Inorg. Chem. 2006, 45, 10743-10749

Inorganic:Chemistry

* Article

Spin Dimer Analysis of the Magnetic Structures of Ba  3Cr,0g, BasMn,0s,
NasFeO,, and Ba,CoO4 with a Three-Dimensional Network of Isolated
MO4 (M = Cr, Mn, Fe, Co) Tetrahedra

Hyun-Joo Koo*

Department of Chemistry and Research Institute of Basic Science, Kyung Hesrgitgi
Seoul 130-701, South Korea

Kwang-Soon Lee T and Myung-Hwan Whangho*

Department of Chemistry, North Carolina State wanisity, Raleigh, North Carolina 27695-8204

Received September 19, 2006

The spin exchange interactions of the magnetic oxides BasCr,Og, BasMn,0s, NasFeO,, and Ba,CoO, with a three-
dimensional network of isolated MO, (M = Cr, Mn, Fe, Co) tetrahedra were examined by performing spin dimer
analysis on the basis of tight-hinding electronic structure calculations. Although the shortest O---O distances between
adjacent MO, tetrahedra are longer than the van der Waals distance, our analysis shows that the super-superexchange
interactions between adjacent MO, tetrahedra are substantial and determine the magnetic structures of these
oxides. In agreement with experiment, our analysis predicts a weakly interacting isolated AFM dimer model for
both BasCr,0g and BasMn,0s, the (0.0, 0.5, 0.0) magnetic superstructure for NasFeOy,, the (0.5, 0.0, 0.5) magnetic
superstructure for Ba,CoQ,, and the presence of magnetic frustration in Ba,Co0O,. The comparison of the intra-
and interdimer spin exchange interactions of BasCr,Og and BasMn,Og indicates that orbital ordering should be
present in BasCr,0s.

Ba,C00,.8 The transition metal ions4/ (d), C®* (d?), Mn>*

(d?), Fert (d%), and Cd* (d®) present in those compounds
possess unpaired spins responsible for their magnetic proper-
ties, and the P& (d*) and Cd* (d°) ions are in high-spin
state’82°The MQ, tetrahedra are well-separated from each
other by B&", SP*, or Na" ions, so that the shortest-Q
distances between adjacent Wtetrahedra are longer than
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Feltz, A.. Schmalfuss, & Chem 1975 18, 323, are paramagnetic. Howevgr, the!r magnetic properties shpw
the presence of substantial antiferromagnetic (AFM) spin

1. Introduction

A three-dimensional (3D) network of isolated MO
tetrahedra containing transition metal ion§™Mn = 4, 5)
in high oxidation state is present in a number of magnetic
oxides, which include8-BaV0,,* SKLVO,4,2 A,Cro, (A =
Sr, Ba)? BasCr,Og,* BagMn,0g,®> BaxFeQ,® NayFeQ,,” and

(2) Gong, W.; Greedan, J. E.; Liu, G.; BjorgvinssdnSolid State Chem
1991 94, 213. exchange interactions between adjacent,N&frahedra. For

(3) (@) Guo, L.; Greedan, J. E.; Gong, .. Solid State Chenl993 9 | b .

105, 78. (b) Wilhelmi, K. A. Ark. Kemi1966 26, 157. example, both B&Lr,Og and BaMn;Og have a spin gap and

4) Nakggrr}%) T.; Mitamura, H.; Ueda, Y. Phys. Soc. Jpr2006 75, are described by a weakly interacting AFM dimer mdidéls
54706. . .
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Rev. B 2005 72, 214434. (b) Uchida, M.; Tanaka, H.; Mitamura, H.;  temperaturély = 16 K and has a magnetic superstructure
Ishikawa, F.; Goto, TPhys. Re. B. 2002 66, 54429. (c) Uchida, M.; i i i
Tanaka, H.; Bartashevich, M. I.; Goto, I..Phys. Soc. Jpr2001, 70, (0.0, 05, 0.0) at 2 K (i.e., the magnetic cell is doubled
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along theb-axis with respect to the crystallographic cell). either by calculating the electronic structures for the high-
Similarly, B&CoO, undergoes a 3D AFM ordering below and low-spin states of various spin dimers (i.e., structural
Tn = 23 K8band has a magnetic superstructure (0.5, 0.0, units consisting of two spin sites) of the sdfidor by
0.5) & 4 K (i.e., the magnetic cell is doubled along the calculating the electronic band structures for various ordered
and c-axes with respect to the crystallographic c&l5o spin states of the solitf. The energy differences between
far, there has been no theoretical study aimed at understanddifferent electronic states are then mapped onto the corre-
ing the various magnetic properties of those oxides with a sponding energy differences given by the spin Hamiltonian
3D network of isolated MQ@tetrahdra. employedt® In either explaining trends in spin exchange
Magnetic interactions between unpaired spins include spin interactions of magnetic solids or testing the validity of a
exchange and dipole interactions. Spin exchange interactionsset of spin exchange parameters chosen to form a spin
between adjacent spin sites occur through the overlapHamiltonian, it is often sufficient to estimate the relative
between the tails of their magnetic orbitals and hence are magnitudes of the spin exchange parameténsgeneral, a
short-ranged,while dipole interactions occur through space spin exchange parametéis written as] = Jr + Jar.1” The
and are long-ranged. In general, a spin exchange interactiorferromagnetic ternde (>0) is a small positive number, so
between adjacent spins can be stronger than a dipolethat the spin exchange becomes ferromagnetic {.e.,0)
interaction between them by a factor of 1000 or greter. only when the AFM termJar (<0) is negligibly small in
Therefore, to understand the magnetic properties of the magnitude. Thus, AFM spin exchange interactions (ie.,
oxides made up of isolated MQetrahedra, it is necessary < 0) can be discussed by focusing on the AFM tedns®
to examine the spin exchange interactions between adjacentn spin dimer analysis based on EHTB calculations, the
MO, tetrahedra, which should take place through the strength of an AFM interaction between two spin sites is
-O—M super-superexchange pathé/e note that the mag-  estimated by considering the AFM spin exchange parameter
netic sulfides BaLgMnSs (Ln = La, Ce, Pr) have a 3D Jar,°
network of isolated Mngtetrahedra with high-spin M
ions and undergo a 3D AFM ordering at a reasonably high <(Ae)*>
temperature (i.eTy = 58.5, 62.0, and 64.5 K for Lr La, Jar ¥ _U—eﬁ )
Ce, and Pr, respectively), although the shortest S
distances between adjacent Mri&trahedra are longer than
the van der Waals distance (3.6 A). This finding is well

explained in terms of their super-superexchange interactionsggcyjated by performing EHTB electronic structure calcula-
between adjacent Mn$etrahedra, which take place through  ions for a spin dimer, which is given by two tetrahedra

the Mn-S-S-Mn paths, as shown by our spin dimer o ,\-(MO,) for the magnetic oxides B&rOs, BaMn,Os,
analysi#? on the basis of the extended ekel tight binding Na,FeQ, and BaCoO..

(EHTB) calculation$:*®* By employing this spin dimer '
analysis, we probe in this work the spin exchange interactions
of BagCr,0s, BasMn,0g, NayFeQ,, and BaCoQ, to account

for their magnetic properties.

whereUg is the effective on-site repulsion that is essentially
a constant for a given compound. ThgAe)?> term is

The d-block levels of an M@tetrahedron are split into
the g and g4 levels. The Cr* (dY), Mn®t (d?), Fett (d¥),
and Cd* (d) ions have the electronic configurationg)ée
(€)%, (8)4(t2g)? and (g)%(t2g)®, respectively. For simplicity,
2. Spin Dimer Analysis we use the orbitalg, and ¢, for the two representing the

doubly degenerategdevel andes, ¢4, andgs for the three

Magnetic properties of a solid are commonly described orbitals representing the triply degeneratdevel. In cases
by a Heisenberg spin Hamiltonian written as a sum of when all the sublevels of thg and b, levels are each singly

palrW|se isotropic spin exchange mteractmﬂ},ﬁ S where occupied, the<(Aep> term is approximated 18y
S and $ are the spin operators at the spin siteand j,

respectively, and); is the spin exchange parameter. This 12

Hamiltonian expresses the energy differences between dif- Mn®" () <(Ae)*> ~ —Z(AGW)2 (2)
ferent magnetic states of a magnetic solid in terms of a 2=

chosen set of spin exchange parametgrsWithin the

framework of first principles electronic structure theory, the Cca"™ () <(re’> ~ i (Ae, ) 3)
spin exchange parameters of a magnetic solid are estimated 52
(9) For recent reviews, see the following: (a) Whangbo, M.-H.; Koo, H.
J.; Dai, D.J. Solid State Chen2003 176, 417. (b) Whangbo, M.-H.; (14) (a) lllas, F.; Moreira, I. de P. R.; de Graaf, C.; Barone, THeor.
Dai, D.; Koo, H.-J.Solid State Sci2005 7, 827. Chem. Acc200Q 104, 265 and the references cited therein. (b) Ruiz,

(10) Ashcroft, N. W.; Mermin, N. DSolid State Physi¢cdHolt, Rinehart E.; Rodriguez-Fortea, A.; Cano, J.; Alvarez JSPhys. Chem. Solids
and Winston: Philadelphia, PA, 1976, pp 67374. 2004 65, 799.

(11) (a) Masuda, H.; Fujino, T.; Sato, N.; YamadaJKSolid State Chem. (15) (a) Chartier, A.; D’'Arco, P.; Dovesi, R.; Saunders, V.FRys. Re.
1999 146, 336. (b) Wakeshima, M.; Hinatsu, ¥. Solid State Chem. B 1999 60, 14042 and the references cited therein. (b) Dai, D.;
200Q 153 330. (c) Wakeshima, M.; Hinatsu, Y.; Oikawa, K.; Shimojo, Whangbo, M.-H.; Koo, H.-J.; Rocquefelte, X.; Jobic, S.; Villesuzanne,
Y.; Morii, Y. J. Mater. Chem200Q 10, 2183. A. Inorg. Chem.2005 44, 2407.

(12) Koo, H.-J.; Whangbo, M.-H.; Lee, K.-S. Solid State Chen2002 (16) (a) Noodleman, LJ. Chem. Phys1981 74, 5737. (b) Dai, D,
169 143. Whangbo, M.-H.J. Chem. Phys2001 114, 2887. (c) Dai, D.;

(13) Hoffmann, RJ. Chem. Phys1963 39, 1397. Whangbo, M.-H.J. Chem. Phys2003 118 29.
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Figure 1. Schematic representations of the 3D arrangements of (a) the)Mt@trahedra and (b) the M ions in BaM20g (M = Cr, Mn). The (MQ)3~
tetrahedra are shown as polyhedra in (a), and ti& Mns as filled circles, in (b). The numbers-8 in (b) represent the spin exchange palfsJa,

respectively.

whereAe,, is the energy split that results when two magnetic
orbitals¢, (u = 1—5) on adjacent spin sites interact and the
prefactor of the summation is related to the number of
unpaired spins. There is one electron to fill thelevel of
Cr** and two electrons to fill they§ level of F&*. If we
assume that the degenerate orbitals of ther &g level have

an equal chance of being occupied, théAe)?> term is
approximated b¥?

1\2 2
crt(d): <(Ae)?> ~ (—) (Ae,,)’? (4)
2 /AZ‘ uu
Fe' (d): <(Ae)>> L1 : (Ae )2+(3)2 . (Ae,,)?
42;1 s »; "
5)

In this work, theAe,, values for various spin dimers are
evaluated by performing EHTB calculatiotfs-or a variety
of magnetic solids of transition metal ions it has been fdund
that their magnetic properties are well described by<the
(Ae)?> values obtained from EHTB calculations, when both
the d orbitals of the transition metal ions and the s/p orbitals
of its surrounding ligands are represented by dodtfater
type orbitals (DZ-STO’s}? Our calculations are carried out

Ao AT
T o4 A4

(a)J (b)..i (c).2 (d).Js

Figure 2. Spin dimers associated with the spin exchange p&thk, J;,
andJs of BagM20g (M = Cr, Mn), where the atoms M and O are represented
by red and white circles, respectively.

MO, teterahedra, we replaée with (1 — x)&, and calculate
the <(Ae)?> values for three values o, i.e., 0.00, 0.05,
and 0.10.

3. Results and Discussion

3.1. BaCr,0g and BagMn ,Og. BasCr,Os is isostructural
with BagMn,0g.4%¢ The 3D arrangement of the (M~
tetrahedra in BaM,Og (M = Cr, Mn) is shown in Figure
1a, and that of the Rt ions, in Figure 1b. The spin dimers
associated with the four spin exchange paths, doeJi, Jz,
andJs, are presented in Figure 2, whekgis the intradimer
exchange interaction and;, J,, and J; are interdimer
interactions. Each spin site leads to alentradimer and

using the atomic parameters summarized in the Table S1 0f3J: + 6J; + 3J; (=J) interdimer interactions. Magnetic

the Supporting Information. The radial part of a DZ-STO is
expressed ag ! [c; exp(—Eir) + ¢ exp(—&ar)], wherenis

the principal quantum number and the exponéhtand ¢,
describe contracted and diffuse STO's, respectively @e.,

> (). The diffuse STO provides an orbital tail that enhances
overlap between O atoms in the~O contacts of the M
O-:-O—M super-superexchange paths. The,, values are
affected most sensitively by the exponéatof the diffuse

O 2p orbital. Thes, values taken from results of electronic
structure calculations for neutral atotimay not be diffuse
enough to describe®ions. To make the O 2p orbital more
diffuse, the&; value should be reduced. To assess how the
diffuseness of the O 2p orbital affects the relative strengths

susceptibility and magnetization measurements show that
BasCr,0g has a larger spin gap than does;®a,0s (i.€.,
Alkg = 16.1 vs 11.2 K):5¢ The magnetic susceptibilities
of both BaCr,Os and BaMn,Og are described by a weakly
interacting AFM dimer modet>2 ¢ The Jykg andJ'/kg values
are respectively estimated to b&5.0 and—7.7 K for Ba-
Cr,0g* and—17.4 and—24.9 K for BagMn,0g.53 ¢ Thus, the
intradimer exchangéy is stronger in BgCr,Og than in Ba-
Mn,Og, and with respect to the intradimer exchange interac-
tion, the interdimer interaction is much weaker ins880s
than in BaMn,Og (i.e., J'/Jo = 0.3 vs 1.4).

The <(Ae)?> values calculated for B¥n,Og (Table 1)
show that the exchange interactidly is the dominant

of the super-superexchange interactions between adjaceninteraction regardless of thevalue, in support of a weakly

(17) (a) Hay, P. J.; Thibeault, J. C.; Hoffmann,RAm. Chem. Sod975
97, 4884. (b) Kahn, O.; Briat, BJ. Chem. Soc., Faraday Trans. 2
1976 72, 268.

(18) 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).

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

interacting spin dimer model found for BdN,0s.5% ¢ In
terms of the<(Ae)?> values, thel'/J, ratio is estimated to
be slightly smaller than the experimental value (i.e., 0.84 vs
1.4). The<(Ae)?>> values calculated for B&r,Og are listed

in Table 2a, which reveals that the relative strengthgyof
and J; depend on the value of. With increasingx, Jo
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Table 1. Values of the MARMn Distance and<(Ae)?> Associated
with the Spin Pathgy—Js in BasMn,Og?

path Mn-Mn x=0.10 x=0.05 x=10.00

Jo 3.985 4000 (1.00) 1800 (1.00) 760 (1.00)
N 4.569 480 (0.12) 200 (0.11) 80 (0.10)
J 5.711 330 (0.08) 160 (0.09) 80 (0.10)
Jz 6.964 0 (0.00) 0 (0.00) 0 (0.00)

aThe numbers in parentheses refer to relative strengths. The distances
are in units of A, and the<(Ae)2> values, in units of (meV)

Table 2. Values of the G+Cr Distance,<(A€)2>, and <(A€)2> oo
Associated with the Spin Patlisg—Js in BagCr,Og?

path CrCr x=0.10 x=0.05 x=0.00
(a) <(Ae)y*>

Jo 3.937 1900 (1.00) 650 (1.00) 190 (0.90)
J 4.597 820 (0.44) 410 (0.62) 210 (1.00)
N 5.739 470 (0.25) 220 (0.34) 100 (0.50)
% 6.960 0 (0.00) 0 (0.00) 0 (0.00) (@) (b)

(b) <(A€)?> 00 Figure 3. (a) Bonding and (b) antibonding combinations of ogemital
Jo 3.937 3700 1300 370 (e.g.,¢1) of BagCr,0g leading to theAey; value.

2The numbers in parentheses refer to relative strengths. The distancesand antibonding combinations leading to the;; value, as
?r:]ee\i}‘)z“”its of A, and the<(Ae)*> and <(A€)*>oo values, in units o gepjcted in Figure 3. Once the shape and orientation of the
' magnetic orbital are fixed in space by the intradimer
becomes stronger whiley andJ, become weaker such that exchange interaction, the interdimer exchange interactions
Jo is the dominant exchange interaction for= 0.05 and between such magnetic orbitals become weak. This provides
0.10. However, thd'/J, ratio for BaCr.,Og estimated in terms @ natural explanation for why th#/Jo value of BaCr,Os is
of <(Ae)?> is unreasonably large compared with the much smaller than that of BsinzOs.
experimental value (i.e., 2.8 for = 0.10 vs 0.3) and is B. NasFeO,. The existence of Né&eQ, was reported half
greater than that for B¥n,Os in disagreement with experi- & century agas but its crystal structure was determined only
ment (i.e., 2.8/0.84 vs 0.3/1.4). Furthermore, thg\e)>> recently’®® According to®’Fe Mcssbauer effect data, the’Fe
value for the exchange paflhis much smaller for B&Cr,Og (d*) ions of NaFeQ, are in high-spin stat& The magnetic
than for BaMn,Os [i.e., 1900 vs 4000 (meW)for x = 1.0] susceptibility of NaFeQ, follows a Curie-Weiss behavior
although the experimentd} value is greater in magnitude  With the Weiss constar® ~ —37 K and shows a 3D AFM
for BasCr,0Os than for BaMn,Og (i.e., Jo'ks = —25.0 vs ordering belowTy = 16 K."2The powder neutron diffraction
—17.4 K). measurementst 2 K show a magnetic superstructure (0.0,
The aforementioned discrepancies associated with the0.5, 0.0)’2 The 3D arrangement of (Fal3~ tetrahedra in
<(A€)?> values of BaCr,0s make us to doubt the validity =~ NasFeQ is depicted in Figure 4a, and that of the*Feéons,
of the assumption leading to eq 4, namely, the degeneratein Figure 4b. According to the<(Ae)*> values calculated
orbitals ¢, and ¢, representing the,devel have an equal ~ for the spin exchange patils—J, of NasFeQ (Table 3),
chance of being occupied. Therefore, we consider the there is no dominant spin exchange interaction. Nevertheless,
occurrence of orbital ordering in Bar,Os, i.e., the occupa- it is clear forx = 0.05 and 0.10 that five spin exchange
tion of only one of the two orbital®; and ¢,. Then, the  interactions (i.e.Ji, J, Js, Js, and Jg) are substantially
<(Ae)2> value in this case, which will be referred to as stronger than the remaining four spin exchange interactions

<(A€)?> o, is approximated by (i.e., J3, J4, J7, andJg). As shown in Figure 5, the four spin
exchange interaction3, Js, Js, andJy lead to the 3D AFM
cri(d): <(Ae)?> o~ (Aey)? (6) arrangement of spins with a (0.0, 0.5, 0.0) superstructure.
This explains the magnetic superstructure of ¢,
where it is assumed, without loss of generality, thatis observed at 2 K2In this superstructure, the spin exchange

occupied bu, is not. The orbital ordering should be dictated interactionsly, Js, J4, J7, andJg are frustrated. However, these
by the exchange path leading to the strongest exchangenteractions are weak, and their frustration is expected since
interaction (i.e.Jo in the present case, which is reproduced they are the second-nearest-neighbor interactions of antifer-
by x=0.05 and 0.10). As shown in Table 2b, théA€)?>> oo romagnetic “square” lattices. Furthermore, t&8/Ty value
values calculated for the exchange paglof Ba;Cr.Os are of 2.3 is low. Though somewhat arbitrary, the conditj@r/

now comparable in magnitude to the correspondiige)?> Tn > 10 is taken as a criterion for the presence of geometric
values of BaMn,Og. The effective on-site repulsiodes is spin frustratiort®?! Consequently, NgeQ, should not be
expected to be greater for the Rtnion than for the C¥ considered to possess geometric spin frustration.

ion. Thus, it is understandable that thgvalue is slightly Each Fé&" ion has only two electrons to fill the degenerate
greater in magnitude for B&r,Og than for BaMn,Og (Jo/ tog level. Thus, in principle, it is necessary to consider

ks = —25.0 vs—17.4 K). When one gorbital (i.e.,¢,) is possible orbital ordering in NReQ,. However, since there
preferentially occupied, their interactions lead to the bonding is no dominant spin exchange interaction, orbital ordering

10746 Inorganic Chemistry, Vol. 45, No. 26, 2006
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(@) (b)

Figure 4. Schematic representations of the 3D arrangements of (a) the)Fe€rahedra and (b) the eions in NaFeQ,. The (FeQ)*~ tetrahedra are
shown as polyhedra in (a), and the*Féons, as filled circles in (b). The numbers-2 in (b) represent the spin exchange paitisJy, respectively.

Table 3. Values of the FeFe Distance and<(Ae)2> Associated with is the case in view of the fact that the observed magnetic
the Spin Pathgi—Js in NasFeQ? superstructure is explained by th€Ae)?> values.
path Fe-Fe x=0.10 x=0.05 x=0.00 C. Ba,Co0,. Boulahya et af2reported that the magnetic
J 4.816 52 (0.66) 22(0.47) 11 (0.30) susceptibility of BaCoO, follows a Curie-Weiss behavior
3’2 o > %8:2% “ g:gg)) 3 (%_'f%) in the range from 100 to 300 K with the Weiss constént
Ja 5.263 11 (0.14) 11 (0.23) 9 (0.24) = —116 K and shows a 3D AFM ordering beloly = 23
Js 5.768 79 (1.00) 27(0.57) 9(0.24) K. Their powder neutron diffraction studyt 4 K reveals a
jj o o 28:;63 2 gg:‘z‘g; Zggjﬁg magnetic superstructure (0.5, 0.0, 0.5). Independently, Jin
Js 6.562 40 (0.51) 14 (0.30) 4(0.11) et al®® found essentially the same results, i.e., the CGurie
Jo 6.855 51(0.65) 19 (0.40) 7(0.19) Weiss behavior in the range froml50 to 350 K© ~ —110
aThe numbers in parentheses refer to relative strengths. The distancesK and Ty = 25 K. It has been suggest@dthat the finding
are in units of A, and the<(Ae)2> values, in units of (meV}) for Ty < |®] results either from reduced dimensionality of
magnetic interactions or from possible magnetic frustration
in BaCoQ.

The 3D arrangement of (Cod tetrahedra in B&LoOy
is shown in Figure 6a, and that of the corresponding*Co
ions, in Figure 6b. The<(Ae)?>> values calculated for the
spin exchange patlis—Js of Ba,CoQ, are presented in Table
4. Although there is no dominant spin exchange interaction,
it is clear forx = 0.05 and 0.10 that four spin exchange
interactions (i.e.J1, Js, Js, andJ;) are substantially stronger
than the remaining four spin exchange interactions @¢.,
Ja, Js, andJg). As depicted in Figure 7a, the two strong spin
exchange interactiond; and J; form chains along the
b-direction, and these chains can be antiferromagnetically
arranged along tha-direction because the spin exchardge
is much stronger than the spin exchangeand Js. Thus,
1 ] the three strong interactiods, Js;, andJ; form a layer, and

. \ ._.."-- (3 h I interact antiferromagnetically through the stron
T e Aca— N these layers inte g y g g
Gﬂﬁdﬂ@ﬁ&ﬂ. exchangeJs (Figure 7b). As a consequence, Ba0, is

z{m%’/,'/l \°:b/’/ predicted to have a (0.5, 0.0, 0.5) superstructure as shown

L= ‘--4../—: __,.}‘53 "--.‘,_./I-f"‘\ﬁ in Figure 7c, in agreement with the magnetic superstructure

k{ﬂ%&f?@%ﬁﬁ. of BaCoO, at 4 K8 As described above, the magnetic

6/ IS Y. ‘?{:"7"'- interactions leading to the (0.5, 0.0, 0.5) superstructure are

w7 ST/ ] T lead he (0.5, 0.0, 0.5)

/Ij«; ///I/lj’q‘/ ///I_'Ig‘a 3D in nature. In this superstructure, the “intralayer” spin
ﬁ{g%q%i?!g%ﬁfg/gg% exchange interactiond andJs are frustrated in a distorted
{"“*-3-‘4;;"*' triangular lattice, and so is the “interlayer” spin exchange
5770 O O interactionJs. The presence of such magnetic frustration

(b) explains why Ty < |®] in BaCoQ,, as anticipated®
Figure 5. Two perspective views of the 3D AFM spin lattice of Jf@Q, although thg®|/Ty value of 4.4 is well below 10, beyond

made up of the spin exchange pafas, Js, andJs, where the filled and  \yhjch geometric spin frustration is commonly regarded to
open circles represent up-spin and down-spin sites, respectively. The spin(_}xistzov21

exchange interaction, Js, J4, J7, andJs lead to magnetic frustration.

. 2 (20) Greedan, J. El. Mater. Chem2001, 11, 37.
is not expected to occur. Thus, thgAe)*> values should (21) Schiffer, P.; Ramirez, A. RCommun. Condens. Matter Phyl996

describe the relative strengthsXf-Jy reasonably well. This 10, 21.
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(a) (b)

Figure 6. Schematic representations of the 3D arrangements of (a) the;f€daétrahedra and (b) the €oions in BaCoQ,. The (CoQ)*~ tetrahedra are
shown as polyhedra in (a), and the4Cdons, as filled circles in (b). The numbers-& in (b) represent the spin exchange pathsJs, respectively.

Figure 7. Spin lattice of BaCoQs: (a) a layer made up of the spin exchange palthsl; and J7; (b) two layers made up ak, Js;, andJ; interacting
antiferromagnetically through the spin exchardige(c) 3D AFM lattice made up 081, Js, Js, andJ;. The filled and open circles represent up-spin and
down-spin sites, respectively. The “intralayer” spin exchange interacfipaad Js are frustrated, and so is the “interlayer” spin exchange interadon

Table 4. Values of the CeCo Distance and<(Ae)2> Values

4. ConC|Ud|ng Remarks Associated with the Spin Patlds—Jg in Ba,CoOs?

Although the magnetic oxides Bar,Os, BaMn,Og, Nay- path Ce-Co x=0.10 x=0.05 x=0.00
FeQ, and BaCoO, have a network of isolated MM = J 4.653 270 (0.82) 200 (1.00) 84 (1.00)
Cr, Mn, Fe, Co) tetrahedra well-separated from each other, J. 4.825 47 (0.14) 34(0.17) 36 (0.43)
the super-superexchange interactions between adjacent MO 33 g-ggg ﬁg 28-‘3“;; Zg Eg-gi; ;g Eg-;i;
tetrahedra are supstanual and determine the_magnetu_: struc- 3% 5433 130 (0.39) 62 (0.32) 25 (0.30)
tures of these oxides. In good agreement with experiment, ;. 5.889 160 (0.48) 48 (0.24) 14 (0.17)
our spin dimer analysis predicts a weakly interacting isolated  J, 5.891 330 (1.00) 130 (0.66) 50 (0.60)
AFM dimer model for BgMn,QOs, the (0.0, 0.5, 0.0) magnetic J 6.059 81(0.25) 30(0.15) 7(0.08)

superstructure for N&eQ,, and the (0.5, 0.0, 0.5) magnetic aThe numbers in parentheses refer to relative strengths. The distances
superstructure for B&€oO,. The magnetic interactions of ~ are in units of A, and the= (Ae)? > values in units of (meVj.
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