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The magnetic structures of the Cu,0s spin lattices present in CusO3 and Ag,Cu,O3 were analyzed by studying their
spin exchange interactions on the basis of spin dimer analysis. Calculations of spin exchange parameters were
calibrated by studying LiCuVO, whose intrachain and interchain antiferromagnetic spin exchange parameters are
known experimentally. The magnetic phase transition of Cu,Os; at 42.3 K doubles the unit cell along each
crystallographic direction. The spin arrangements of the Cu,Os lattice consistent with this experimental observation
are different from conventional antiferromagnetic ordering. Our analysis indicates that spin fluctuation should occur
in Cu403, low-dimensional magnetism should be more important than magnetic frustration in Cu,O3, and Ag,Cu,05
and Cu4O3 should have similar structural and magnetic properties.

1. Introduction to produce a mixture of GOs;, CO, and CuC Mineral
samples of Cy0O; contain CuO and other unknown magnetic
impurities? so a quantitative analysis of the magnetic
susceptibility of CyOs is complicated. Nevertheless, the
magnetic susceptibility shows a maximum around 75 K and
a sharp decrease below 42.3?Kyhich suggest an anti-
ferromagnetic phase transition. A41O;3 is isostructural and
isoelectronic with Cy03.57 The structure of AgCWOs;

Paramelaconite GOs* is a mineral that shows puzzling
magnetic propertiesThe CuyOs lattice of spin¥/, CL?t ions
results from CuOz; when the diamagnetic Cuions are
removed (Figure 1). A neutron diffraction stidgveals that
Cw,O3 undergoes a magnetic phase transition below 42.3 K
leading to a supercell & 2b, 2c); namely, the phase

;r.anstl.tlor; _Ic_irc]) ul_olttes the ufmt cell alct>.ng ef;’:\crs_ crystallograrih:jc results when the Cuions of CuO;s are replaced with Ag
irection? The intensity of a magnetic reflection was reported ;. 1ot s, AgCL,Os has the same GOs spin lattice as

to show a temperature dependence that can be interpreteqlOund for CuOs. The magnetic susceptibility of AGLOs
in terms of either low-dimensional magnetism or magnetic shows a broad maximum at80 K7 and a sharp decrease

f_r ustration The crystal struct_uﬁerangl the_ magnetic PrOPEr- halow 60 K8 which again suggest an antiferromagnetic phase
ties® of CusOs hav_e _been studied using smgle-crystal mineral yansition. So far, no study has been reported concerning the
samples. So far, it is unknown how to synthesize homoge- magnetic structure of AGO; below 60 K

neou;dsamplis of GO, althdough extraction of.copperfor q There are several important questions concerning the
its oxides with concentrated aqueous ammonia was foun magnetic structures of G5 and AgCWOs. It should be

o wh g hould be addressed. E.mail: noted that each CuQribbon chain has two spifl, Cu?*
mike. whangbo@nosuetu, o o Pe Adaresset =R Gons per unit cell (Figure 1b) so that an antiferromagnetic
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Magnetic Interactions in CuOs; and AgCu,03

In the present work, we probe these questions by analyzing
the spin exchange interactions of the ,Oul lattices in
Ag.Cu,03; and CuO; on the basis of spin dimer analysis.
Our work is organized as follows: The essence of spin
dimer analysis is briefly described in Section 2. The@
@ Cu() lattices of CyO; and AgCuw,05 are examined in Section 3
O cu® to identify their spin dimers (i.e., structural units containing
two adjacent spin sites). In Section 4, we discuss how to
calibrate our calculations of spin exchange parameters. In
e 02 Section 5, we probe the spin ordering of,Ou leading to
its magnetic phase transition and its implications concerning
low-dimensional magnetism and magnetic frustration. We
then compare the spin exchange interactions ofdgand
Ag-Cw0s. Important results of our work are summarized in

o O(1)

Section 6.
(a) 2. Spin Dimer Analysis
c Theoretically, physical properties of a magnetic solid are
b described in terms of a spin-Hamiltonian. This phenomeno-
i logical Hamiltonian is expressed as a sum of pairwise spin
a exchange interactions. In terms of first-principles electronic
structure calculations, the strengths of spin exchange interac-
Q| % tions (i.e., spin exchange parametdrgan be calculated in
two ways: (@) electronic structure calculations for the high-
><>I O Cuf) and low-spin states of spin dimers (i.e., structural units
o o) consisting of two spin site%)!® and (b) electronic band
} e 0@ structure calculations for various ordered spin arrangements
of a magnetic solid! For magnetic solids with large and
complex unit cell structures, these quantitative methods
become difficult to apply. In understanding physical proper-
v 7, N ties of magnetic solids, however, it is often sufficient to
] estimate the relative magnitudes of thdivalues!? 8 In
general, a spin exchange paramekean be written ag =
Jr + Jar, Where the ferromagnetic terda (>0) is small so
(b) that the spin exchange becomes ferromagnetic {.e.,0)
when the antiferromagnetic terdae (<0) is negligibly small
Figure 1. (a) Perspective view of the crystal structure of,Ou (b) in magnitude. Spin exchange interactions of magnetic solids
Perspective view of the GO spin lattice of C4Os. are mostly antiferromagnetic (i.e] < 0) and can be

discussed by focusing on the antiferromagnetic telpd® 18
Suppose that each spin site of a magnetic solid contains
one unpaired electron, the two spin sites of a spin dimer are
equivalent, and the two spin sites of a spin dimer are
represented by nonorthogonal magnetic orbitals (i.e., singly

ordering such as).. along each chain does not double the
unit cell along thea- andb-direction. There are four layers
of CuG, ribbon chains in a unit cell of the GO lattice
(Figure 1b). Thus, an antiferromagnetic ordering such as
(M) in the successive layers of Cu@bbon chains does
not double the unit cell along the-direction. It is quite (8) lllas, F.; Moreira, I. de P. R.; de Graaf, C.; Barone, TWieor. Chem.
challenging to find what kind of spin ordering takes place Acc.200Q 104, 265 and the references therein.

in the CuO latice of CuOs below 42.3 K to double the (3 toodeman, Lo Chem, Pl [ SIeT ..,

unit cell along each crystallographic direction and see if the (11) perenzo, S. E.; Klitenberg, M. K.; Weber, M.1J.Chem. Phy200Q
magnetic phase transition associated with such a spin 112 2074 and the references therein. R
ordering can be considered as an antiferromagnetic phasdis) fay b Tabeadl 5 G Hutman & A Chem Sodore
transition. So far, it has not been studied whether the spin 97, 4884. _

exchange interactons of the @ Iatice support the (18 KCO-1-3: Whanabo -+ Sol st Chendcd 151 96,
suggestioh that low-dimensional magnetism or magnetic (16) Koo, H.-J.; Whangbo, M.-Hnorg. Chem 200Q 39, 3599.

frustration is responsible for the observed temperature (17) Koo, H.-J.; Whangbo, M.-Hinorg. Chem 2001, 40, 2169 and the
references therein.

dependence of a magnetic reflection intensity in@and (18) Dai, D.; Koo, H.-J.; Whangbo, M.-H. ISolid State Chemistry of
whether there exists an alternative explanation for this Inorganic Materials Il Geselbracht, M. J., Greedan, J. E., Johnson,

experimental observation. It is important to investigate if the \?\;arféhdi‘f:ra&a”;%”dl.'\”m@s' gf;'gogﬁﬁﬁr'g'rf)cséﬁﬁzrschvifcgg:

answers to these questions are equally applicable {6A@:. GGb5.3.1-5.3.11 and the references therein.
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Figure 2. Orbital interaction diagram between two magnetic sites in a

spin dimer, where the spirorbital interaction energieis definedasthe ~ q @ e
energy difference of the two singly filled orbitals of the spin dimer.
(c)

occupied molecular orbitals of the spin monomegsyand
¢». Provided thatS;; and Ae are, respectively, the overlap

integral and the spinorbital interaction energy (Figure 2)

betweeng; and ¢,, then the antiferromagnetic terdar is (d)
related taS;, andAe asJar O —S,Ae O —(Ae)2.2213In recent

years, spin exchange interactions of various magnetic

solids“~18 have been examined in terms of the values
calculated for their spin dimers using the extendeakél
method!®2° . . . . o
. . 5 . Figure 3. Spin carrying units of the G@; lattices in CyO3; and AgCW,0s.
Becauselar is proportional to—(A€)?, it can be written (@) Spin monomer Cuf (b) Spin dimer CpOs for the intrachain NN
as Jar = —y(Ae)Z. For antiferromagnetic spin exchange int(_eraqtion. (c) Spin dime_r GOg fc_)r the i‘ntracha‘in NNN interaction. (d)
interactions, the proportionality constantan be estimated ~ SPin dimer CuOy for the interchain NN interaction.

by comparing the calculated\é)? values with the corre- Table 1. Geometrical Parameters Associated with the Spin Dimers of
spondingJ values determined experimentally. The energy the CuOs Lattices Present in GO3 and AgCL03*

Aeis equivalent to £ wheret is the hopping integral between geometrical parameter @D Ag2CLOsE
spin sites (i.e., the resonance integral betwgeand ¢,). Cu2-0(1) 1.966 1857
From the relationshiig:13-21 Cu(2)-0(2) 1.916 1.987
O(1)--O(2) (intrachain) 2.920 2.946

OCu(2)-0(1)—Cu(2) (intrachain) 95.8 104.8

Jap = =40 = —(A) U 0Cu(2)-O(2)—Cu(2) (intrachain) 99.2 95.5

OCu(2)-0(1)--0(2) (!ntrachain) 136.4 142.9

we obtainy = 1/Ue, where Uy is the effective on-site Sg{jg{Sgg_gj(lg)(;ﬂf{gfchhﬂ?g) iﬁié ﬁg:g

repulsion. For a set of closely related magnetic solids, the
Uert value would be nearly constant and hence could be used,,
to approximate antiferromagnetichy —(A€)%/Ue.

aThe distances in angstrom units and the angles in degr@e&en from
e crystal structure of ref £.Taken from the crystal structure of ref 6.

chaing? and that CuO exhibits complex spin dynanfeand
charge-spin—orbital correlatior??)

The CuO; lattice can be regarded as constructed from  There are two kinds of GHO—Cu superexchange paths
CuG, ribbon chains, which are made up of edge-sharing to consider in the GiDs lattice, that is, the intrachain and
CuQ, square planes (Figure 1b). Each Gusguare plane  interchain Ct-O—Cu paths. As summarized in Table 1, the
(Figure 3a) is a spin monomer (i.e., a structural unit interchain Cu-O—Cu paths have a significantly larger
containing a spin site) of the @05 lattice. In the CpOs 0Cu—0O—Cu angle than do the intrachain €@—Cu paths.
lattice, layers of Cu@ ribbon chains parallel to the- This difference has a profound effect on the relative strengths
direction alternate with layers of Cu@bbon chains parallel  of the interchain and intrachain superexchange interactions
to theb-direction. In each Iayer of Cu@ibbon chains, the (see later). In each CuGquare plane, two O(1) atoms are
plane of each ribbon chain is perpendicular to the Iayer. The located at diagona”y opposite corners, and two 0(2) atoms
ribbon chains between adjacent layers are condensed byoccupy the remaining corners. Thus, the O(1) and O(2) atoms
Sharing their 0(2) atoms such that each 0(2) atom is |Ocateda|ternate on one edge of each Qu@)bon Chain, but the
at the center of the Guetrahedron made up of the four  O(2) and O(1) atoms do on the opposite edge. This structural
surrounding Cu(2) atoms. (In passing, we note that copperfeature of opposite senses of O(1) and O(2) alternation plays
oxide CuO is also made up of corner-sharing Gui®bon a vital role in the spin ordering along thedirection (see
later).

3. Spin Dimers of the CyOs Lattice

(19) Hoffmann, R.J. Chem. Phys1963 39, 1397.
(20) Our calculations were carried out by employing thAESARpro-

gram package (Ren, J.; Liang, W.; Whangbo, M.-Brystal (22) Asbrink, S.; Norrby, L.-JActa Crystallogr., Sect. B97Q 26, 8.

and Electronic Structure Analysis Using CAESARR98; http:// (23) Eroles, JPhys. Re. B 2002 65, 92404 and the references therein.

www.PrimeC.com/.). (24) Zheng, X.-G.; Xu, C.-N.; Tanaka, E.; Tomokio, Y.; Yamada, H.;
(21) This expression is valid when spin exchange parameters of a spin Soejima, Y.; Yamamura, Y.; Tsuji, . Phys. Soc. Jpr2001, 70,

Hamiltonian are written ag instead of 2. 1054 and the references therein.
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Magnetic Interactions in CuOs; and AgCu,03

(a)
(b) W
() V-

Figure 4. Magnetic orbitals of (a) the spin monomer Cyb) the spin
dimer CyOs for the intrachain NN interaction, and (c) the spin dimep@Qg.
for the intrachain NNN interaction.

In calculating theAe values for various spin exchange
paths of the CyOj; lattice, it is necessary to specify the
corresponding spin dimers. Within each Guibon chain,
the spin dimer for the nearest-neighbor (NN) interaction is
the edge-sharing dimer @0 (Figure 3b), and that for the
next-nearest-neighbor (NNN) interaction is the dimes@u
made up of two isolated monomers (Figure 3c). Between
adjacent corner-sharing Cy@bbon chains, the spin dimer
for the NN interaction is the corner-sharing dimer,Oy in
which the planes of the two Cu@nits are perpendicular to

Table 2. Exponents;; and Valence Shell lonization Potentidis of
Slater-type Orbitalg; Used for Extended Hikel Tight-binding
Calculatiort

atom X Hi (eV) Gi cb CI' Ci'b
Cu 4s —-11.4 2.151 1.0
Cu 4p —6.06 1.370 1.0
Cu 3d —14.0 7.025 0.4473 3.004 0.6978
(0] 2s —32.3 2.688 0.7076 1.675 0.3745
(0] 2p —14.8 3.694 0.3322 1.659 0.7448

3H;'s are the diagonal matrix elementg|He|y;(] where Heff is the
effective Hamiltonian. In our calculations of the off-diagonal matrix elements
Hij = Oti|He| 0 the weighted formula was used. See: Ammeter, JigBu
H.-B.; Thibeault, J.; Hoffmann, RJ. Am. Chem. Sod 978 100, 3686.

b Coefficients used in the doub-Slater-type orbital expansiofThe
calibration of our calculations was carried out usifix) = 1.659(1+ x)

as a function ok > 0. The optimuny;’ value is found fox = 0.125 (see

the text).

upon the overlap of the Cu?—y? orbital with the O 2p
orbitals of the Ca-O—Cu superexchange paths. Likewise,
the Ae of the intrachain NNN spin exchange is given by the
energy difference between the two magnetic orbitals shown
in Figure 4c and depends sensitively on the overlap between
the O 2p orbitals of the ©-O contacts in the CdO---O—

Cu super-superexchange paths. To reproduce the trends in
spin exchange interactions of magnetic solids ugiegalues
obtained from extended kel calculations, it is fourid 8
necessary to employ double-Slater type orbitals (DZ
STOs¥® for both the 3d orbitals of the transition metal and
the s/p orbitals of the surrounding ligand atoms.

The atomic orbital parameters of Cu and O employed for
our extended Hekel tight-binding calculations are listed in
Table 2. For magnetic solids consisting of Gufibbon
chains, our calculations using these parameters, which are
determined from atomic orbital calculatioffslead to an
unreasonable result that the intrachain NN interaction is
weaker than the intrachain NNN interaction. This result
originates essentially from the fact that the O 2p orbital tail

each other (Figure 3d). The intrachain NN spin exchange s too diffuse. The radial part of the O 2p orbitgb(r), is

has two Cu-O—Cu superexchange paths, but the interchain
NN spin exchange has one. The intrachain NNN spin
exchange has two CtO---O—Cu super-superexchange

written as

X2p(r) = r[C exp(=Zr) + C exp(=L'r)]

paths. Table 1 summarizes some geometrical parametergyhere the exponentsand¢’ describe contracted and diffuse

associated with the spin dimers of the,Ogllattices in CyOs
and AgCw0s;. Note that the two CtO—Cu intrachain

STOs, respectively (i.e§ > '). The diffuse STO provides
an orbital tail that enhances overlap between O atoms in the

superexchange paths are considerably more asymmetric inshort G--O contacts of the CaO-+-O—Cu super-super-

Ag.Cw05 than in CuO; and that the interchain CtO—Cu
superexchange path has a slightly larg&u—O—Cu angle
in Ag2Cw0; than in CuOs.

4. Magnetic Orbital Tails and Calibration of Spin
Exchange Parameter Calculations

In the magnetic orbital of a spin monomer Cu@it (i.e.,
the molecular orbital containing an unpaired spin) (Figure
4a), the Cux®—y? orbital is combined out-of-phase with the
O 2p orbitals. In general, such O 2p orbital contributions to
magnetic orbitals are small, but they are important in
determining the magnitude of spiorbital interaction ener-
giesAe* 18 For example, thée of the intrachain NN spin

exchange is equal to the energy difference between the two

magnetic orbitals shown in Figure 4b and depends critically

exchange paths as well as that between the Cu 3d and O 2p
orbitals of the Cut-O—Cu superexchange paths. The
values are affected most sensitively by the exporiérmtf
the diffuse STO of the O 2p orbital. To determine the
appropriateZ’ value, it is necessary to carry out spin dimer
analysis for a magnetic solid that has spin dimers similar to
those found in Cy0O3; and whose antiferromagnetic spin
exchange parameters are known experimentally.

The magnetic solid LiCuVg¥® 2° has spinY, Cl?* ions
as the only magnetic ions and consists of isolated £LuO

(25) Clementi, E.; Roetti, CAt. Data Nucl. Data Tabled974 14, 177.

(26) Lafontaine, M. A.; Leblanc, M.; Frey, QActa Crystallogr., Sect. C
1989 45, 1205.

(27) Kanno, R.; Kawamoto, Y.; Takeda, Y.; Hasegawa, M.; Yamamoto,
O.; Kinimura, N.J. Solid State Chen1992 96, 397.

(28) Vasil'ev, A. N.JETP Lett 1999 69, 876.
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Figure 5. Arrangement of two adjacent Cu@ibbon chains present in
every layer of Cu@ribbon chains in the magnetic solid LiCuMO

octahedral chains aligned along the crystallograpiric
direction?6?” Each CuQ octahedral chain is made up of
edge-sharing Cufoctahedra, and every Cy@ctahedron

is axially elongated with the axial GtO bonds perpendicular

to the chain direction. Thus, the magnetic orbital of each
CuG; octahedron is contained in the equatorial GgQuare
plane, and such CuGsquare planes form a CyQibbon
chain. Thus, the spin lattice (i.e., the lattice containing
magnetic orbitals) of LiCuV@consists of layers of CuO
ribbon chain&?” as depicted in Figure 5, where the GuO
ribbons are contained in the plane of the layer. Consequently,
there occur three spin exchange interactions of interest, tha
is, the intrachain NN interactionJ{), the intrachain NNN
interaction {,), and the interchain NN interactiods]. As

far as their spin dimers are concerned, the interchain NN
and the intrachain NNN interactions are similar in nature
because both have two €0-:-O—Cu super-superexchange
paths contained in the plane of their magnetic orbitals (e.qg.,
Figure 3c). It is known experimentaf§?°thatJ; andJs; are
antiferromagnetic with values/kg = —22.5 K andJs/kg =
—-1.3 K.

To determine the’ value of y,(r) that reproduces the
experimentals/J; ratio found for LiCuVQ, we examine how
the Ae values for thel;, J,, andJs interactions change when
the £’ value is gradually increased §%x) = 1.659(1+ x)
(see Table 2), that is, as the diffuseness of the O 2p orbital
tail is gradually decreased & 0). Figure 6 shows that the
intrachain NN interaction increases gradually with increasing
X whereas both the interchain NN and the intrachain NNN
interactions exhibit the opposite trend. The calculateeb/(
Aey)? ratio becomes close to the experimerdtal; ratio when
x = 0.125, for whichAe; = 58 meV,Ae, = 25 meV, and
Aez = 17 meV. From the equatiody = —(Ae;)%Uer With
Ae; = 58 meV andl); = —22.5 K, we obtainUes = 1.74
eV. Then, thel, andJ; values are calculated to be4.2 and
—1.9 K, respectively, from the expressidn= —(Ae)%/Ues
(i = 2, 3) with Ae; = 25 meV andAe; = 17 meV.

Whangbo and Koo
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intra NNN
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Figure 6. Aevalues calculated for the intrachain NN, interchain NN, and
intrachain NNN interactions in LiCuV&as a function of the exponett(x)

= 1.659(1+ x) of the diffuse STO in the DZ STO representation for the
O 2p orbital.

It is noted that the calculated/J, ratio (i.e., 0.19) for
LiCuVO, is smaller than the critical value. (i.e., 0.241)
found for a spin¥, Heisenberg chain with both NN and NNN
antiferromagnetic interactiorfé3! The ground state of such
a chain is the spin liquid state characterized by no energy
gap between the ground and the first excited states (as in
the case of a spif> Heisenberg chain with only NN

@antiferromagnetic interactions) whéglJ, < a., butitis the

dimer state characterized by nonzero energy gap between
the ground and the first excited states wiighd; > o303
Thus, the fact that the calculatdglJ; ratio is smaller than
o is consistent with the experimental finding that the GuO
ribbon chains of LiCuVQ@ undergo an antiferromagnetic
ordering?82°

As described previously, the use @f(x) provides a
satisfactory and consistent description of the spin exchange
interactions of LiICuVQwhenx = 0.125. Thus, we employ
the ¢'(x = 0.125) value for the estimation of the spin
exchange parameters for the intrachain NI, (the intra-
chain NNN (), and the interchain NNJf) interactions of
the CuyOs lattices in CyO; and AgCuw,0s. Our results are
summarized in Table 3, where tlevalues were calculated
using the expressioh= —(Ae)%/U¢x with the value ofUe
= 1.74 eV deduced for the magnetic lattice of LiCu)¥O

5. Spin Ordering in the Cu,O3 Lattice Leading to
Magnetic Phase Transition

5.1. CwOs. Table 3 reveals that the interchain NN
interaction is more strongly antiferromagnetic than the
intrachain NN interaction (i.e)Js| > |Ja|). This finding is
explained by the fact that the €®—Cu superexchange path
has a significantly largerlCu—O—Cu angle in the interchain

(29) Vasil'ev, A. N.; Ponomarenko, L. A.; Manaka, H.; Yamada, |.; Isobe,
M.; Ueda, Y.Physica B200Q 284—286, 1619.
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Magnetic Interactions in CuOs; and AgCu,03

Table 3. AE andJ Values Calculated for the Intrachain NN, Interchain
NN, and Intrachain NNN Interactions of the £ Lattices in CyO3
and AgCuw,03?

CwOsP Ag2Ce0s°
interaction e(meV) J(K) Ae(meV) J(K)
intrachain NN () 51 —-17.4 42 —-11.8
intrachain NNN {) 24 -3.9 22 -3.2
interchain NN {;) 85 —48.3 91 —55.4

aThe J values were calculated using the expression —(A€)%/Ues
with Ue = 1.74 eV.P Calculated using the crystal structure of ref 1.
¢ Calculated using the crystal structure of ref 6.
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Figure 7. Three spin arrangements around a shared O(2) atom betweengigre 9. (a) Most favorable interchain spin arrangement between adjacent

adjacent Cu@ribbon chains: (aft/W, (b) #/N, and (c)NAt. Filled and
empty circles represent the €uons with up- and down-spins, respectively.

o! 0}

(a) -e—O0—e—O0—e—0O
(-

(b) -o—e—0—0—eo—@-
e

Figure 8. Two periodic spin arrangements in a Gu@bbon chain: (a)
(M)e and (b) (V). Filled and empty circles represent the?Cions with
up- and down-spins, respectively.

than in the intrachain NN interaction (Table 1). Table 3 also
shows that the intrachain NN interaction is more strongly
antiferromagnetic than the intrachain NNN interaction (i.e.,

[Jal > |Jpl). Thus, the ordering of the spins in the Oy
lattice of CuyO; should be determined primarily by the

interchain NN interactions and then by the intrachain NN
interactions. Each O(2) atom is the common bridging point
of four interchain Ct-O—Cu superexchange paths (Figure

1b). Figure 7 depicts three arrangements of the foud"Cu
spins surrounding a single O(2) atom, thattgy, 4/t and
N/t BecauselJ.| is larger thanJ,|, thett/\l arrangement is
more stable than thi/t and /it arrangements. The latter

layers of CuQ ribbon chains, leading to #/{-double-layer. (b, ¢) Two
equivalent interchain spin arrangements that can be used for the stacking
between twdt/H-double-layers. Filled and empty circles represent th& Cu
ions with up- and down-spins, respectively.

ment is more stable than th#{)., arrangement. The most
energetically favorable arrangement between two adjacent
layers of Cu@ ribbon chains is shown in Figure 9a, where
every shared O(2) atom between the two layers has the
interchain spin arrangemeM/\J. This forces each CuQO
ribbon chain to adopt thét{})., spin arrangement and hence
doubles the unit cell along the two chain directions, that is,
the a- andb-directions.

To consider the spin ordering along thalirection, we
recall that the O(1) and O(2) atom alternations on the two
edges of a Cu@ribbon chain have opposite senses (Figure
1b). Suppose that we add a layer of Guibbon chains to
a “M-double-layer” in which each shared O(2) atom has
the interchairtt/l{ arrangement (e.g., that shown in Figure
9a). Then, the new set of shared O(2) atoms generated by
the additional layer can adopt either the spin arrangement
in Figure 9b or that in Figure 9c, because the two interchain
spin arrangements/tl and/it available for the O(2) atoms
are the same in energy. It is convenient to describe the spin
ordering of the CpO;3 lattice along thec-direction in terms
of stackingM/li-double-layers. Because the stacking between
two /W-double-layers can achieved by adopting 8 or

two arrangements are equal in stability. Other possible /it spin arrangement between them, the stacking ofttwo

interchain spin arrangements around O(2) (é1¢f}, andtt/

W-double-layers can lead to the.” arrangement shown in

1) are less stable than those shown in Figure 7. Two periodic Figure 10a or the ¢8” arrangement shown in Figure 10b.

spin arrangements of a Ca@bbon chain, that is,}{).. and
("W)., are shown in Figure 8. For a spii-Heisenberg chain
with both NN and NNN antiferromagnetic interactiol{s}
the spin arrangementt{})., does not represent the ground
state of the chain, regardless of whether 8@, ratio is
smaller or larger than the critical valwe. WhenJ, andJ,
are both antiferromagnetic adg/J, < 1, the (V). arrange-

The stacking oftt/W{-double-layers can give rise to a large
number of repeat patterns. The patterns suctoa3.(and
(03) do not double the unit cell along theedirection, while

the patterns such agfa0)«, (AL0SM)w, (0L0L03)w, (BLML)w,

and @oS0). do. As an example, Figure 11 depicts the repeat
pattern @Sfa).. In principle, the unit cell along the
c-direction can be increased by a factor of any intager
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This discussion of spin ordering along thdirection leads
to two important implications. First, the freedom of choice
between thell/N and At arrangements for the stacking
betweertt/i{-double-layers should give rise to spin fluctua-
tion in the CuyOs spin lattice, and the extent of this spin
fluctuation should depend on temperature. Second, the
ordered spin arrangements of the,Ogllattice that explain
the observed superlattice formation differ from conventional
antiferromagnetic ordering.

As already pointed out, thd!{}).. spin ordering is not the
most stable arrangement of an isolated guBbon chain.
Thus, the interlayelt/W¥ spin ordering around each O(2) atom,
which induces thet{W)., spin ordering in the associated
ribbon chains, would prevent the chains from adopting their
most stable spin states. Namely, the interchain spin ordering
frustrates the intrachain spin ordering, and vice versa. The
extent of this magnetic frustration would be strongly
enhanced if the,/J. value were increased toward 1. If the
Ja/Jc value were reduced toward 0, the magnetic structure
of the CuyO; lattice would be dominated by the interchain
spin ordering along the-direction, thereby inducing a one-
dimensional magnetic character. The calculalgd. value

(b) (i.e., 0.36) is closer to the limit of one-dimensional mag-
Figure 10. Two possible stacking arrangements betweenttWbdouble- netism than to that of magnetic frustration, so that low-
layers: (a)aa and (b)a. Filled and empty circles represent the’Cu  dimensjonal magnetic character would be more important
ions with up- and down-spins, respectively. . . .
than magnetic frustration in GOs.

5.2. AgCu,03. Table 3 reveals that the spin exchange
parameters] calculated for AgCu,O3 are very similar to
those calculated for G@s, that is,|J| > [Ja| > |Jp|. Thus,
it is expected that the magnetic phase transition gAgO;
at 60 K should double the unit cell along each crystallo-
graphic direction, the GOs lattice of AgCw,O3 should
exhibit spin fluctuation, and low-dimensional magnetic
character would be more important than magnetic frustration
for Ag.Cu0s.

Nevertheless, AgCu,0; and CuOs should show subtle
differences because théyJ. andJy/J, values are different.
The|J¢| value is slightly larger for AgCw,Os than for CyOs,
because the interchain €@®—Cu superexchange path has
a slightly larger0Cu—O—Cu angle in AgCw0Os. The |J4|
value is smaller for AgCwO; than for CuOs;, because the
two Cu—O—Cu intrachain superexchange paths are con-
siderably more asymmetric in AGuwOs. Consequently,
Ag.Cuw,0;3 has a smalled,/J. value than does GOs (0.21
vs 0.36) so that AgCw,03 should be more strongly affected
by low-dimensional magnetic character than is, @y
Another small difference between AQu,0Os; and CuOs; is

Figure 11. Stacking arrangement,83o).. in the CuOs lattice that doubles that Jo/Ja > ac for Ag2CLyOs while Jy/Ja < o for CwOs

the unit cell along the-, b-, and c-directions. Filled and empty circles ~ (1-€-, 0.27 vs 0.22).
represent the Cd ions with up- and down-spins, respectively. Each )

rectangular box represents a unit cell in the absence of the magnetic phaséd. Concluding Remarks
transition.

In the CyO; spin lattice of CuO3, the most favorable spin
2. The experimental observation of theaxis doubling is arrangement between adjacent layers of guilibon chains
explained by noting that the spin orderings suchog(v).., is M\, which forces the Cu@ribbon chains to adopt the
(008B)w, (BaoB)w, and BRaw). are statistically the most ~ (1W)., spin arrangement, hence doubling the unit cell along
probable arrangements, given the fact that the spin arrangethe a- and b-directions. The spin ordering along the
mentsi/H andN/it are equally valid for the stacking between direction is determined by the stacking of suthi-double-
#/i-double-layers. layers. The ordered spin arrangements in theGglattice

3576 Inorganic Chemistry, Vol. 41, No. 13, 2002



Magnetic Interactions in CuOs; and AgCu,03

consistent with the observed superlattice formation are temperature dependence of a magnetic reflection intefsity.
statistically the most probable arrangements, and they differ The spin exchange interactions of the,Ogispin lattice in
from conventional antiferromagnetic ordering. Because the Ag,Cu,0O3; are very similar to those in GQs Thus,
spin arrangementd/tl and /it are equally valid for the  Ag.Cu,Oz and CuOs should be similar in their structural
stacking betweet/l{-double-layers, there should occur spin  and magnetic properties.

fluctuation in the CpOs lattice, the extent of which should .
depend on temperature. The calculated spin exchange Acknqwledgment. The work at quth Carol|r_1a State
parameters suggest that low-dimensional magnetic characteP n_|verS|ty was .supported l?y the .Off|ce of Basic Energy
is more important than magnetic frustration in determining Sciences, Division of Materials Sciences, U.S. Department
the magnetic properties of @Ds. It would be interesting to of Energy, under Grant DE-FG02-86ERA45259.

examine spin fluctuation as a possible cause for the observedCc020141X
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