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The patterns of the Cu?* ion arrangements in the magnetic oxides A,Cu(PQ,), (A = Ba, Sr), ACuP,0; (Ba, Ca,
Sr, Ph), CaCuGe,0s, and Cu,UO,(POy); are quite different from the patterns of the strongly interacting spin exchange
paths deduced from their magnetic properties. This apparently puzzling observation was explained by evaluating
the strengths of the Cu—O—Cu superexchange and Cu—0---O—Cu supersuperexchange interactions of these oxides
on the basis of qualitative spin dimer analysis. Supersuperexchange interactions are found to be crucial in determining
the dimensionality of magnetic properties of these magnetic oxides.

1. Introduction y X
Magnetic oxides of Cti (d°) ions exhibit structures made
up of axially elongated Cu@octahedra, Cu® square

pyramids, or Cu@square planes. In the axially elongated
CuGs octahedra and Cu{square pyramids, the magnetic
orbital (i.e., the singly occupied molecular orbital) lies in
the equatorial Cu@square planes (Figure 1). The magnetic
properties of these magnetic oxides depend on the interac-
tions between the magnetic orbitals of adjacent'dans.
Because the magnetic orbital is anisotropic in shape, the
strengths of the interactions are not necessarily governed by
the dISt‘:fmces between the tWOZCUDn§. ThUS, the patterns Figure 1. Schematic representation of the magnetic orbital of & Gan
of Cw?* ion arrangements can be quite different from those lying in the Cu(Qqs square plane.
of the strongly interacting spin exchange paths deduced from
magnetic properties.
In understanding the magnetic properties of oxides con-
taining C#" ions, it is crucial to examine the arrangements
of the CuQ square planes containing their magnetic orbitals. (2) Etheredge, K. M. S.; Hwu, S.-horg. Chem 199§ 35, 1474.

For convenience of our discussion, these ¢Csquare planes (3) Belik, A. A; Malakho, A. P.; Lazoryak, B. I.; Khasanov, S. &.
Solid State Chen2002 163 121.

(4) Riou, D.; Goreaud, MActa Crystallogr. C199Q 46, 1191.

will be referred to as the Cug)s square planes. In the oxides
A,Cu(PQ), (A = Ba, Srf2 and ACuBO; (A = Ca, Sr,
Pb){-¢ the Cu(Qg)+ square planes are isolated from each

(1) For a recent review, see: Whangbo, M.-H.; Koo, H.-J.; DaiJD. (5) Monique, A.; Boukhari, A.; Elammari, L.; Durand, J. Solid State
Solid State Chen?003 176, 417. Chem 1993 107, 368.
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other, whereas in the oxide BaGR, the Cu(Q)s square
planes form [Cu(@)4. dimers! However, the magnetic
properties of these oxides are described by a uniform
Heisenberg antiferromagnetic chain mo#ét In the oxide
CaCuGeOs, the Cu(Qg)s square planes form cis-corner-
sharing Cu(@,)s chains!? but the magnetic property is
described by an antiferromagnetic dimer model® In the
oxide CypUO,(PQy),, the Cu(Qg)4 square planes form trans-
edge-sharing Cu(&)- chains, but it was reportétithat the

Koo et al.

functional theory (DFT) methdé??or first-principles elec-
tronic band structure calculations for crystalline solitis
typically on the basis of DFT.

In identifying a correct set of spin exchange paths to use
to analyze experimental data and hence correctly explaining
the physical properties of a magnetic solid, it is often
sufficient to know the relative strengths of its spin exchange
interactions. In a magnetic oxide of transition metal ions
M having unpaired spins, the spin exchange interactions

magnetic property of this oxide is not described by either between adjacent metal ions are of either the superexchange
an antiferromagnetic dimer or a uniform Heisenberg anti- (SE) type involving M-O—M path$* or the supersuper-
ferromagnetic chain model. To understand these seeminglyexchange (SSE) type involving MO:--:O—M paths! A
puzzling observations, it is necessary to evaluate the relativequalitative guide for guessing the strengths of SE interactions
strengths of the spin exchange interactions in these oxidesis provided by Goodenough rulés.In the past, SSE
How spin exchange interactions are related to the elec-interactions have often been neglected, but recent studies
tronic structures of magnetic systems has been investigatechave shown that SSE interactions can be stronger than SE
over many years$l’-23 These studies have made it possible interactions:?®In general, the strength of an-MD:+--O—M
to consider spin exchange interactions in terms of qualitative spin exchange is primarily governed by the-@ distance
chemical concepts such as overlap and orbital interac-and thellM—O---O angles rather than by the-MM distance
tion11718 To quantitatively evaluate the spin exchange and becomes negligible when the-@ contact is longer
interactions of a magnetic system, it is necessary to carrythan the van der Waals distance (i.e., 2.814).Conse-
out first-principles electronic structure calculations for mo- quently, in understanding the dimensionality of magnetic
lecular clusters representing spin dimers with either the properties, it is necessary to estimate both SE and SSE
configuration interaction wave function or the density interactions. In the present work, we carry out spin dimer

(6) Elmarzouki, A.; Boukhari, A.; Holt, E. M.; Berrada, Al. Alloys
Compd 1995 227, 125.
(7) Mogine, A.; Boukhari, A.; Holt, E. MActa Crystallogr. C1991, 47,
2294.
(8) Belik, A. A.; Azuma, M.; Takano, MJ. Solid State Chen2004 177,
883.
(9) Nath, R.; Mahajan, A. V.; Buettgen, N.; Kegler, C.; Loidl, A. http://
xxx.sf.nchc.gov.tw/list/cond-mat/0408530.
(10) Belik, A. A.; Azuma, M.; Takano, MJ. Magn. Magn. Mater2004
272-276, 937.
(11) Belik, A. A.; Azuma, M.; Takano, Mlnorg. Chem.2003 42, 8578.
(12) Behruzi, M.; Breuer, K.-H.; Eysel, WZ. Kristallogr. 1986 176, 205.
(13) Sasago, Y.; Hase, M.; Uchinokura, K.; Tokunaga, M.; MiuraPhys.
Rev. B 1995 52, 3533.
(14) Zheludev, A.; Shirane, G.; Sasago, Y.; Hase, M.; Uchinokur&his.
Rev. B 1996 53, 11642.
(15) Valent| R.; Saha-Dasgupta, T.; Gross, Bhys. Re. B 2002 66,

054426.

(16) Guesdon, A.; Chardon, J.; Provost, J.; Ravead, Bolid State Chem
2002 165, 89.

(17) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
97, 4884.

(18) Kahn, O.; Briat, BJ. Chem. Soc., Faraday Trans.1®76 72, 268.

(19) (a) Noodleman, LJ. Chem. Phys1981, 74, 5737. (b) Noodleman,
L.; Davidson, E. RChem. Phys1986 109, 131.

(20) (a) Dai, D.; Whangbo, M.-HJ. Chem. Phys2001, 114, 2887. (b)
Dai, D.; Whangbo, M.-H.,J. Chem. Phys2003 118 29.

(21) For a review of quantitative evaluations of spin exchange interaction
parameters on the basis of first-principles electronic structure calcula-
tions for molecular clusters representing spin dimers, see: lllas, F.;
Moreira, I. de P. R.; de Graaf, C.; Barone, Meor. Chem. Ac200Q
104, 265.

(22) For recent articles for quantitative evaluations of spin exchange
interaction parameters on the basis of first-principles electronic

structure calculations, see the following articles and the references

therein: (a) lllas, F.; Moreira, I. de R.; Bofill, J. M.; Filatov, Mhys.
Rev. B 2004 70, 132414. (b) MUz, D.; de Graaf, C.; lllas, RJ.
Comput. Chen2004 25, 1234. (c) Perez-Jimenez, A. J.; Perez-Jorda,
J. M.; lllas, F.J. Chem. Phy2004 120 18. (d) Ruiz, E.; Rodriguez-
Fortea, A.; Cano, J.; Alvarez, S. Phys. Chem. Solid2004 65, 799.

(e) Ruiz, E.; Llunell, M.; Alemany, RJ. Solid State Chen2003 176,
400. (f) Ruiz, E.; Cano, J.; Alvarez, S.; Caneschi, A.; Gatteschi, D.
Am. Chem. So003 125 6791.

analyses for ACu(PQ), (A = Ba, Sr), ACuRO; (Ba, Ca,

Sr, Pb), CaCuG®s, and CyUO,(PQy), on the basis of
extended Huokel tight-binding (EHTB) calculation®;?”
evaluate the SE and SSE interactions of these compounds,
and then explain the apparently puzzling magnetic properties
of these oxides. It has been found for a large number of
transition metal magnetic solitithat qualitative spin dimer
analysis based on EHTB calculations reproduces the relative
strengths of SE and SSE interactions estimated by first-
principles electronic structure calculations and provides
satisfactory explanations for the observed magnetic struc-
tures.

2. Spin Dimer Analysis

The spin exchange paramefas written as] = Jg + Jar, Where
the ferromagnetic terrd: is positive and the antiferromagnetic term
Jar is negative. In generalg is very small so that the trends in the
J values are well approximated by those in the correspondipg
values. When there is one unpaired spin per spin site]fhterm
is approximated by’

(Aey
Ueff

@

Inp ¥

whereUg is the effective on-site repulsion, which is essentially a
constant for a given compounde is the energy split that results
when two magnetic orbitals on adjacent spin sites interact.

(24) Goodenough, J. BMagnetism and the Chemical BandlViley:
Cambridge, MA, 1963.

(25) (a) Koo, H.-J.; Whangbo, M.-Hnorg. Chem 2001, 40, 2169. (b)
Koo, H.-J.; Whangbo, M.-H.; VerNooy, P. D.; Torardi, C. C.; Marshall,
W. J.Inorg. Chem2002 41, 4664. (c) Whangbo, M.-H.; Koo, H.-J,;
Dai, D.; Jung, D.Inorg. Chem 2003 42, 3898. (d) Koo, H.-J.;
Whangbo, M.-H.; Lee, K.-Slnorg. Chem 2003 42, 5932.

(23) For quantitative evaluations of spin exchange interaction parameters (26) Hoffmann, RJ. Chem. Phys1963 39, 1397.

on the basis of first-principles electronic band structure calculations
for crystalline solids, see: Chartier, A.; D'Arco, P.; Dovesi, R
Saunders: V. RPhys. Re. B1999 60, 14042 and references therein.
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(27) Our calculations were carried out by employing the SAMOA (Structure
and Molecular Orbital Analyzer) program package (Dai, D.; Ren, J.;
Liang, W.; Whangbo, M.-H. http://chvamw.chem.ncsu.edu/, 2002).
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(c) - - CU_?Os Figure 3. Schematic representation of the arrangement of the £)i(O

square planes in £u(PQ). (A = Ba, Sr).

Figure 2. Schematic representations of the three spin dimers &f ©as Table 2. Values of the Geometrical Parameters, Calculateg)
made up of two Cu(@)s square planes: (a) Gieqg)s, (b) Ctk(Oeqg)7, and Values, and the Experimental Spin Exchange Paramétiesf the
(¢) C(Oegs. SSE Paths along the Direction in A,Cu(PQ), (A = Ba, Sr) and along

o . the ¢ Direction in BaCuRO2
Table 1. Exponentsl; and Valence-Shell lonization Potentiddg of

the Slater-Type Orbitalg; Used for Extended Htkel Tight-Binding compd Cu--Cu O--0 OCu—-0--0 (Ae)? J/ks
Calculatioft BaCu(PQ), 5133 2.50742) 1326,132.6 38,100-132.16
atom XA Hi (eV) Gi (ol ah cb —151°
SrCu(PQ); 5.075 2.500%2) 131.9,131.9 39,600—143.¢
Cu 4s -—114 2151 1.0 _165
Cu 4  -606 1370 1.0 BaCuRO; 5231 2525 134.6,132.0 30,800-108
Cu 3d -14.0 7.025 0.4473 3.004 0.6978 2528 127.2.137.5
(e} 2s -32.3 2.688 0.7076 1.659 0.3745 '
(0] 2p —14.8 3.694 0.3322 1.866 0.7448 aThe lengths are in angstroms, the angles are in degreeddjfevélues

. . . are in (meV¥, and thel/ks values are in kelvin® Reference 8¢ Reference
aH; represents the diagonal matrix elememysHef|yi) whereHeff is )

the effective Hamiltonian. In our calculations of the off-diagonal matrix
elementdHe = [;|Hef ;) the weighted formula was used. See: Ammeter, . . . .
J.; Burgi, H.-B.; Thibeault, J.; Hoffmann, Rl. Am. Chem. Sod978 100, the b direction, and there occur only SSE interactions. The

3686.° Contraction coefficients used in the douldleSlater-type orbital. Oeq+*Oeq distances of the SSE interactions along the
direction are shorter than the van der Waals distance (i.e.,
The magnetic orbital of a Cuig)s square plane is given by the 5 507 and 2.500 A for A= Ba and Sr, respectively), but
X2 — y? orbital of Cu that makes antibonding interactions with — ,nqe in gl other directions are longer than 3.0 A. Conse-
the p orbitals of the four ¢y atoms (Figure 1). Thus, the important quently, the strongly interacting spin exchange pathssf A
spin exchange paths between adjacent*Ceations are those Cu(P ' A = Ba. Sr) should f if hai |
involving the Cu-Ogq bonds from both C& cations, namely, the u( Q_‘)Z ( S a, S1) s ou_ orm unitorm ¢ aln_s aong_
CU—Ogq—CU and CrOuq++Ocq—Cu Spin exchange path&®A spin theb direction. The georr_letrlgal parameters z_issoglated with
monomer (i.e., a structural unit containing one unpaired spin site) the SSE path along thedirection are summarized in Table
is represented by a Cu{@s square plane. A spin dimer (i.e, a 2.
structural unit containing two unpaired spin sites) representing an ~ As depicted in Figure 4,the Cu(Q4 square planes of
SE interaction can be an edge-sharing dimes(Ouy)s (Figure 2a) BaCuRO; are arranged to form straight chains along the
or a corner-sharing dimer .- (Figure 2b). An example of  direction. Two sets of such chains are stacked alongathe
_the §pin dimer Cy(Oeq)s, representing an SSE interaction, is shown direction such that Cu(Q. units form dimers [Cu(@)a]2,
in Figure 2c. , o in which one Q, of each Cu(@), unit caps the axial position
In the present work, thée values for various spin dimers are of the other Cu(@)s unit, and hence each copper forms a
calculated by performing EHTB calculations. For a variety of CuQ; square pyramid. On the basis of the structural dimers

magnetic solids, it has been founthat the magnetic properties . . . S -
are well described by theAg)? values obtained from EHTB [Cu(Geqa]2 and their short intradimer CuCu distance, one

calculations, when both the d orbitals of M and the s/p orbitals of might be tempted to consider an antiferromagnetic dimer

the surrounding ligands are represented by dogb®ater-type model fqr BaCugO;. However,.the spin exchange within
orbitals?® Our calculations are carried out using the atomic Such a dimer via the CtO—Cu linkages is not expected to

parameters summarized Table 1. be antiferromagnetic because both-@bonds of each Cu
_ O—Cu linkage are not CtOgq bonds. The two Cu(€)4
3. Structure—Property Correlations planes within each structural dimer are parallel, so that the
3.1. ACu(PO,), (A = Ba, Sr) and BaCuRO;. The overlap between the two magnetic orbitals is zero, and so is

Cu(Q.9s square planes of £u(PQ), (A = Ba, Sr}?are the associatedAg)? value. Thus, the spin exchange within

arranged as depicted in Figure 3 to form straight chains along®ach structural dimer is expected to be ferromagnetic.
Consequently, only SSE interactions are important for

(28) Clementi, E.; Roetti, CAt. Data Nucl. Data Table4974 14, 177. antiferromagnetic spin exchange interactions in BaQyP
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Figure 4. Schematic representation of the arrangement of the £u(O
square planes in BaCu®;.

»

< D

Figure 5. Overlap between the p-orbital tails of the two magnetic orbitals
in the spin dimer Ci(Oeg)s With two symmetrical Ct+Ogg+*Oeg—Cu spin
exchange paths.

The Qg +-Ocq distances of the SSE interaction are shorter
than the van der Waals distance only along ¢rdirection
(2.525 and 2.528 A). Therefore, the strongly interacting spin
exchange paths of BaCy® should form straight uniform
chains along thes direction. The two CtOgq**Oeq—Cu
linkages of a spin dimer along the direction are not

symmetrical. The geometrical parameters associated with the

SSE path along the direction are summarized in Table 2.

The (Ae)? values calculated for the SSE interactions of
SrCu(PQ),, BaCu(PQ),, and BaCuRO; (Table 2) show
the ratio 1.00:0.92:0.78. The two Cu{fR units of the spin
dimer in ACu(PQ). (A = Sr, Ba) are coplanar, and the
Oeq+*Ocq distances are short, so that the overlap between
the p-orbital tails of the two magnetic orbitals is significant
(Figure 5). The Ae)? value of BaCuROy is slightly smaller
than those of ACu(PQ). (A = Ba, Sr) (Table 2) because
the QO distances of the SSE paths are longer for
BaCuRO; and because the Cufx square planes are not
coplanar (they are slightly twisted) in BaG@®. The ratio
of the spin exchange parameters ofCG3r(PQ),, BaCu-
(PQy)2, and BaCuRO; deduced from the temperature de-
pendence of thei'P NMR shift$ using a uniform Heisen-
berg antiferromagnetic chain model is 1:00:0.92:0.65, which
is rather well reproduced by thé¢)? values.

3.2. ACuP,0O; (A = Ca, Sr, Pb).In ACuR,0; (A = Sr,
Pb)%¢ the Cu(Qga4 square planes are arranged as depicted
in Figure 6, where only SSE interactions are present. In
interpreting the magnetic susceptibility data of AGOP
(A = Sr, Pb), Belik et al. considered four SSE pailsJ,,

4362 Inorganic Chemistry, Vol. 44, No. 12, 2005
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Figure 6. Schematic representation of the arrangement of the £)i(O
square planes in ACuB; (A = Sr, Pb). The dotted lines indicate the-@
contacts associated with the spin exchange path

Table 3. Values of the Geometrical Parameters, Calculateg)y
Values, and Experimental Spin Exchange Paramef&gsfor ACuP,Or
(A=Ca, Sr, P®

path Cu--Cu o0 0OCu—0---0 (Ae)? Jkg

(a) SrCuRO;

Ji 4.303 2.537 88.7,110.1 230

J 4.828 2.513 100.6, 140.5 970

J3 5.369 2.562 147.8, 85.3 1

Ja 5.333 2.453 168.2,112.8 9960 —9.38
(b) PbCuBO;

Ji 4.301 2.534 89.7,110.3 230

J 4.846 2.536 142.1,100.9 1200

J3 5.381 2.544 149.6, 88.2 1

Ja 5.384 2.396 167.6, 114.0 14700 —8.41°
(c) CaCuBO;

N 4,152 2.528 85.9,108.5 320

N 4.666 2.516 96.0, 137.5 130

J3 5.210 2.569 144.8, 83.7 3

A 5.336 2.541 168.5, 112.1 11200 —6.9Z

aThe lengths are in angstroms, the angles are in degree#djfevalues
are in (meV3, and thel/ks values are in kelvin® Reference 11¢ Reference
10.

Js, andJ;. M The geometrical parameters associated with these
paths are summarized in Table 3a,b. The magnetic suscep-
tibility of ACuP,0; (A = Sr, Pb) is well described by a
uniform Heisenberg antiferromagnetic chatmnd a strong
Cu—0---O—Cu spin exchange occurs for short--€@
distances and largg Cu—0---O angles-?® It is noted from
Table 3a,b that the largelStCu—0---O angle and the shortest
O---O distance occur in the spin exchange pathThus,
Belik et al. concludel that the strongly interacting spin
exchange paths of ACy@; (A = Sr, Pb) is given by the
zigzag chain defined bs. The crystal structure of CaCuG*

is similar to those of ACufD; (A = Sr, Pb) (see Table 3c),
and so are their magnetic properttés!
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Figure 7. Perspective view of the spin lattice of ACx#® (A = Sr, Pb).
The strongly interacting spin exchange pathfrm the zigzag chains along
the b direction, which interact via exchange pathsand J.

(a) (b) §

Figure 8. Schematic representation of the arrangement of the £u(O
square planes in CaCu@s: (a) an isolated cis-corner-sharing Cuf@
chain and (b) cis-corner-sharing Cug chains in CaCuG#®s. For
completeness, the GO bonds to the axial oxygen atoms of each axially
elongated Cu@octahedron are also shown.

The (Ae)? values calculated for the four exchange paths
J1—J4 confirm Belik et al.’s conclusiott that theJ, interac-
tion is more strongly antiferromagnetic than tlde—Js
interactions. Thus, théd, paths form antiferromagnetically
coupled zigzag chains, and theandJ, paths provide weak
interactions between these zigzag chains whileJtheaths

Table 4. Values of the Geometrical Parameters and the Calculated
(Ae)? Values of the SE and SSE Paths of CaCy(@@

path  nature  Cu-Cu O--0 OCu—O—Cu (Ae)?2 Jks

(a) SE Path
J; intrachain  3.072 98.2 94+13.4
(b) SSE Paths
J, intrachain  5.213 2.913 140.0, 96.8 32
2.896 96.9, 101.3
J; interchain  5.549 2.992(2) 131.9,126.5 3700 —67°
—68°
—-70d

aThe lengths are in angstroms, the angles are in degreegdjfevalues
are in (meV3, and thel/ks values are in kelvin® Reference 15° Reference
13. 9 Reference 14.

ertheless, the magnetic susceptibility of CaCp@eshows
that it has a spin-singlet ground state and a spin gap (i.e.,
there is a finite gap between the magnetic ground and excited
states)2 The inelastic neutron scattering study of CaCy@e
revealed that its magnetic property is well described by an
ensemble of weakly interacting antiferromagnetic dintérs.
The spin exchange parameter for the dimer is estimated to
be —68% and —70 K* On the basis of first-principles
electronic band structure calculations for CaCu@eValent

et al. have shown that the dimer-like behavior results from
the interchain SSE interactions between adjacent ¢4O
chains!® Within each cis-corner-sharing Cu{§R chain, one
might consider the nearest-neighbor-&de;—Cu exchange
path J; and the next-nearest-neighbor ©0e **Oeq—Cu
exchange patll,. Between adjacent Cug)s; chains, which
were identified as forming antiferromagnetic dimers by
Valentiet al., the Ct-Ogq+*Oeq—Cu exchange patly occurs,
with the Qg +*Oeq distance (2.992 A) slightly longer than
the van der Waals distance (Figure 8b). The geometrical
parameters associated with exchange pathsd; are sum-
marized in Table 4. TheAg)? values calculated for these
paths show that the interchain SSE interactipis by far

the most antiferromagnetic interaction. The interchain SSE
interaction is substantially antiferromagnetic despite the
relatively long O--O distance, because the two Cuf@
planes of the spin dimer are nearly coplanar and because
both OCu—0---O angles of the C&O---O—Cu path are
large. The latter two factors enhance the overlap between
the p-orbital tails of the two magnetic orbitals (Figure 5).
The (Ae)? value for the intrachain exchange padlhis very
small, that is, the antiferromagnetic componentJefis
negligible. This is consistent with the conclusion by Valenti

lead to negligible antiferromagnetic interactions between et all® that J; is weakly ferromagnetic from their analysis
chains (Figure 7). Consequently, the relative strengths of theof the magnetic susceptibility and magnetization data of
interchain and intrachain spin exchange interactions can beCaCuGgOs with two exchange parameteds and Js.

measured by the ratid{+ J;)/J4, Which is estimated to be
0.12, 0.10, and 0.04 for SrCu®,, PbCuRO;, and CaCuf®y,
respectively, in terms of the correspondiAg)? values. This
is also consistent with the finding that the “effective”
interchain spin exchang#® estimated by Belik et &t for
ACuP,O; (A = Sr, Pb) is considerably smaller thal,
namely,J/J, = 0.07 for SrCuRO; and 0.05 for PbCu®..
3.3. CaCuGeOg. The cis-corner-sharing Cufg)s; chains

3.5. CUO,(POy),. As depicted in Figure 9, the Cufeh
square planes of GUOL(PQy), form edge-sharing Cu(gQ).
chains along théo direction that are bent at each sharing
edge. These Cu(g). chains repeat along tldirection such
that the Cu(@,) square planes between adjacent chains are
coplanar with a short @+-Ocq distance. Guesdon et &l.
reported that the magnetic susceptibility data ob@D,-
(PQy), are not described by an antiferromagnetic dimer or

of CaCuGeQOs*? are depicted in Figure 8a. These chains are by a uniform Heisenberg antiferromagnetic chain. In par-

uniform spin¥/, Heisenberg antiferromagnetic chains. Nev-

ticular, their fitting analysis with a uniform Heisenberg

Inorganic Chemistry, Vol. 44, No. 12, 2005 4363
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Figure 10. Temperature dependence of the magnetic susceptibility of

CwUO,(PQy), per spin site (taken from ref 16). The circles represent the

experimental values, and the solid line the calculated susceptibility (see
the text).

Figure 9. Schematic representation of the arrangement of the trans-edge-the susceptibility data of Guesdon et al. after normalizing

sharing Cu(Qy): ribbon chains in CeUO2(PQy)2.

Table 5. Values of the Geometrical Parameters and the Calculated
(Ae)? Values of the SE and SSE Paths of,0@,(POy),?

path nature Cu-Cu OO0 0OCu-O-Cu (Ae)?
(a) SE path
Ji intrachain 2.879 94.6 7700
(b) SSE paths
J intrachain 5.759 3.002 130.1, 130.1 1800
J3 interchain 5.028 2.511 130.4, 129.5 44700

aThe lengths are in angstroms, the angles are in degrees, antifie (
values are in (me\#)

antiferromagnetic chain model leads to the unacceptgble
value of 3.37:%

Thus, one might speculate whether the strongly interacting

spin unit of CyUO,(PQy). is a two-dimensional (2D)

them to one spin site.

Before commencing our fitting analysis, it is of interest
to examine the magnetic susceptibility of DO,(POy), from
the viewpoint of a uniform Heisenberg antiferromagnetic
chain model. In this model, givefnax as the temperature at
which the magnetic susceptibility maximugnax occurs,
the intrachain spin exchange paramelgy, is related to
Tmax a$°

kBTma>!|‘]intra| ~0.641 (2)
and theg value is related tgmax and |Jinwa as
Yimax el INB°G” & 0.14692 (3)

where the magnetic susceptibility is assumed to be normal-

antiferromagnetic net. The geometrical parameters associatedzed to one spin site. Then, we obtdip/ks ~ —73 K using

with the Cu—Ogq—Cu and Cu-Og **Oeq—Cu spin exchange
paths are summarized in Table 5. The)? values calculated
for these paths show that the interchain SSE interackon
is by far the most antiferromagnetic interaction; the SE
interactionJ; is strong as well, with thd,/J; ratio of 0.17.
This ratio is sensitive to the diffuseness of the O 2p orbital
that makes up the p-orbital tails of the magnetic ordifal.
For instance, thé,/J; ratio increases to 0.56 when the value
of the diffuse exponent’ of the O 2p orbital is increased
(i.e., the O 2p orbital is more contracted) by 6.5%. Thus,
the magnetic property of GUO,(PQy), should be described

eq 2 with Tmax ~ 47 K (taken from Figure 10). Using this
Jintra Value andymax = 0.00423 emu/mol (taken from Figure
10), we obtaing = 2.37 from eq 3. Thig value is quite
reasonable. If we were to uggax= 0.00846 emu/mol (i.e.,
the value for two spin sites), eq 3 leadsgie= 3.35, which

is consistent with the value of 3.37 obtained by Guesdon et
al. from their fitting analysis.

As already pointed out, the spin lattice of LD,(POy);,
should be regarded as a 2D antiferromagnetic net made up
of strongly interacting uniform Heisenberg antiferromagnetic
chains. To deduce the “intrachain” and “interchain” spin

as a 2D antiferromagnetic net made up of strongly interacting €xchange parameterdn. and Jiner, respectively) from the
uniform Heisenberg antiferromagnetic chains. Here, it should susceptibility data of Figure 10, we analyze the magnetic
be noticed that the magnetic chains are defined by the susceptibility in terms of the pseudo-chain motéh which

interchain SSE interactiond; whereas the interactions
between them by the intrachain SE interactlan

In view of the above finding, it is important to reanalyze
the magnetic susceptibility data of Guesdon et%@ilyho
reported the susceptibility values of LIO,(POy), per
formula unit, i.e., per two spin sites. In analyzing experi-
mental magnetic susceptibility with the fitting functions of
the Bonner-Fisher type, it is necessary to normalize the

the effective susceptibilityer per spin site is related to the
interchain susceptibility per spin sijg:er and the intrachain
susceptibility per spin Sit@inga @s

1 1 1
= (@)
Xeit  Xinter  Xintra

(29) Kahn, O. Molecular Magnetism VCH Publishers: Weinheim,

Germany, 1993.

susceptibility data to one spin site. In Figure 10, we reproduce (30) Janicki, J.; Troze, Rl. Phys.: Condens. Matter992 4, 6267.
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Supersuperexchange Interactions

According to the mean-field approximatiéhi'the interchain
susceptibility is written as

NQZP‘B2
zqnter

By using the BonnerFisher modef?33 the intrachain
susceptibility can be expressed as

®)

Xinter = —

o Nous®  0.25+ 0.14995 + 0.300942 ©)
nE - kgT 1+ 1.986X + 0.688542 + 6.0626¢
where
X = |‘]intra|
2k, T

The calculated susceptibilitycai, for comparison with the
experimental data of Figure 10, is given by

C
Xcalc — Xeff + XTiT + T (7)

whereyr is the temperature-independent term (i.e., the sum
of the contributions from the diamagnetism and temperature
independent paramagneti¥nand C is the Curie constant

that accounts for paramagnetic impurities. Our fitting analysis
of the susceptibility data of Figure 10 using eq 7 leads to

the resultsg = 2.42, Jinwrdks = —70 K, Jinedks = —26K,
yrr = —1.4 x 107* emu/mol, andC = 1.6 x 1073 K-emu/
mol, with the standard deviation of 3@ 10°°. Theg value

of 2.42 and thelw/ks value of =70 K are quite close to

the corresponding values (2.37 anrd’3 K, respectively)

deduced from the uniform Heisenberg antiferromagnetic

chain model (see above). ThRuedJinra ratio of 0.37 is
comparable to thd,/J; ratio of 0.17-0.56 estimated from

mental susceptibility data confirms that the spin lattice of
CwUO,(POy), is a 2D antiferromagnetic net made up of
strongly interacting uniform Heisenberg antiferromagnetic
chains.

4. Concluding Remarks

The patterns of the strongly interacting spin exchange paths
in the magnetic solids £A£u(PQ), (A = Ba, Sr), ACuRO;
(Ba, Ca, Sr, Pb), CaCu@@s, and CyUO,(PQy), are quite
different from the patterns of their €uion arrangements.
This apparently puzzling observation is readily explained by
estimating the relative strengths of the SE and SSE interac-
tions of these compounds in terms of spin dimer analysis.
CaCuGegOs consists of cis-corner-sharing Cu3 chains,
but its magnetic property is described by an antiferromagnetic
dimer because the interchain SSE interactions, which occur
in isolated pairs of Cif ions, dominate over the intrachain
SE interactions. In the oxides,8u(PQ). (A = Ba, Sr) and
ACuP,O; (Ba, Ca, Sr, Pb), the Cuggs square planes are
isolated, but the magnetic properties are described by a
uniform Heisenberg antiferromagnetic chain because the
strongest SSE paths form a uniform chain and because other
spin exchange interaction are weak. The Cy{Osquare
planes of CeUO,(PQy), form trans-edge-sharing Cuég
ribbon chains. However, this oxide’s magnetic property
should be described by a 2D antiferromagnetic net made up
of strongly interacting uniform Heisenberg antiferromagnetic
chains, where the magnetic chains are defined by the
interchain SSE interactions. This conclusion was confirmed
by reanalyzing Guesdon et at®snagnetic susceptibility data
for ClUO,(PQy),. Clearly, SSE interactions are essential
in determining the dimensionality of magnetic properties of
these magnetic oxides.

Acknowledgment. This research was supported at NCSU

our spin dimer analysis. Thus, our analysis of the experi- by the Office of Basic Energy Sciences, Division of Materials

(31) Watanabe, TJ. Phys. Soc. Jprl962 17, 1856.
(32) Bonner, J. C.; Fisher, M. Phys. Re. 1964 135 A640.

Sciences, U.S. Department of Energy, under Grant DE-FG02-
86ER45259, and at Kyung Hee University by the Kyung

(33) Hall, J. W. Ph.D. Dissertation, University of North Carolina at Chapel Hee University Research Fund in 2004 (KHU-20040344).

Hill, Chapel Hill, NC, 1977. Hatfield, W. EJ. Appl. Phys1981 52,
1985.

1C050159I1

Inorganic Chemistry, Vol. 44, No. 12, 2005 4365





