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Ba,Co9O14: New Inorganic Building Blocks with Magnetic Ordering
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Ba,Co?"3Ca*6014 has been prepared by conventional solid-state reaction betweernaRd@oO. Its
crystal structure has been refined from single-crystal X-ray diffraction data and powder neutron diffraction,
a = 5.6963(8) A,c = 28.924(6) A, space grouR3m, Z = 3, R1= 4.44%, wR2= 10.96%. It shows
evidence of new building blocks called fch'h'c stacking sequence of cubic, @nd hexagonal Ba
layers) by analogy with the related T-blocks fth) of the barium hexaferrites.’ Tonsists of Ct'"' O,
brucite-like layers pillared by C@, tetrahedra and CO;, octahedral trimers. Belowy = 39 K,
tetrahedral and octahedral high spin''@G8 = 3/2) diluted in the framework mainly containing low spin
Cd" (S= 0) interact through Cb-O—0—Cd" through super-super exchanges (SSE) only. The analysis
of the competition between the multiple SSE paths has been performed through geometrical considerations.
The magnetic moments are lying antiferromagnetically in dfteplane in good agreement with the
magnetic group theory presented in our work. Their values of 1. Z&4nd 2.83(3uB for the octahedral
and tetrahedral Clo respectively, are explained by the high degree of covalency and magnetic transfer
toward the surrounding anions involved in the SSEs. At high temperature, the creation of oxygen vacancies
is observed and strongly intervenes in the hopping conductivity as shown from the abrupt change in the
matching Arrhenius law. This particular feature demonstrates potential mixed conductivity processes in
the medium-temperature range. At 10U it reversibly decomposes into CoO and BaGaOFinally,
the medium crystallinity of the title compound is explained by the presence of defects and intergrowths
with other hexagonal perovskites of the-Bao—0O system.

Introduction Differently, the BaMnQ@-; system is accommodated by the
- ) ) strong preference of deficient Ba® layers for cubic
The possibility to build up new mineral frameworks from stacking®® It leads to series 15-R BaMn@, 8-H BaM-
the stacking of cubic (c) and/or hexagonal (h) anionic layers NOs575 6H-BaMNG,g3s 10H-BaMNQ g 4-H BaMnG 75,
appears unlimited, as pictured by the unlimited number of 21_R BaMNnQ.es » 8{; and so fortH 'Closer to the ﬁtle
hexagonal perovskite polymorphs. Then the compounds compound, from the 2H-BaCaQ@ystem two oxygen defi-
could have dimensional characteristics that range betwee”cient polytypes have been reported, the 5H form dor
the ideal three-dimensional (3D) 3C perovskite (c layers only) 0.26%° and the 12H form for ~ 0.41° These two structural
and the one-dimensional 2H-BaNj@/pe (h layers only}. o5 show the same structural units as®8ClOysit and
In addition, the possible existence of oxygen vacancies alsothe recently evidenced BaosClOss s, 12 that is, trimers and
plays a major role on the chemistry of these solids. AS a ayramers of face sharing ®mctahedra sharing their corners
matter of fact, the metal valence is generally related 10 a i gV tetrahedra. Note that the title compound displays
given coordination, then ruling out the stacking arrangements. g; - - trimers. To be exhaustive, one should keep in mind
Examples such as the BaFg® case picture well this
structural versatility because the distribution of the oxygen (4) Jacobson, A. JActa Crystallogr. Sect., B976 32, 1087.
vacancies is related to the possible pyramidal or tetrahedral (5) Parras, M.; Alonso, J.; Gortea-Calbet, J. M.; vallet-RégM. J. Solid
P : ; i} State Chem1994 111, 202.
coordination of F#; for example, starting from the 2H (6) Parras, M. Gondez-Calbet, J. M.; Alonso, J.: Vallet-Ret. J. Solid
BaFeQ, two polytypes are reported: the 12H type for 0.07 State Chem1995 117, 21.

< d < 0.12 and the 6H type for 0.20< 6 < 0.3534 (7) Quarez, E.; Roussel, P.jiee, O.; Leligny, H.; Bendraoua, A.; Menire
0. Solid State Sci2004 6, 931.
(8) Parras, M.; Varela, A.; Seehofer, H.; Gonzalez-Calbet, JJ.Nbolid
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the discovery from the BaCd""vV —O phase diagram of a
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Table 1. Crystal and Refinement Data

number of incommensurate bidimensional compounds formed

Crystal Data T = 293 K)

from the intergrowth between units with the 2H-BaNiO symmetry rhombohedral
and SEPtQ; types?® It gives rise to columns formed from space group R3m (No. 166)
the face sharing octahedra and prisms stabilized by the mixed Unitcell () 2z 2'86822((3))
Cad'"/CoV valence, for example, B&0™37%0,1,** Bay 106+ V = 812.79(19) &
C0"3780,,15 Bay L0382 1033,5 BagC0'3"%0,4,1" and so forth. z 3
General features about this widgAC0,n+103 family are Data Collection

equipment Bruker Smart -1K

given in refs 18 and 19. In the today’s context, the interest

. _ 2 (Mo K hit 0.7107
for cobaltites has been renewed by the recent discovery of (mgnooéé?g?r?atlof); A)
superconductivity and attractive thermoelectric properties in  density calcd (g/c) 6.307
NaCo0, and their hydrated derivativés.in addition, the ggg ode E'ZE';nS
search for oxides as potential low-temperature electrodes for g(min—max) (deg) 2.1128.08
solid oxide fuel cells (SOFCs) remains a key activity in  u (mm™%; for iKa = 0.7107 A) 20.612
today’s solid-state chemistry. Hence, considering the prospect ;Tiir"]g"(“(%) 9-323
for new cobalt-based oxides has become a challenge for recording reciprocal space “7<hkKk=<7 -36<1<36
solid-state chemists. Indeed, we have isolated the new mixed number of measured reflections 1653
Co' oxide BaCoOw. As a result of the similarities ~ MUTEETOInAEPRaent | 251/222
between the solid-state chemistry of cobalt and iron, for crystal dimensions (mm) 0803x04
example, comparable ionic radii, competition between high Refinement
spin and low spin configurations and duality between  number of refined parameters 34
octahedral/tetrahedral coordination for \Co  refinement method, program L.S.onl, SHELXL

o : " R1F)[I > 20l/RL(F) [all data, %]  4.44/5.09
§|m|lgr to the tetra_hedraI/pyramldaI/octaheQral competition  \reF2) [1 > 201)/wR2(F?) 10.96/11.20
in mixed F&"" oxides (see the Fe/Co solid solutions in [all data, %],
i 21 22 w = 1/(04Fo? + (0.068P)?)
ferrites BaCoszFewa{l, BaCQixFemXOy, gtc.), the With P (e, 0) + 28213
structural relationship with the barium hexaferrites has been gof 1.073
pointed out. Thus, it has been shown that@@®0,,4 is the max/min residual electronic 3.09/-2.49
first example of T-block-like structure, an elemental motif density (€/A9) .
refined extinction coefficient 0.0013(4)

related to the well-known T building blocks of ferrites never

isolated until today. It shows the setting of an antiferromag- mixture of Bag and CoO powders heated (26/mn) at 900°C

netic (AF) magnetic ordering belowy = 39 K, by Cd' — for 72 h with intermediate grindings and finally slowly cooled
O—0O—Co' super-super exchanges (SSEs), intensively dis- (1.5°C/mn) down to room temperature. It is noticeable that, upon
cussed here. Intra- and inter-block electronic interactions haveextra heating stages, the crystallinity of the compound is getting
been analyzed through the pertinent geometrical parametersworse while weak peaks of a second phase appear on the X-ray
Thermal analyses show the creation of oxygen vacancies thagliffraction (XRD) patterns.

strongly influence the bulk conductivity, suggesting potential ~ XRD and Neutron Diffraction (ND). The single-crystal XRD
electrochemical applications. data collection was performed using a Bruker SMART CCD-1K

diffractometer, Mo K radiation. The experimental details as well
as the parameters of the refinement are listed in the Table 1. The
intensities have been extracted using SAHNAnd corrected from
Synthesis. The single crystals have been prepared by slow absorption effects by a redundancy algorithm using the program
cooling (3°C/h) from 900°C to room temperature of a mixture of ~SADABS2* Powder XRD profiles were recorded with a Bruker
BaQ; and CoO in the flux-like Baj—NaF mixture in the 1:2:2:1 D8 diffractometer equipped with a HTK 1200 oven-camera with
ratio sealed in a gold tube. After the thermal treatment, black single environmental heate(T = 25 °C), Cu Ka radiation. We benefited
crystals can be isolated from the inhomogeneous products. The Ba from two sets of ND measurement: (i) high-resolution diffraction
Cay0y14 powder preparation is achieved from a stoichiometric pattern, D2B diffractometeri(= 1.594 A) at the Institut Laue-
Langevin (ILL), and (ii) 45 to 1.5 K temperature-dependent
patterns : G414 = 2.426 A) at the Laboratoire ‘lom-brillouin
(LLB). For the synthesis of a large amount of sample (typically
(15) El Abed, A.; Elgebbaj, S. E.; Zakhour, M.; Champeaux, M.; Perez- 5-8 g), weak impurity peaks appear even after optimization of

Mato, J. M.; DarrietJ. Solid State Chen2001, 161, 300. the number of grinding/heating stages. Few iZgions have
(16) Darriet, J.; Elcoro, L.; El Abed, A.; Gaudin, E.; Perez-Mato, J. M. been excluded in the data treatment. XRD and ND data were

Chem. Mater2002 14, 3349. . . -
(17) Boulahya, K.; Parras, M.; Gonzalez-Calbet, JJMSolid State Chem. analyzed5u5|ng the Rietveld method using the FULLPROF 2000
1999 142, 419. program? . .
(18) Boulahya, K.; Parras, M.; Gonzalez-Calbet, JJMSolid State Chem Thermal Analyses and Magnetic and Electric Measurements.
Both thermogravimetric analysis (TGA) and differential thermal

Experimental Section

(13) Randall, J. J.; Katz, LActa Crystallogr 1959 12, 519.
(14) Boulahya, K.; Parras. M.; Gonzalez-Calbet, J. M.; Vegasl. Solid
State Chem200Q 151, 77.

1999 145 116.
(19) Boulahya, K.; Parras, M.; Gonzalez-Calbet, J@¥iem. Mater200Q

12, 25.
(20) Terasaki, I.; Sasago, Y.; Uchinokura, Rhys. Re. B 1997 56, (23) SAINT: Area-Detector Integration SoftwaréSiemens Industrial
R12685. Automation, Inc.: Madison, WI, 1995.

(21) Tachibana, T.; Nakagawa, T.; Takada, Y.; Yamamoto, T. A.; Shimada, (24) SADABS: Area-Detector Absorption Correcti@iemens Industrial
T.; Kawano, SJ. Magn. Magn. Mater2003 262, 248. Automation, Inc.: Madison, WI, 1996.

(22) Collomb, A.; Wolfers, P.; Obradors, 3. Magn. Magn. Mater1986 (25) Rodriguez-Carvajal, Physica B1993 192 55 (program Fullprof
62, 57. available from http://www-lIb.cea.fr/fullweb/fp2k/fp2k.htm).
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Figure 2. Projection along [001] of F (a) and T- (b) blocks where t shows
the trimeric units.

theory unambiguously assigns tR8m space group below
Tn; see below. Figure 1la shows the 3D edifice projected
along [110] with the label scheme for cobalt and evidence
of the new T units.
Oxygen VacanciesThe Co redox dosage is described in
Supporting Information. It yields an average valuet.64
in good agreement with the expecte@®.66 mean valence
Figure 1. View of the T-blocks in BaCoyO14 (a) and the T-blocks in the using the BaCoyO14 formula at room temperature. AddItIO.n-
Ba hexaferrite Y-type (b) and Z-type (c). ally, the crystal structure at room temperature was refined
from high-resolution ND data, leading to atomic parameters
analysis (DTA) have been performed on a combined TG-DTA 92- nearly unchanged from our single-crystal results. The refine-
1600 SETARAM analyzer through a heating/cooling cycléC3 ment of occupancies for the O1 and O3 lead to fully occupied
min. The susceptibilityl = 1 T) and magnetizationT(= 4 K, H positions. O2 is more questionable because it gives rise to
=0-5T) _have been measured by the direct current extraction occupancy~ 90%. However, its constraining to a fully
method using an OXFORD Maglab EXA 9T system. ~ occupied position does not sensibly modify the refinement
I_The eflectrlc ”_Z’_‘ipo? fl‘at_s been mtc)easurzleld from 4 EO 933 Kl_uglng (less than 0.5% foRgg) and yields the correct thermal
a linear four equidistant platinum probes cell, on a sintered cylinder, = _ _
Tsintering = 900q°C. Specigl detailspare given in the correspoynding parameteBog ~ 0.30 A™* (Reragg = 5.30%,Rr = 3'28%’X.2
= 0.230,R, = 15%, andR,, = 14.2%; see Supporting

section. The resistivity was estimated from the resistaRt@agp . 1. .
= (275/Fgs)R wheres s the electrode spacing=0.34 cm) andt Information). In addition, O2 being part of the Co3 tetra-

is the cylinder diameter0.5 cm). In our experimental conditions, edral coordination, its partial occupancy is unlikely.

the geometric corrective s tern?® is evaluated to be 0.075. For Description of the Structure. A number of hexaferrites
each temperature the voltage measurement was performed at have been reported in the literature and classified into several
+ig, £2ip, and+10ig; io = 1 mA showing a corredt= f(u) linearity. main classes according to their structure: M-type Ba-
At lower temperature thevalue is 5uA. (Fe,M)2019, W-type Ba(Fe,M)sOz7, X-type Ba(Fe,M%Oss,

Electron Microscopy. The transmission electron microscopy Y-type Ba(Fe,M)%402, Z-type Ba(M,FekhsOs1, and so
(TEM) investigation was carried out with a JEOL JEM-3010 forthwhere M is a divalent transition metal includingo
microscope operating at 300 K€(= 0.6 mm, resolution 1.7 A). " Their crystal structures are diversified and complex because
Images were recorded with a CCD camera (model Keen View, SIS they are built up from the packing along the hexagonal axis

analysis, 1024x 1024 pixels, pixel size 23.5 23.5 m). The ¢ gitrarent plocks, namely, R, S, T, superimposed differ-
powder sample was crushed for 1/2 h in an agate mortar to prevent

- 9 - i
effects from preferred orientation and crystal morphology, dispersed ently. The Y-typé® and the Z-typ® are juxtaposed to Ba

in ethanol by an ultrasonic method, and deposited on a holey carbonC®C14 I Figure 1b,c. The former hexaferrite has a (ST)
microgrid. packing sequence while the latter corresponds to the

(STSRS*T*S*R*) sequence (where the * symbol denotes
Results and Discussion same blocks turned 18@round thec-axis). Therefore, the
so-called T units in BaCosO,4 and the T-blocks exhibit
Crystal Structure. It was solved and refined using the obvious but misleading similarities. They both contain slabs
SHELXTL suite?” The cr)_/stal structure is compatible_vvith of edge sharing octahedra parallel to the hexagonal plane,
the centric space grouR3m and subgroup&32 andR3. linked together by pillars formed of trimers of face-sharing
The latest is rapidly eliminated, involving a split of some octahedra. The trimeric units are interconnected by corner
R3m independent positions. The latter has been selected,sharing tetrahedra. However, the projection along [001]
leading to betteR values with the smallest number of refined reveals important differences between them, Figure 2. It
parameters, Table 1. However, one should note the mislead-appears that because of their different closed-packirily ¢ch
ing acentric modelR32: R1= 4.51%, wR2=5.18%; 41  where h and ¢ denote hexagonal and cubjda9ers while
parameters; same number of atoms, 9 atoms) that could bey stand for hexagonal BaJayers) for T and (hih'h) for
effective at low temperature through a symmetry lowering T, the former contains Celayers forming Brucite-like slabs
but undistinguishable considering the low resolution of ND while T-blocks display a Kagomiattice. In the T units the
experiments. However, our magnetic analysis by the group trimeric pillar grows from three neighboring octahedra of

(26) Laplume, JOnde Electr.1955 335 113. (28) Smith, J.; Wijn, H. B. JFerrites Cleaver-Hume Press: London, 1959.
(27) Sheldrick, G. MSHELXTL, suite version 5. 1; Bruker AXS: Madison, (29) Collomb, A.; Hadj Farhat, M. A.; Jourdel, J. Rater. Res. Bull1989
WI, 1998. 24, 453.
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Table 2. Interatomic Distances (A) and Calculated Bond Valences
(3sj) of Cobalt Atoms in Ba;C0gO14

Co1-01 (x3) 1.923(6) Co%Co2 2.507(2)
Co1-03 (x3) 1.947(6) Co1Co4 (x3) 2.838(1)
ys=3.18 Cot-Bal (x2) 3.4603(9)
C02-01 (x6) 1.945(6) Co2Col (x2) 2.507(2)
5's;=3.09 Co2-Bal (x4) 3.5868(6)
C03-02 1.92(1) Co3-Bal (x3) 3.3273(6)
C03-01 (x3) 1.934(7) Co3Bal 3.368(2)
ys=2.10
Co4-03 (x4) 1.920(4) Co4-Co5 (x2) 2.8482(4)
Co4-02 (x2) 1.904(5) Co4-Col (x2) 2.838(1)
ys;=3.36 Co4-Co4 (x2) 2.8482(4)
C05-03 (x6) 2.082(6) C05-Co4 (x6) 2.8481 (4)
s =2.09

Bal-O1 (x3) 3.256(6)

Bal-O1 (x6) 2.8578(7)

Bal-03 (x3) 2.907(6)

the slabs, while for T, it is at the top of the Kagomadow

by sharing corners with six distinct octahedra. In both cases,
the bases of the trimeric pillars are surrounded by three
tetrahedra. To summarize, the crystal structure foCB§O14

has a (ch'c); layers sequence. It can be viewed as'a T
type crystal structure where the designatidnsTgiven by
analogy with the T-blocks of Bahexaferrites.

The pertinent bond distances are reported in Table 2. The
bond valence sums (BVS) have been calculated from Bresse
and O’Keeffe dat&® The octahedral Col, Co2, and Co4 have
mean Ce-O distances that lie in the range from 1.90 to 1.95
A, significantly shorter than Ce50 =2.08 A in accordance
with a Cd"/Cd"' charge ordering. In addition, divalent states
for both the octahedral Co5 and the tetrahedral Co3 likely
leads to the neutral B&o*"3Ca*" 014 formula. It is rein-
forced by the Co3O and Co5-O distances similar to those
observed in . CdPQ,);*" also containing octghedral and, Figure 3. TEM image of BaCayO14 showing (a) predominantly large
tetrahedral divalent cobalt. The BVS calculation for Co4 is homogeneous domains (R Bravais lattice) and (b) intergrowth-like defects.
+3.4 and indicates a slightly over-bonded character. Actually, The region bordering the defect is primitive.
this effect is mainly due to the compact surrounding of the
Co4Q units sharing four edges with other Cogd@tahedra, -
two edges with voluminous Co%@ctahedra, one edge with  (ED) corroborates the choice of the space gr&m. The
a trimeric pillar, and one corner with a Co3@trahedron. microcrystals related to it show large R-hexagonal lattices
The Co}-Co2 distance along the trimers is 2.507(2) A, as calculated by FFT (fast fourier Transform) Figure 3a.
nearly similar to those found along t@ctahedral tetramers ~ However, for some crystals, important defected zones appear.
in BasCosClO:6_s (=2.48 AY232and those found in the 5H- They correspond to intergrowth in tlaeb planes leading to
BaCoQ trimers 2.47 A)89 In the latter, no CH/CoV diffuse streaks on the calculated ED patterns. Sometimes,
segregation over octahedral (three per unit cell) and tetra-Single domains bordering the defects reveal a primitive
hedral sites (two per unit cell) has been assumed by authorssSuperlattice, in good agreement with local structural and
but one should note that the slight barium-deficient character COmpositional changes. Particular points should be kept in

Intergrowth. A preliminary study by electron diffraction

reported for the 12H-BaCo0, 6> (octa/tetra ratio= 1/2)

matches rather well a possible 'g{/C0V s Charge order-
ing. As a matter of fact, for mixed valent G6CdV linear

oligomers found in the one-dimensional,AC0x+103

serie§*16.18the Co-Co separation is shorter@.4 A) in good
agreement with C¥ smaller ionic radii.

(30) Bresse, N. E.; O'Keeffe, MActa Crystallogr, Sect. BL991, 47, 192.

(31) Forsyth, J. B.; Wilkinson, C.; Paster, S.; Wanklyn, B.MPhys. C:
Solid State Physl1988 21, 2005.

(32) Kauffmann, M.; MentreO.; Legris, A.; Tancret, N.; Abraham, F;
Roussel, PChem. Phys. Lettin press. Corrected proof available online
October 2006.

(33) Maignan, A.; Heert, S.; Pelloguin, D.; V. Pralong, \J. Solid State
Chem.2006 179, 1852.

mind for an overview of this result. (i) Let us recall that the
crystallinity and purity of BaCoyO,4 is very sensitive to the
preparation route, notably to the number of grinding/heating
cycles. (ii) Most of the possible competing phases including
ferrite-like structural types are built up from anionic layers
generally leading to a comparable and hexagonal basis,
5.5 A, likely for the intergrowth with BgC0yO14.

Thermal Behavior. The TGA and DTA plots and the
lattice parameters versus the temperature on heating are
shown in Figure 4a,b. Between 30Q and 800°C the in-
planea parameter shows a weak shift from the linearity while
c is characterized by a broad concave upward anomaly,
related to the rounded drift of the TGA line. In that domain,



2184 Chem. Mater., Vol. 19, No. 9, 2007

Ehora et al.

T T T T T T T T T T T T T T
0 24 404 i
1 -18 i .
1 <= 35 §°
] put
-2+ 12 < 304 : -
g | o %~ -
= 4
2 -3 6 = % 25 .
g ] — £
g -4 4 -0 & 20 4 ]
oo - L
5 — > -6 =5 E
'6 T T T T T 10
200 400 600 800 1000 T T
T(0)
. . : . . 30,2 — ' ; ' '
- 0 50 100 150 200 250 300
680, =" oo T(K)
/ - et © L2908 Figure 5. y~!versusT. The magnetization at 4K (inset) shows no residual
- - ’ F moment.
5,75 - - .
’/v/ sy 296 o
- Y. » - — 5
® a P > 10" 7— T 300 600" y ]
a '.‘ . . P o 80 500 400 T(K)
570 y—prV e | s : ]
. e 101 o] eraany 11
* . - i "a 4 E
: 29,2 = Rk ]
.' Ld 9 - . : 4
5,65 ./’ 10° 4 E o] ]
~ L 29,0 - e o] j 5
= E 107 £ 1
5,60 T T T T T 288 o 9 * - Ea=009eV | ]
200 400 o ) 600 800 1000 E 10" 4] . = r
b 2 T T T T E
Figure 4. (a) TGA and DTA curves and (b) the lattice lattice paramaters 5 0 "0, 00010 S.A01S 0.020. ON025 DO D003
versusT. w 10 5 R AT K1) 1
. . o 3 i °coq
Ba,Coy014 could partially get reduced and reoxidizes under = 107 %, 1
air with a 'maxi'mgl oxygen Iqss of 0.2 oxygen gtoms per - ©6 cag 1
formula unit. This is in connection with the resistivity change #°C00o5, 1§
shown below, in agreement with a real intrinsic modification ~ 4¢° ' : . : —]
of the material. A stationary regime is reached at 8Q0 200 400 600 800 T(K)

followed by the abrupt loss ofv 0.1 oxygen atoms per
formula unit at~900°C accompanied by a weak DTA peak.
It is worth mentioning that between 90C and 1000°C,
the original unit cell is conserved with a linear dilatation
versusT. The estimated coefficient of dilatation isx810°
°CL At 1030 °C, a sharp DTA peak is attributed to the
decomposition of B&0,0,4 into CoO and the cubic Ba-
CoQ.,. This phenomenon is accompanied by the lossbb
oxygen atoms per formula unit. Surprisingly all the phe-

nomena pointed out here are reversible across a large therm

hysteresis effectAT heating-cooling ~ 100 °C) yielding
the alternative possibility to prepare 8904 from the
mixture of these two oxides.

Magnetic and Electric Properties. The Figure 5 presents
x~tversus the temperature. Beldw = 39 K, they ! values
match a Curie-Weiss lawy(T) = C/(T — 6) with C=8.73
emuK-mol? (uer = +/8C = 8.36 uB/formula unit) andd
= —50.9 K; the latter negative Weiss constant is in good
agreement with the setting of a 3D AF ordering belbyw—=
39 K. If one considers low spin (LS) (o(S = 0) for the
trivalent positions (Col, Co2, Co4), it yielgss = 4.83uB/

Cd' (Co3, Co5 being divalent) in good agreement with the
common value for both tetrahedral Cted' t¢°, S= 3/2)
and high spin (HS) octahedral Cé,,°, e, S= 3/2). The
significant deviation from the spin-only 3.8iB theoretical
value is likely due to an important unquenched orbital
contribution, for exampleyes oC0' = 5.4uB and 5.32uB

Figure 6. Electric resistivity evolution versus temperature: conductivity
evolution Ing) = f(T) (inset) shows a broad transition betwee200® and

in CoMoQ** and SeCo6%° and tesr IC0O' = 5.4 uB in the
Co30, spinel®® Note that recent moment calculations in CoO
have shown spin/orbital moment contributions of 2.64/1.38
uB at 0 K3 Finally, the magnetization plot af = 5 K
shows no contribution of residual magnetic moment, inset
?f Figure 5.

& The electric resistivity versus temperature is plotted in
Figure 6. It shows an increase pfon cooling from~3 x
10%to ~3 x 10* Q-cm before 100 K, characteristic from
a semiconducting behavior. Below 200 K, a discrepancy is
observed which is currently under investigation. However,
the material is clearly an insulator in this domain. At higher
temperature, the plot of Inj versus 1T (inset Figure 6)
shows two linear domains separated by a broad transition
between 200C and 400°C, that is starting of the reduction
process by analogy to Figure 4a. The energies of activation

(34) Livage, C.; Hynaux, A.; Marrot, J.; Nogues, M.;rEg, G.J. Mater.
Chem 200212, 1423;Phys. Re. B 2006 73, 104442.
(35) Murpz, A.; Alonso, J. A.; Mafiiez-Lope, M. J.; Mona, E.; Escamilla,
R. Phys. Re. B 2006 73, 104442.
(36) Fukai, T.; Furukawa, Y. Y.; Wada, S.; Miyatani, K.Phys. Soc. Jpn.
1996 65, 4067.
Radwanski, R. J.; Ropka, Z. Orbital and spin moment in CoO.
Available online: eprint http://arXiv.org/archive/cond-mat (0310622
V2, publication 11/2003).
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s f ] Table 3. Results of the Magnetic Structure Refinemerit
Bl “ § ‘“‘§N a) i reference atomic coordinates magnetic vector
Il ? ' iggg o of ol atom  x y 2 M@B) ¢ (deg) 6 (deg)
é:i“"“ E . Bis .3 ST e I‘f Co(5) 13 23 2/3 1.709(41) 0 90
g —é-..__.-: : T..._...{: ;......J 4 1.5K Co(3) 2/3 13  0.56643(0) 2.829(35) 180 90
£ | i r"'l m;. . .; o A 10K Co(3) 1/3 2/3  043357(0) 2.829(35) 2 0 90
L + e 1Y & ] aT = 1. = 4.069 = 6.07%.7v2 = 0.52.
= i: M# tjgiww M\f ::: mag-rr]eticlvsegty)rzs gzcgescﬁk?fdﬁﬁR:gr?:ggl cc?ocr)gi;oé%es. 0.52. The
o TN Vs PN
130 ..,%,.___,__A ;7,.'*,'@_‘ G M 24K ible representations and basis magnetic vectors. Here, only
w L fi e AL .'45K the magnetic divalent Co3 and Co5 are concerned. Their
a0 b positions in the asymmetric unit cell are Co3, (2/3, 1/3,
: # ~0.57); Co3, (1/3, 2/3,~0.43); and Co5, (1/3, 2/3, 2/3).
3.0 For each site, the representation of the propagation vector
group can be decomposed upon six irreducible representa-
254 b) tions decomposed as follows:

Co3: 6(c): 1P + 1r2® + 11r3® + ora® +
5@ + 1re?

Co5: 3(a): 1@+ or2® + 1r3® + or4® +
1r5® + ore®

magnetic moment(uB)
on

1 where the superscript (1) and (2) exponents denote the order
0.0 — T *——*+— T(K) of the representations.

0 10 20 30 40 50 Because both sites magnetically order together, the same
Figure 7. (a) ND_ pattern verst_fﬁwith appearance of the magnetic satellites  jrreducible representation must be involved, thal“@i,l) or
Sg,owg (b) refined magnetic moments of mCo3 (a) and mCoS (b) 1) 5q the only possible representations. The corresponding

" spin configurations are

for the two Arrhenius processes are 0.09 eV below 250

and 0.27 eV above 380C. These two domains should 3% " =Sz~ Scos: Seos
delimitate two distinct valence states within the crystal

o . . ”. . Ve
structure. Hence, considering the localized magnetic moments 52 ,° + 9 =S¥ — S¥0si S¥cos

discussed below, a hopping process betweehabal Cd'
centers is expected. This particular feature suggests potentialyhere r and ¢ show real and complex basis vectors associated
mixed conductivity processes in the medium-temperature with '3 andI'5, respectively.
range, currently under investigation. In fact, in our case the imaginary parts are neither detailed
Magnetic Structure. The ND pattern on cooling is shown  nor taken into account because they are only involved in
in Figure 7a. BelowTy a series of magnetic satellite peaks particular k vector cases and yield (co)sine or elliptic
grow. They can be indexed considering a unit doubled along magnetic structures. As follows from our prior deductions
¢ (propagation vectok = (0, 0, 3/2), accordingly to the R of magnetic moments lying in thab planes, only thd's
Bravais lattice). It can be related to the inversion and the configuration is available becauE8 form antiferromagnets
conservation of the magnetic moments by the [2/3, 1/3, 1/3] with zmagnetic moments onlyf5 yields parallel moments
and [1/3, 2/3, 2/3] translations, respectively; for example, lying in thea,b plane. The refinement has been satisfactorily
see the magnetic analysis of AgE®0,)(OH)s (space group  performed using Fullprof 2000 with respect to ffemodel.
R3m, k = (3/2)c*).%8 In a second stage, the analysis of the Then, Co3 and Cdahave antiparallel moments of 2.83(3)
magnetic contributions shows a maximal peak for the 003 ;B while Co5 is antiparallel to Co3, 1.70(4B. The results
satellite and medium magnetic contributions for some generalgre listed in the Table 3. All the tested models deviating
hkl satellites, while thehkO do not show any magnetic  from this final model showed significant increase of the
satellites. According to the neutron/electron interaction reliability factors. Specifically, the moments for Col, Co2,
process, these features imply magnetic moment lying in theand Co4 spontaneously converge to zero from whichever
a,bplane. Their possible arrangements have been investigateditarting magnetic vector. As a matter of fact, the rotation of
by using Bertaut's symmetry analysis metl#¢It has been  the whole magnetic structure of any angle aroundoes
performed using SARAH by the calculation of the irreduc-  not modify the refinement. Figure 7b shows the evolution
of refinedmco3 andmeos versus the temperature. As a matter

(38) GVXillgiééS-? Harisson, A.; Ritter, C.; Smith, R. €hys. Re. B 2000 of general interest, this theoretical approach of the magnetic
(39) Bertaut, E. FActa. Crystallogr., Sect. A968 24, 217. structure is all the more efficient because it excludes every
(40) Rousse, G.; Rodriguez-Carvajal, J.; Wurm, C.; MasquelieGem. magnetic out-of-plane canting-like magnetic contribution in

Mater. 2001, 13, 4527. . . . .
(41) Wills, A. S.Physica B200Q 276—278 680 (program SARAh available agreement with the linear magnetization befGw Further-

from ftp://ftp.ill.fr/pub/dif/sarahy). more, it can help to distinguish between questionable
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larly, in the well-known (VO)P,0O; compound, the model
based on alternatin§ = 1/2 AF chains correctly describes
the systent> 47 so-refuting the previously announced spin
ladder modef®*® In fact, the strong inter-ladder SSE
exchanges excel super exchanges along the ladder legs.
However, except from theoretical analyses such as extended
Huckel tight binding calculations, there is no reliable
consensus to estimate the sign and strength of SSE interac-
tions. At the least, Whangbo et al. have established the
important role of the GO distances on SSE strengths as
well as geometrical parameters playing on the overlap
between the transmitting oxygen 2p orbitals of the @
contacts%:5?

An exhaustive list of the geometrical parameters of the
various C§—0O—0—Cd' AF and ferromagnetic (F) paths
in BaCoOy14 are reported in the Table 4. Because the
interaction should rapidly decrease for—O separation
greater than the sums of the Van der Waals rf#&diat is,
d(0—0) > 2.8 A, only the shorter Co503—02—Co3 is
retained between these two metallic centers; see Table 4.
Then the probable orbital overlap is shown in Figure 9a,
where the oxygen 2p orbital lobes have been estimated from
their o-type overlapping with the,§ of the closest cobalt
ions. As an exception, the regular Oetrahedron around
02 suggests a $phybridization for this anion. The degree
of imbrications is such that each Co5 interacts with three
Co3 via two equivalent SSE paths. On the same figure is
structural symmetries. For instance, in our case, the crystalshown the F Co503—03—Co5 SSE path (six neighbors
structure refinement is possible R8m (Co3 point sym- with two paths for each).
metry: 3m) and R32 (Co3 point symmetry: 3) with The AF Co3-01-01-Co3 SSE path is more question-
comparableR from room-temperature data. Hence, the able because it involves long ©D1 distances of 2.936 A,
possible loss of the center of symmetry through a slight but one should remember the influence through the inter-tl
displacive transition at lower temperature would not be block paths of the assisting dipolar interaction between the
detected by ND. However, in the acentR82 space group,  spontaneous moments of each ferrimagnetic tl block (Figure
the representation of the propagation vector group is not 8). The orbital overlapping for both AF inter-tl and F intra-
compatible with the observed magnetic structure because ittl is shown in Figure 9b. Finally it is worth mentioning that
can only lead taa,b magnetic moments 12Gotated from all the F SSE paths only involve overlapping angles 0f°120
each other, but no antiparallel vectors are authorized in theHowever, taking into account the rather long F-G2o
basal plane. distances, 5.696 A, they could be considered as purely virtual

Analysis of the Magnetic Interactions. The magnetic and the in-plane F ordering may be viewed as a geometrical
structure for BaCoyO14 is shown in Figure 8. It can be effect of the 3D AF inter-tl Co3Co3 and intra-tl Co5
viewed as the AF stacking of ferrimagnetic triple layered Co3 ordering.
(t) blocks. The metatmetal magnetic interactions consist Considering both the abrupt setting of the magnetic
of Co—O—0—Co SSE only. This characteristic of the title ordering belowTy without prior deviation from the Curie
compound, even if not unique (e.g., see the AF ordering Weiss law and that each magnetic'Gation is surrounded
below Ty = 34 K in the spinel C¢gO, by SSE-only by six AF Cd', one could estimate an average exchange value
interactions between Cdliluted in a LS C8" network®), between the Co neighbors. Within the mean field approx-
is sufficiently rare to be highlighted hereby. It is well-known imation, the Curie-Weiss temperature is given by =
that SSE interactions, which involve rather long intermetallic S(S + 1)ZJ3kg whereS = 3/2 for high spin Cb, Jis the
separations, can be stronger than shorterQ4M super-
exchange paths. As a pertinent example, in the vanadyle(45) Koo, H. J.; Whangbo, M. H.; VerNooy, C. C; Torardi, W. J.; Marshall,

Figure 8. Magnetic structure for B&£0gO;4.

; — ; B W. J.Inorg. Chem.2002 41, 4664.
vanadate (Sr,PEVO)(VO4). with S= 1/2 chains it ha,ls been (46) Garret, W. A.; Nagler, S. E.; Tennant, D. A.; BarnesPhys. Re.
shown that the ¥"—V4* SSE through V@ groups is two Lett. 1997, 79, 745.
orders of magnitude greater than-®—V SSE*2-44 Simi- (47) Kikuchi, J.; Motoya, K.; Ueda, YPhys. Re. B 1999 6731.

(48) Eccleston, R. S.; Barnes, T.; Brody, J.; Johnson, JPWys. Re.
Lett 1994 73, 2626.
(42) Mentre O.; Dhaussy, A. C.; Abraham, F.; Steinfink, H.Solid State (49) Barnes, T.; Riera,. Phys. Re. B 1994 50, 6817.

Chem.1998 140, 417. (50) Whangbo, M.-H.; Koo, H.-J.; Dai, 0. Solid State Chen2003 176,
(43) Mentre O.; Dhaussy, A. C.; Abraham, F.; Suard, E.; Steinfink, H. 417.

Chem. Mater1999 11, 2408. (51) Koo, H. J.; Whangbo, M. H.; Vernoy, P. D.; Torardi, C. C.; Marshall,
(44) Schmidt, B.; Yushankhai, Y.; Siurakshina, L.; ThalmeieE&. Phys. W. J.Inorg. Chem.2002 47, 4664.

J. B 2003 32, 43. (52) Whangbo, M. H.; Dai, D.; Koo, H. Bolid State Sci2005 7, 827.
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Table 4. Geometrical Parameters Associated with the SSE Path €@®---O—Co?
between the Gpatoms (antiferro)

SSE path CoHCo (A) 0:0 (A) 0Co—0-+-0 (deg) 00-:-0O—Co (deg)
(X2 X3) Coz—0;1—01—Casl 5.081 2.936 122.2 122.2
between the Co3 atoms (ferro)
SSE path CoHCo (A) 0-0 (A) 0Co—0---0 (deg) 00-+-0O—Co (deg)
(X1 X6) Coz3—01—01—Cagsll 5.696 2.551 144.4 144.4
between the Goand Ca atoms (antiferro)
SSE path Co-Co (A) o0 (A) 0Cos—0-+-0 (deg) 00-+-0O—Co; (deg)
(X2 X6) Cos—03—0;1—Cosl 4.375 2.879 132.5 86.5
(X1 X6) Cos—0O3—0,—Cosl 4.375 2.546 94.9 143.5
(X1 X6) Cos—03—0,—Cosll 4.375 2.854 86.4 87.4
between the Gpatoms (ferro)
SSE path Co-Co (A) o0 (A) 0Cos—0-+0 (deg.) 00-+-0—Cos (deg.)
(X2 X6) Cos—03—03—Cos 5.696 2.619 137.5 137.5

a|n Xx and Xy, x denotes the number of equivalentO paths for each Go Cadb pair, whiley denotes the number of equivalentiCatoms around Cao

spin exchange value, aZds the number of nearest neighbor to another magnetic ion. Then, Co3 shows a moment

magnetic ions around the central sifes 6. With § = —50.9 comparable with the tetrahedral €io Co;0, also involved

we obtainJ/ks = —4.8 K. in SSE only,m = 3.26 uB from ND.5® Co5 has a much
The observed values for the moment of'Gue strongly smaller moment and is surrounded by six oxygen ions

dependent on several parameters including the orbital strongly involved in bonds with diamagnetic Cactions.

contribution and the effects of covalence. In,8a,014, the This situation inevitably leads to a €o—~ O covalent

difference of magnitude of the moments of the tetrahedral magnetic transfer. For instance, +CoMoQ,, isolated

Co3 (2.83(3uB) and the octahedral Co5 (1.71¢3) should octahedral trimers order antiferromagnetically by SSE below

be mainly related to the degree of covalence with the 6 K, mCd' = 1.35-1.5 uB determined by NI* For the

surrounding oxygen ions involved in the SSEs; for example, latter, the high pressuyggform modification leads to infinite

a significant influence of each oxygen corner should reduce edge-sharing chains of ¢@s octahedra that order antifer-

the localized moment especially when not directly connected romagnetically by SSE unddk = 68 K, with mCo' = 3.7

1B from ND .55 This increase offi, is a sensitive indication

of the relative SE/SSE ratio in the 3D magnetic arrangement.

As a matter of fact, in CoO in which each cobalt shares edges

with 18 neighbors, a higher moment3.98 has been refined

from ND at 40 K56

Concluding Remarks

The discovery of the new B&0yO,4 is particularly
interesting at several exciting levels. First, from the structural
point of view, it displays an original structural type contain-
ing the new T building blocks by analogy with the T-blocks
of the Ba-hexaferrites. The potential construction of original
materials formed from the intergrowth of @nd additional
3D entities opens a wide field of investigation within the
guest of new oxides. Our exhaustive characterization has
shown the presence of magnetic "Coations interacting
through SSEs only surrounded by low-spin'Ctn addition,
the analysis of the exchanges in competition and of the
magnetic structure reveals the influence of the—Co
covalence on the localized magnetic moments. At high
temperature the behavior is all the more interesting, because
the reversible partial reduction upon heating suggests oxygen

(53) Roth, W. L.J. Chem. Solid4964 25, 1.

(54) Wiesmann, M.; Ehrenberg, H.;WIltschek, G.; Zinn, P.; Weitzel, H.;
Fuess, HJ. Magn. Magn. Mater1995 150, L1.

(55) Ehrenberg, H.;Wiesmann, M.; Garcia-Jaca, J.; Weitzel, H.; Fuess, H.

Figure 9. Probable overlap of the oxygen atom orbitals through the SSE J. Magn. Magn. Mater1998 182 152.

paths: (a) Co302—03—Co5 and Co503—03—-Co5 and (b) Co301— (56) Jauch, W.; Rehuis, M.; Bleif, H.; Kubanek, Fys. Re. B 2001, 64,

01-Cos3. 052102.
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transport properties and possible mixed ionic/electronic diffraction facility. The “Fonds Eurojen de Deeloppement
mobility in the medium-temperature range. This electro- Régional (FEDER)”, “CNRS”, “R@gion Nord Pas-de-Calais”,
chemical aspect is currently under investigation in SOFC and “Ministee de I'Education Nationale de I'Enseignement
electrode working conditions. Finally, the original decom- Supeieur et de la Recherche” are acknowledged for funding
position and reformation of the title compound in BaGo®  of the X-ray diffractometers.

and CoO upon cooling/heating cycles indicates the possible
use of alternative synthesis methods from the mixture of

.. . . Supporting Information Available: The atomic coordinates
original precursors for mixed valent cobalt oxides.

for BaCoyOy4, the redox titration process, the results of the room-
temperature ND refinement, and additional graphs and tables related
to this work (PDF) and the CIF file. This material is available free
of charge via the Internet at http://pubs.acs.org.
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