
Similar spin dimers occur between adjacent dimer chains (e.qg.,
Figure 3d). To assess the role of the-P-O bridges in a
bridged spin dimer (Y,014)!%", we also consider the spin
dimer (V2010)*?~ obtained from the bridged spin dimer by

removing the G-P—O bridges.

Spin—Orbital Interaction Energy

The nearest-neighbor spin exchange paramgiafra spin
dimer is related to the energy differens& between the triplet

the numbers in brackets refer to the kinds of the V and P atoms
associated with the spin dimer.
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Table 2. Ae — A€® Values (meV) Calculated for the Spin Dimers of ()02

phase along¢ edge-sharing bridged/intrachait bridged/interchaih

HPO 2 78, trans 87 (117), trans 11 (34), cis

APO 2[1,1] 65 [1,2], trans 56 (78) [1,2/1,2], cis 13 (36) [1,4/1,3], trans
1[2,2] 28 [3,4], trans 39 (48) [3,4/3,4], cis 13 (13) [1,4/2,4], trans
2[3,3] 0 (6) [2,3/1,3], cis
1[4,4] 0 (0) [2,3/2,4], cis

APM 0[1,2] 50 [2,4], trans 46 (63) [1,4/6,8], cis 22 (44)[1,7/1,6], cis
3[3,4] 47 [1,3], trans 49 (69) [2,3/5,7], cis 16 (38) [2,8/2,5], cis
015,6] 69 [5,8], trans 82 (106) [5,7/1,3], cis 9 (29) [1,7/3,8], cis
0[7,8] 66 [6,7], trans 88 (112) [6,8/2,4], cis 7 (25) [2,8/4,7], cis

2(11) [4,6/4,8], trans
1(11) [3,5/3,7], trans
6 (8) [3,5/1,5], trans
5 (5) [4,6/2,6], trans

aFor the bridged spin dimers, thiee — A€® values calculated without the-@P—0 linkages are listed without parentheses, and those calculated
with the O-P—0 linkages are given in parenthese&or the edge- and bridge-sharing spin dimers, the legends trans and cis indicate that the apical
oxygen atoms occur on the opposite sides and on a same side of the basal plane, respettieelymbers in a bracket for each edge-sharing spin
dimer refer to the kinds of the vanadium atoms contained in the spin dimer. For example, [1,2] means that the spin dimer consists of the V1 and
V2 atoms.? The numbers in a bracket for each bridged spin dimer refer to the kinds of the V and P atoms associated with the spin dimer. For
example, [1,4/6,8] means that the spin dimer consists of the V1 and V4 atoms, and the spin dimeR&&s0Cand G-P8-0 bridges.

Results and Discussion

A. HPO Phase.The Ae — A€° value is negligible along the
a-direction, is small between adjacent dimer chains, and is large
within each dimer chain. The bridged and edge-sharing spin
dimers in each dimer chain have differehé — A€® values. ‘
These results are consistent with the fact that the magnetic (a) (b)
susceptibility of the HPO phase is well described by the spin-
1/, alternating AFM chain modél.

The spin exchange interaction in thelirection is expected
to be ferromagnetic because the correspondiag- Ae® value
is negligible (as in the case of the APO phase to be discussed
below). TheAe — A€° value is much larger for the intrachain
than for the interchain bridged spin dimer. The-B-0 bridges
enhance thé\e — A€? value for the intrachain and interchain
bridged spin dimers. This is consistent with the observation that
in oxovanadium phosphates the-8—0 bridges provide spin
exchange pathway$:1! However, the enhancement ok —

A€® by the O-P—O0 bridges is nearly the same for the intrachain ' )
and interchain bridged spin dimers (about 24 meV). Furthermore ‘ ‘
the Ae — A€® value is larger for the intrachain than for the (c) (d)
interchain bridged spin dimer even in the absence of the Figure 5. (a) Magnetic orbital of a spin monomer (MO, (b) d-type
O—P—0 bridges. Thus, the magnitude of the spin exchange overlap between the magnetic orbitals in a spin dimer along the
interaction in a bridged spin dimer is determined mainly by the &direction, (c)o-type overlap between the magnetic orbitals in an
way its two VO square pyramids are arranged rather than by ntrachain bridged spin dimer, and (djtype overlap between the

; magnetic orbitals in an interchain bridged spin dimer. In (c) and (d)
the O_P_Q bridges. . . . the diagonal ®-O contacts are indicated by dotted lines, and the

To explain the above observations, it is necessary to considerondiagonal ®-0 contacts by dashed lines.
the magnetic orbital of a spin monomer (W& (Figure 5a).

Given the local Cartesiax andy-axes along the VO bonds contactc the oxygen orbitals are aligned along the contact
of the basal plane, the magnetic orbital of a spin monomer is direction while in the &-O contactd or d one oxygen p orbital
largely given by thexy-orbital of V, which is combined out- lies almost in the nodal plane of the other oxygen p orbital.
of-phase with the p orbital of each basal oxygen atom. Along The diagonal ®@-O contact distance of the interchain bridged
thea-direction, the two magnetic orbitals of a spin dimer have spin dimer is longer than the nondiagonat@ contactsa and

a d-type overlap (Figure 5b), so thee — Ae” value becomes @ of the intrachain bridged spin dimers (Tables 3 and 4).
negligible. The two magnetic orbitals in the intrachain and Furthermore, the-type overlap occurs mainly through two O
interchain bridged spin dimers havesaype overlap through --O contacts (i.e.a anda) in the intrachain bridged spin dimer
the O--O contacts, as depicted in Figure 5c,d, respectively. The but mainly through one diagonal-©O contact (i.e.c) in the
values of the various @O contact distances defined in Figure interchain bridged spin dimer. This explains why the — Ae®

5c,d are listed in Tables 3 and 4, respectively. Thi/pe value is larger for the intrachain than for the interchain spin
overlap of the intrachain bridged spin dimer is determined dimer.
mainly by the short ®-O contactsa anda’ than by the long In each dimer chain thée — A€° value is larger for the

O-+-O contactd andb’ (Figure 5c¢). However, the-type overlap bridged than for the edge-sharing spin dimer. It should be
of the interchain bridged spin dimer is determined mainly by noticed that the superexchange via the®-O bridges is not

the “diagonal” G--O contacftc than by the short “nondiagonal”  the sole cause for this observation because the same is true even
O:---O contactsd and d' (Figure 5d), because in the-®O when the G-P—0 bridges are removed from the bridged spin
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Table 3. O---O Distances (A) of the Intrachain Bridged Spin
Dimers in (VO}P,O

sharing spin dimer in the \\3V4 chain, but the opposite is the
case for the V£V2 chain. TheseAe — Ae® values suggest a

phase dimer tyge a a b b greater alternation of spin exchange interaction, and hence a

HPO 252 250 359 3.86 Iarger spin gap, for the V—3\(4 chain than for the ya_ng chain.

APO [1,2/1,2] 256 253 3.59 3.68 This is contrary to the assignment made by Kikuchi étahd
[3,4/3,4] 2.46 2.49 3.71 3.73 by Hiroi et al” assuming that (a) the spin exchange interaction

APM [1,4/6,8] 254 2.52 351 3.69 is stronger for the bridged than for the edge-sharing spin dimer
Egﬁ;} ggg ggi g?i g'gg and (b) the interaction becomes weaker with increasing th¥ V
[6:8/2:4] 251 252 371 3.79 distance for both spin dimers. Our calculations support the

assumption a for the VV3vV4 chain but not for the ViVv2
chain. Comparison of the nearest-neighberWdistances and

the Ae — A€° values (Tables 1 and 2) shows that our calculations
support the assumption b for the bridged spin dimers but not
for the edge-sharing spin dimers. Thus, concerning whether the
assumptions a and b are correct, our calculations do not provide
a clear-cut answer. Furthermore, the intrachsgn— A€ values

for the V1-V2 and V3-V4 chains are considerably smaller

aThe O--O contact distances, &, b, andb’ are defined in Figure
5¢.® The numbers in a bracket for each bridged spin dimer refer to the
kinds of the VV and P atoms associated with the spin dimer. For example,
[1,4/6,8] means that the spin dimer consists of the V1 and V4 atoms,
and the spin dimer has-&P6—-0 and G-P8-0 bridges.

Table 4. O-+-O Distances (A) of the Interchain Bridged Spin
Dimers in (VO}P,O

phase dimer tyge c d d than the corresponding values of the HPO phase, which is
HPO 2.70 2.53 2.49 certainly inconsistent with the experimental observation that the
APO [1,4/1,3] 2.67 2.53 2.44 intrachain spin exchange parameters of the HPO phase are
[1,4/2,4] 2.75 2.53 2.53 comparable in magnitude with those of the APO phase (Table
Eggi} %;g %gg g'f'g 1). These difficulties are due in part to the fact that the atom
APM [1.7/1.6] 267 250 250 positions of the APO phase are not precise enough for accurate
[2,8/2,5] 2.69 251 2.50 spin—orbital interaction energy calculations. To illustrate this
[1,7/3,8] 2.71 2.51 251 point, we first note that the crystal structure of the APO phase
[2,8/4,7] 2.72 2.50 2.52 reported by Hiroi et al. has the largesB.q parameter for the
[4.6/4.8] 2.73 241 2.5 016 aton and then examine how the position of this atom
[3,5/3,7] 2.75 2.51 2.53 ; .
[3.5/1.5] 275 251 249 aff_ectg theﬁe_— A€ values forlthe edge-sharing and the bridged
[4,6/2,6] 2.76 253 250 spin dimers in the V3V4 chain. TheAe — A€° values are 28

@The O--O contact distances d, andd' are defined in Figure 5d. g-rc]:((j)osr?jis;?gsmsfv Ehfsgigtl\éfley,uvsvggnatsh?isrtee%oirf]aqrya,blae n(; but
bThe numbers in a bracket for each bridged spin dimer refer to the
kinds of the V and P atoms associated with the spin dimer. For example, increase to 34 and 49 (60) meV (decrease to 24 and 38 (32)
[1,4/1,3] means that the spin dimer consists of the V1 and V4 atoms, meV), respectively, when the-, y- and z-coordinates of the
and the spin dimer has-@P1-0 and G-P3-0 bridges. 016 are chosen as the smallest (largest) possible values allowed

by the given standard deviations. Such a large changein

dimer. The analysis of the magnetic susceptibility data by Ae”indicates that electronic structure calculations based on the
Azuma et aP showed that the difference between thendJ, reported crystal structure of the APO phase have a limited utility.
values is small (Table 1) and that the spin exchange interactionA more accurate crystal structure of the APO phase is needed
between dimer chains is negligible. These two findings are quite to determine conclusively which of the V&2 and V3-V4
well reproduced if theAe — A€ values of the bridged spin  chains has a larger spin gap and also which of the bridged and
dimers calculated without the €P—0O bridges are used for  edge-sharing spin dimers has a stronger spin exchange interac-
comparison. It is clear that our calculations overestimate the tion in the V1-V2 and V3-V4 chains.
role of the superexchange interaction that takes place through ¢. APM Phase.The crystal structure of the APM phase is
the O-P—O bridges. more accurate than that of the APO phase but is somewhat less

B. APO Phase.The reported crystal structure of the APO accurate than that of the HPO phase. All the fractional
phase is not so accurate as that of the HPO phase. The fractionatoordinates of the V, P, and O atoms of the APM phase were
coordinates of all the V and O atoms were reported with three- reported with four-digit accuracy, except for the 10 out of the
digit accuracy for the APO phasbut with four-digit accuracy 56 O atoms in a unit cell, whose fractionatoordinates were
for the HPO phasé.Consequently, theAe — A€® values reported with three-digit accuraéyEach dimer chain of the
calculated for the APO phase have a limited validity, as APM phase has two edge-sharing and two bridged spin dimers
discussed below. (Figure 2b). The previous two sections showed that for the

Table 2 shows that th&e — A€® value along the-direction
is negligible, in agreement with the fact that the corresponding
spin exchange interaction is weakly ferromagnefitie analysis
of the inelastic neutron scattering data by Garrett eshlowed
that the spin exchange interaction between dimer chains is
negligible. This observation is reproduced by the — Ae®

bridged spin dimers, thAe — A€ values calculated without
the O—P—0 bridges are more reliable than are those with the
O—P-0 bridges. It is reasonable to assume that this is also be
the case for the APM phase. Thus in this section, our discussion
will be based on thée — A€® values of the bridged spin dimers
calculated without the ©P—0 bridges.

values of the bridged spin dimers calculated without the  The Ae — A€ values calculated for the APM phase show
O—P—0 bridges, just as in the case of the HPO phase. Thus inthat the spin exchange interaction is stronger for the bridged
the remainder of this section, our discussion will be based on spin dimer than for the edge-sharing spin dimer in the-V8
the Ae — A€® values of the bridged spin dimers calculated \v5—\V7—V6 chain, but the spin exchange interactions of the
without the O-P—O bridges. two spin dimers are similar in the V&/2—V3—V1 chain. In

For the intrachain interactions Table 2 shows thatAlee— each dimer chain the two edge-sharing spin dimers are practi-
A€® value is larger for the bridged spin dimer than for the edge- cally similar, and so are the two bridged spin dimers. Thus each
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dimer chain of the APM phase is expected to exhibit one spin  For the HPO phase, an accurate crystal structure is available,
gap. However, it should be noted that the — A€® values of the trends in thé\e — A€® values based on this crystal structure
Fhe bridged and edge-sharing spin dimers have a !arge differenceare in good agreement with those in the spin exchange
in the V8-V5—V7-V6 chain but a very small difference in  parameters determined experimentally, and the spin exchange
the V4-V2-V3—V1 chain. As a consequence, it might be interaction within each dimer chain is slightly stronger for the
difficult to detect a spin gap of the V4/2—V3—-V1 chain. bridged spin dimer than for the edge-sharing spin dimer. For
This picture is in contradiction to that of Kikuchi et &lwho the APO phase, the — A€ values based on the reported
suggested on the basis of the assumptions a and b (see thgystal structure are not accurate enough to conclude unambigu-
previous secnon) that the spin gap should be hlghel_r for tht_e V4 ously which of the VEV2 and V3-V4 chains has a larger
V2-V3-V1 chain than for the V8V5—V7—V6 chain. Asin gin"0an and which of the bridged and edge-sharing spin dimers
the cases .Of the APO phase, their assumptmn b S npt quiteag a stronger spin exchange interaction in the'V2 and V3-

\évuell gﬁng'f%? tL(:ar btrri]c? :dPsM ir?rc]l?nii,rstrt])ﬁt %s;stl#:‘;téol_'ssh;?r: V4 chains. It is desirable to have a more accurate crystal
S %pdimers 9 P 9 9 structure of the APO phase. Our study predicts that practically
P ’ the APM phase will exhibit two spin gaps, with a large spin

Concluding Remarks gap for the V8-V5—V7—V6 chain and a very small one for

For all the APO, HPO, and APM phases, the sgonbital the V4-V2=V3-V1 chain.
interaction energy\e — A€? is negligible along tha-direction The Ae — Aé values calculated for the APO and APM
and is generally larger for the intrachain than for the interchain Phases do not quite well support the assumption that the spin

bridged spin dimer. These results are readily explained by exchange interaction in the intrachain bridged or the edge-
considering the overlap between the magnetic orbitals in a spinsharing spin dimer becomes weaker with increasingW
dimer, which is determined largely by the @D contacts. Our distance. Whether or not this is due to the inaccuracy of the
calculations show that the-€P—O bridges of a bridged spin ~ reported crystal structures remains to be studied further.
dimer enhance thde — Ae” value. However, comparison of
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