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Crystal structures and magnetic properties of BasMRulrOy (M = lanthanides, Y) were investigated. Rietveld
refinements using powder diffraction data indicate that all the compounds crystallize in the 6H-BaTiOs structure
type in space group P6s/mmc. Magnetic susceptibility measurements were carried out on each compound. Effective
magnetic moments were smaller than values estimated using spin-only moments, which indicate the presence of
spin—orbit coupling and strong interactions in the [(Rugslros).0q] face-sharing octahedra that contain a disordered
mixture of Ru and Ir on a single crystallographic site. Magnetic anomalies were observed for the compounds
BasPrRulrOg, BasThRulrQg, and BasNdRulrOg at 3.5, 13, and 8 K, respectively.

1. Introduction The quaternary triple perovskite oxides,sB#Ru,Oy and

The perovskite oxide, AM@ family of compounds is BaGMIrZQQ M = alkali, alkaline earth, tra_nsition metal, and_
perhaps the most widely studied in the field of solid-state !2nthanide cations), have been the subject of numerous in-
chemistry! The compositional flexibility of the perovskite ~ Vestigations focusing on their structures and magnetic prop-
structure type enables nearly every element in the periodic€rties® *? Most of these compounds adopt the 6H-BadiO
table to be incorporated into the structure, which leads to Structure type, crystallizing in space grae@/mmc in which
diverse and interesting physical properties. Many studies havethe smaller metal cations (e.g., Ir or Ru) occupy the face-
focused on specific physical properties, such as Comp|exsharing octahedral site while the larger M cation occupies
magnetic phenomena, superconductivity, ferroelectricity, the corner-sharing octahedral site. A few compounds adopt
piezoelectricity, and diverse transport properties, all of which closely related crystal structures that have the same poly-
rely on a solid understanding of the structural variations hedral connectivity as the 6H-BaTid@ype structure, includ-
within this family. The ideal cubic AM@ perovskite may  ing BaBiRu;O,, Balalr,0g and BaNdIr,Oy compounds;
be described as having corner-sharing M@tahedra, with however, they crystallize in space gro@2/c.”*' Other
the A-site cation occupying the 12-coordinate site in the compounds exist in the 6H-BaTiGtructure at room tem-
center of the cube formed by the M@etwork. The 2H perature but undergo a structure change as a function of
hexagonal perovskite consists of infinite chains of face-
sharing octahedra that are separated by chains of A-site (2) Stitzer, K. E.; Darriet, J.; zur Loye, H.-Curr. Opin. Solid State

cations? Alternatively, perovskites and related structures may @ “.S'ﬁi‘ery-sii/vi?(%’;}ﬁh 5:5iv|- Hinatsu, Y.; Tobo, A. Ohoyama, K.

also be thought of as resulting from the stacking of close- Yamaguchi, Y.J. Mater. Chem2001 11, 3135.
packed AQ layers and the filling of the resultant octahedral  (4) ngi, \1(-1;3Hinatsu, Y.; Shimojo, Y.; Ishii, YJ. Solid State Chen2001,
sites by the M cation. An ABC stacking of the AQayers (5) Doi, .. Hinatsu, Y.J. Solid State Chen004 177, 3239.

results in the cubic perovskite, while an AB stacking results (6) Hinatsu, Y.; Oyama, S.; Doi, YBull. Chem. Soc. Jpr2004 77, 1479.

; i i _ (7) Doi, Y.; Hinatsu, Y.J. Phys.: Condens. MatteR004 16, 2849.
in the 2H perovskite structure. Intergrowth structures, includ (8) Doi. Y.. Matsuhira, K.; Hinatsu, Y. Solid State Chen002 165

ing the AAMM 'O triple perovskites of this study, contain 317

both corner-sharing and face-sharing octahedra, consistent(9) \?Oi' Y \é\_/al\?ejsh'io\r”a. MC.: Hir:]lazt(s)tx).2 \3(24ng§, A.; Ohoyama, K.;
. . . amaguchi, Y.J. Alloys Comp , .

with ABC and AB stacking, respectively. (10) Gonen, Z. S.; Gopalakrishnan, J.; Eichhorn, B. W.; Greene, IRotg.

Chem.2001, 40, 4996.
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Ontario, Canada, 2002. 35, 156.

10.1021/ic051344z CCC: $30.25 © 2005 American Chemical Society Inorganic Chemistry, Vol. 44, No. 25, 2005 9143

Published on Web 11/12/2005



temperature. For example, upon coolingsBdRwOy un-
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the correct ratios and mixed in an agate mortar with acetone. The

dergoes a magnetic transition and a concomitant structuralsamples were calcined overnight in high-form alumina crucibles.

phase transition t&€2/c,* while BaNaRyOy undergoes
charge ordering of Rt and R§" accompanied by a phase
transition from space groupes/mmcto Cmcm BasCuRwOy,
meanwhile, crystallizes in space gro@mcmat ambient
temperature$! whereas BgCoRuypO, undergoes a phase
transition fromP6s/mmcat room temperature to space group
Cmcmat 2 K1!®° Similarly, BaNalr,Os undergoes a phase
transition fromP6s/mmcat room temperature to space group
C2/c near 190 K6

Magnetic properties in the series of triple perovskites
BasMRu,Oy and BaMIr,Og are primarily the result of the
interactions between the Ru ions in the R dimer or
the Ir ions in the [I50g] dimer and the interaction between
the M and Ru or M and Ir ions along the linearND—Ru
or M—O—Ir pathway!’ It is worth noting that, in the
6H-BaTiO; and related structures, the short-Reu and
Ir—Ir bond distances (2:52.75 A) in the face-sharing dimer

The synthesis temperature ranged from 1100 to 1225with
intermediate grinding. The final annealing conditions for all
compounds can be found in the Supporting Information. Heating
cycles of the samples were continued for between 2 and 10 days
until changes in the weakest peaks were no longer evident.
X-ray powder diffraction data were collected using a Rigaku
DMAX 2200 diffractometer. Data were collected at (”G8eps for
12.5 s/step over thefrange 5-11C. Rietveld refinements were
performed using the EXPGUI GSAS pack&dé> Magnetic
susceptibility measurements were made using a Quantum Design
MPMS XL SQUID magnetometer. The powder samples were
placed inside a gelatin capsule and inserted into a plastic straw.
The small diamagnetic contribution of the gelatin capsule had a
negligible contribution to the overall magnetization, which was
dominated by the sample. Data were collected after cooling in the
absence of an applied field [zero-field cooled (ZFC)] and after
cooling in a magnetic field [field-cooled (FC)] of 1 kG. Measure-
ments for determining the field dependence of the magnetic
susceptibility were performed in applied fields between 0 and 40

promote strong orbital interactions between the magnetic kG for Ba;NdRulrQy.
cations. In general, the magnetic susceptibilities show a broad

maximum in the 125400 K temperature range, large spin

orbit coupling, and in some cases a magnetic transition

between 4 and 24 k521720 |n mixed iridium—ruthenium
triple perovskites BaMRU,—Ir«Og (0 < X < 2), the literature
contains crystal structure information on onlysBenRulrQ

and BaCaRusIr; s00.2122 BagM 3 RulrOy were briefly in-

vestigated, but detailed information concerning their crystal

structures and magnetic properties were not repdftéal.
the BaMRu,_riOy series, thex = 1 members are of

particular interest because these compounds are the mo
likely to exhlplt charge or chemlcal ordering orwo_uld show has been reported, BBMRUIrQ; however,
the greatest influence of disorder on the properties. In this
paper, we report on the crystal chemistry and magnetic

properties of the mixed rutheniuniridium triple-perovskite
series BgMRulrOg (M =Y, lanthanides).

2. Experimental Section

3. Results and Discussion

3.a. Crystal Structures. The series BaMRulrOg (M =
Y, lanthanides) was synthesized as polycrystalline powders
by solid-state methods and structurally investigated by
powder X-ray diffraction. Systematic absences in the inten-
sity data for all compositions were consistent with the space
group P6s/mmc This is not unexpected as the majority of
BagMIr,0g and BaMRu,Oy compounds are known to
crystallize in space group6/mmc’813260nly onex = 1

ixed iridium—ruthenium triple-perovskite crystal structure
its atomic
positions in space group6ymmcwere not refined! The
iridates BaLnlr,Os (Ln = La, Nd) 7 were reported to
crystallize in space grouC2/c, whereas the analogous
ruthenates BanRwOy (LN = La, Nd)*7 crystallize in space
groupP6s/mmc In this study, the mixed Ir/Ru compositions
BagLnRulrQy (Ln = La, Nd) were both found to crystallize

Black polycrystalline samples were prepared by conventional in space grougP6s/mmc

solid-state methods. Ry@as prepared from Ru metal (Engelhard,
99.5%) by heating it in air to 958C for 48 h with an intermediate
grinding. The starting reactant materials were RUO(Engelhard,
99.5%), BaCQ (Alfa Aesar, 99.95%), and high-purity lanthanide

oxides. The lanthanide oxides were dried overnight and stored in
a desiccator prior to use. The starting materials were weighed in

(13) stitzer, K. E.; Smith, M. D.; Gemmill, W. R.; zur Loye, H.-C.Am.
Chem. Soc2002 124, 13877.

(14) Rijssenbeek, J. T.; Huang, Q.; Erwin, R. W.; Zandbergen, H. W.; Cava,

R. J.J. Solid State Chen1999 146, 65.

(15) Lightfoot, P.; Battle, P. DJ. Solid State Chen199Q 89, 174.

(16) Macquart, R.; zur Loye, H.-Q. Solid State Chen2005 submitted.

(17) Darriet, J.; Dillon, M.; Villeneuve, G.; Hagenmuller, P.Solid State
Chem.1976 19, 213.

(18) Doi, Y.; Hinatsu, Y.J. Mater. Chem2002 12, 1792.

(19) Oyama, S.; Doi, Y.; Hinatsu, Y.; Ishii, \Bull. Chem. Soc. Jpr2004
77, 1359.

(20) Byrne, R. C.; Moeller, C. WJ. Solid State Chenl970Q 2, 228.

(21) Thumm, I.; Treiber, U.; Kemmler-Sack, &.Anorg. Allg. Cheml1981,
477, 161.

(22) Scheske, S.; Mier-Buschbaum, HJ. Alloys Compd1993 198 173.

(23) Duerrschmidt, E.; Kemmler-Sack,&.Anorg. Allg. Chem198Q 470,
109.
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X-ray diffraction profiles for BgLaRulrQ, and
BasLURuUIrQy are shown in Figure 1. The inset shows the
separation of the strongest reflections, 104 and 110. The
separation between the peaks is larger foglB&RulrQy
compared to BauRulrOy because the crystal structure
accommodates the larger M cation (La vs Lu) primarily by
expansion along the axis, thus, shifting the 104 reflection
disproportionally to lower angles compared to the 110
reflection. The crystal structure of BaRulrQ, is shown
in Figure 2. BaLaRulrQy has a corner-sharing octahedral
site occupied by La and a face-sharing octahedral site
occupied by a disordered mixture of Ru and Ir. Refinements
attempted in space grouB6s/mc which allows for an
ordered arrangement of Ru and Ir in the face-sharing dimer,

(24) Larson, A. C.; von Dreele, R. B5eneral Structure Analysis System
(GSAS)Los Alamos National Laboratories: Los Alamos, NM, 1990.

(25) Toby, B. H.J. Appl. Crystallogr.2001, 34, 210.

(26) Kim, S. J.; Smith, M. D.; Darriet, J.; zur Loye, H.-G. Solid State
Chem.2004 177, 1493.



Mixed Iridium —Ruthenium Triple Peraskites. 1

Figure 1. Ambient temperature X-ray powder diffraction data for
BagLaRulrOy (top) and BgLuRulrOg (bottom). Circles are collected data,

solid lines are fitted. Differences between observed and calculated intensities

are shown below. Vertical marks indicate allowed peak positions. The inset
shows the 104 and 110 reflections.

Figure 2. Crystal structure of BsaRulrQy consisting of (Ru/Ir)@ face-
sharing bioctahedra (cyan) corner-shared to d @€ahedra (green). Barium
cations are shown as red spheres and oxygen atoms as blue spheres.

did not result in an improvement to the fit. Magnetic

is present between the ionic radii of R(0.62 A) and If*
(0.625 A) and between Rt (0.565 A) and It (0.57 A)?7
These data are consistent with the absence of long-range
order in the cation arrangement of Ru and Ir in the face-
sharing octahedra; typically, either a large size or a charge
difference is needed to favor an ordered cation arrangement
in this type of a structural situation, such as was observed
in the low-temperature form of BNaRwpO,.13

Refined fractional coordinates obtained from the Rietveld
refinements are given in Table 1. Additional information on
the refined isotropic thermal parameters can be found in the
Supporting Information. The variation within the lattice pa-
rameter as a function of the ionic radius offi_ris presented
in Figure 3. The lattice parameter values all fall between
those reported for Banlr,0g and BaLnRw,Og.34781828The
anomalously smaller lattice parameters of BzRulrQ, and
BasPrRulrQ are indicative of Th" and Pf* rather than T8
and P#", respectively. These higher oxidation states effect
an average oxidation state of only-4or the cations in the
(Ir/Ru) dimer versus 45 for all other compositions. The
variation of the Lr-O(2) bond distances is shown in Figure
4a, where the short bond lengths off(2) and Th-0(2)
are further indicative of the tetravalent oxidation state
for those cations. These observations are in good agree-
ment with the oxidation states reported for compounds in
the BalLnlr,Oy and BalLnRw,O, series®’ Selected bond
distances are given in Table 2, and additional bond distances
and angles are given in the Supporting Information. The
(Ru/In—(Ru/lr) bond distances range from 2.5 to 2.57 A,
which is typical for BgLnM;Os (M = Ru, Ir) perovskites.

A measure of the catiencation repulsion is indicated in
the center shiftA) of the (Ru/lr) in the dimer. The center
shift is defined as the distance between the (Ru/lr) in the 4f
Wyckoff position ¢ ~ %) and the ideal high-symmetry 4f
cation position £ = /¢).” The center shift, shown in Figure
4b and illustrated in Figure 5, varies monotonically with a
smaller shift for the larger rare earth cations. Positive center-
shift values are indicative of catiercation repulsion in the
face-sharing dimer. The\ values (0.0240.073 A) for
BagLn3IrRuQy are slightly smaller than the values reported
for BagLn3*Ir,0y (0.07-0.13 A) and similar to the center
shifts found in BaLn3*"Rw,0q (0.027-0.073 A)7 It is worth
noting that, while accurate center shifts can readily be ex-
tracted from the Rietveld refinements, an accurate determi-
nation of the (Ru/Ir)-O and Ln—O bond lengths from X-ray
powder diffraction measurements is complicated. Although
the quality of the data and refinements is high, the disordered
mixture of Ru and Ir on a single crystallographic site and
the difficulty in accurately locating the weakly scattering O
near electron-dense cations such as Ba, Ir, and the lanthanides
directs one to maintain a careful view in the analysis of the
O positions and associated-ND bond lengths. To obtain
very precise O positions, single-crystal X-ray or neutron
powder diffraction experiments are preferred. The-®I
bond distances obtained in this study are consistent with the

susceptibility measurements, which are discussed in a
subsequent section, also do not indicate any long-range,
magnetic ordering between Ru and Ir. Only a small difference

(27) Shannon, R. DActa Crystallogr., Sect. A976 32, 751.
(28) Muiler-Buschbaum, H.; Mertens, . Anorg. Allg. Chem1996 51,
79.
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Table 1. Isotropic Thermal Parameters and Background SubtreRigdndR, Values
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BagYRulrOgy BagLaRulrQy BasPrRulrQy BagNdRulrQy BasSmRulrQ
a(A) 5.8846(3) 5.9588(8) 5.8892(2) 5.9375(3) 5.9231(3)
c(A) 14.5494(9) 15.093(2) 14.6345(6) 14.8177(8) 14.7253(7)
vol (A3) 436.33(4) 464.11(12) 439.56(3) 452.40(4) 447.39(4)
Ba2z 0.904 87(17) 0.8952(2) 0.902 30(14) 0.899 95(16) 0.902 29(15)
Ru/lrz 0.162 17(14) 0.165 04(18) 0.164 66(12) 0.164 41(14) 0.163 82(13)
O1x 0.5084(15) 0.510(2) 0.5154(16) 0.5136(17) 0.5146(17)
02x 0.1648(15) 0.1710(17) 0.1721(14) 0.1710(15) 0.1733(14)
02z 0.4142(8) 0.4086(8) 0.4152(7) 0.4108(7) 0.4118(7)
Rup (%) 16.57 14.86 14.27 15.08 14.55
Ry (%) 12.11 11.72 10.83 12.02 11.58
R(F? 8.52 8.06 6.93 8.83 7.85
%2 3.31 291 2.27 2.61 2.47
BagEURUIrG BasGdRulrQy BagThRulrQy BagsDyRulrOg BagHORuUIrQy
a(A) 5.9169(3) 5.9115(2) 5.8452(3) 5.8938(3) 5.8866(2)
c(A) 14.6941(8) 14.6600(6) 14.4697(7) 14.5841(7) 14.5576(6)
vol (A3) 445.51(4) 443.67(3) 428.14(3) 438.74(3) 436.87(3)
Ba2z 0.902 92(15) 0.903 27(16) 0.905 94(17) 0.904 52(15) 0.904 84(14)
Ru/lrz 0.163 59(13) 0.163 45(15) 0.162 49(14) 0.162 61(13) 0.162 28(12)
O1x 0.5164(17) 0.5135(17) 0.5087(18) 0.5154(16) 0.5129(15)
02x 0.1691(14) 0.1699(16) 0.1657(17) 0.1667(15) 0.1668(13)
02z 0.4125(7) 0.4126(8) 0.4135(8) 0.4126(7) 0.4132(7)
Rup (%) 14.28 16.97 16.76 14.67 13.01
Rup (%) 11.48 13.40 13.55 11.71 10.32
R(F? 7.71 9.90 9.50 8.27 7.96
P 2.61 3.29 3.05 2.70 2.63
BasErRulr®y BasTmRulrQy BagYbRulrOy BasLuRulrOg
a(A) 5.8776(3) 5.8728(2) 5.8636(2) 5.8580(3)
c(A) 14.5277(9) 14.5041(6) 14.4793(6) 14.4644(7)
vol (A3) 434.63(4) 433.22(3) 431.13(3) 429.87(3)
Ba2z 0.905 17(15) 0.905 56(12) 0.906 38(14) 0.906 68(14)
Ru/lrz 0.162 53(13) 0.162 41(10) 0.161 83(12) 0.161 65(12)
0O1x 0.5091(15) 0.4903(12) 0.5164(15) 0.5101(14)
02x 0.1688(15) 0.1750(12) 0.1682(13) 0.1677(13)
02z 0.4121(7) 0.4136(7) 0.4133(7) 0.4122(7)
Rup (%) 14.32 8.65 13.07 12.30
Ry (%) 11.40 6.81 10.48 9.39
R(F? 8.55 5.99 8.09 6.34
22 2.80 1.86 2.54 2.38

a Atomic coordinates are Bal(0, §,), Ba2{/s, %3, 2), M(0, 0, 0), Ru/lrl/s, /3, 2), O1(, 2, 14), and O2%, 2%, 2) in space groupPés/mmc

assigned oxidation states. The short (Ruf(BRu/lr) inter- ture-independent paramagnetispi), has been used previ-
atomic distances shown in Table 2 are similar to those ously in the analysis of the susceptibility data of triple perov-
observed for Bd.nRu,Og and BaLnlr,Oq. The inner dimer skites’ The modified Curie-Weiss law is shown in eq 2

(Ru/Ir)—0O1—(Ru/Ir) bond angles given in Table 2 show very
x = CIT = 60) + x4p 2

subtle changes throughout the series of compounds.

3.b. Magnetic Suscgpﬂbﬂ_ﬂy.Short interatomic distances The results of the fitting are shown as the solid curve in the
between the metal catlo_ns.m the d!mers.have been show_n Qnverse susceptibility. It should be noted that the values
lead to storong magnetic interactions in the face-sharing qpaineq from the susceptibility data are only approximate,
octahedré._The temperature depende_nce_ of the ZFC and gince the susceptibilities are nonlinear in the temperature
FC magnetic susceptibilities are shown in Figure®6Using range of this study. Curie constan@){Weiss constantsj
the ZFC data, we calculated the effective magnetic moments, - 4 i values obtained from the fitting of the magn,etic

at 2 and 300 K listed in Table 3 using eq 1 susceptibility data are given in Table 3. The: (fit) was
calculated from the fitted Curie constant. Thg values
e = Bk TIN, ) e

obtained in the fitting procedure were on the order of®10

wherekg is the Boltzmann constant ahtl is the Avogadro’s emu/.mol. Although the _mggnltude of the, values are

number. Significantly smallese values a2 K compared considerable, they are similar to the values that have been

. € . . . . .

to those at 300 K may be attributed to antiferromagnetic observed in previous magnetic studies of triple perovskites.
3+ i

correlations, which reduce the magnetic monmeReduced IanaGIEn IrleJOQ %orppountdst, there Sﬁ;gutﬂ’o sean|bIe

magnetic moments in ruthenates and iridates have also beelifainRL';a |§_ns oth oxidation sta efsp'ety(|a2+ d Rg{“ (52

attributed to spir-orbit coupling?® Attempts to fit the suscep- r - =lhce the 1onic SIizes o rean r

tibility data with a standard CurieWeiss law failed. A modi-

fied Curie-Weiss law, which includes a term for tempera-

(29) Rijssenbeek, J. T.; Matl, P.; Batlogg, B.; Ong, N. P.; Cava, Rhys.
Rev. B 1998 58, 10315.
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Figure 3. Lattice parameters versus ¥nionic radius. The standard  center shift,A, of Ru/Ir in the [(Ru/InQ] dimer.
uncertainty in the lattice parameter is smaller than the symbol size. Open . . . .
circles represent Banlr,Og, open squares BanRW:Og, and filled triangles the spin-only effective magnetic moment for Rud*) is

BasLnRulrQs. 2.83 ug. By comparison, the low-spin spin-only magnetic
moment of Ift (d%) has auer = 1.73 us. The expected
effective magnetic moment for low-spin spin-only Rd?)

is 3.87ug; however, reduced magnetic moments are typically
observed, for example, 1/ in BaNiRu,Oy.2®> As shown

in the crystal structure analysis, the octahedra are not
rigorously octahedral but have three long and three short
bonds. Although octahedral coordination is an approximation,
a bgand g splitting was assumed for determining the number
of unpaired electrons, and estimates of the theoretical

are very similar, it is not possible to distinguish the oxidation
states using size consideratigh€onsequently, an analysis
of the magnetic susceptibility data was undertaken to
distinguish between the possible combinations of formal
oxidation states. The effective magnetic moment for each
ion is needed in order to calculate the theoretical effective
magnetic moment, which is calculated using eq 3.

Heal = \/ (“eff(l.n))2 + (:ueff(Ru))Z + (:ueff(lr))z (3

- ; - : 73.

The effecpve_magnetlc moments _fOI’ Ir and Ru in thell’ (31) Wakeshima, M.; Harada, D.; Hinatsu, X .Alloys Compd1999 287,
common oxidation states vary considerably. The effective 130.
magnetic moment for ¥, with a singlet ground state, is (32) Hayashi, K.; Demazeau, G.; Pouchard, M.; HagenmulleMder.

. . . Res. Bull.198Q 15, 461.
nominally nonmagnetic at low temperatures, while an effec- (33) Battle, P. D.: Gore, J. G.; Hollyman, R. C.: Powell, A. ¥.Alloys

(30) Powell, A. V.; Gore, J. G.; Battle, P. D. Alloys Compd1993 201,

tive magnetic moment in the range 1:08.42 is observed 54) ﬁompd-_l%ﬁ 2J18 l_}lo(-jI VR Smith, M. G Th b

33 f . eumeier, J. J.; Hundley, M. F.; Smith, M. G.; Thompson, J. D.;
near room tem_peratu?é‘. : Ruthenium is known to adopt Aligeier, C.: Xie, H. Yelon, W.: Kim, J. SPhys. Re. B 1994 50,
low spin states in perovskites and related structdfééthus, 17910.
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Table 2. Selected Interatomic Distances (A)

BagYRuIrOg BagLaRulrOy BagPrRulrQy BasNdRulrGy BasSmRulrQy
M—02 (x 6) 2.093(14) 2.240(15) 2.150(13) 2.197(14) 2.201(13)
(Ru/lN—01 (x 3) 2.194(12) 2.232(18) 2.237(14) 2.237(14) 2.251(15)
(Ru/lN—02 (x 3) 2.046(14) 2.010(16) 2.018(13) 2.010(14) 1.984(13)
(RU/I—(Ru/lr) 2.556(4) 2.565(5) 2.498(4) 2.536(4) 2.538(4)
(Ru/ln—01—(Ru/Ir) (deg) 71.2(4) 70.1(5) 67.9(4) 68.8(4) 68.4(4)
BagEURUIrQy BagGdRulrQy BagThRulrQy BasDyRulrOg BagHoRuIr®y
M—02 (x 6) 2.158(13) 2.160(15) 2.093(15) 2.126(14) 2.118(12)
(Ru/ln—01 (x 3) 2.265(14) 2.238(14) 2.180(14) 2.253(14) 2.232(12)
(Ru/ln—02 (x 3) 2.020(13) 2.011(15) 2.022(15) 2.024(14) 2.023(12)
(Ru/IN—(Ru/lr) 2.540(4) 2.538(4) 2.532(4) 2.549(4) 2.554(3)
(Ru/l—01—(Ru/Ir) (deg) 67.9(4) 68.9(4) 71.1(5) 68.9(4) 69.9(3)
BasErRulr®y BasTmRulrGy BagYbRulrOy BasLuRulrOg
M—02 (x 6) 2.141(14) 2.175(11) 2.119(12) 2.123(12)
(Ru/ln—01 (x 3) 2.194(12) 2.041(9) 2.255(13) 2.202(11)
(Ru/IN—02 (x 3) 1.996(14) 1.954(11) 2.000(12) 1.991(12)
(RU/IN—(Ru/lr) 2.541(4) 2.538(4) 2.553(4) 2.556(3)
(Ru/ln—01—(Rul/Ir) (deg) 71.0(3) 77.0(3) 68.8(3) 70.8(3)
effective magnetic moments of B3 IrRuQy were calcu- analogue, Bg#rIrQs, is composed of tetravalent Pr and
lated using eq 3. tetravalent 12536 Consequently, a similar preference for Ru
Two combinations of formal oxidation states were com- 0.014 400
pared. The first a used a combination of noninteractirigj, M Ba;LaRulrO, :
with et = 0 ug for Ir3" at 2 K, et = 1.23 ug for Ir®* at 0.012 1 350

300 K22 and low-spin spin-only RO with et = 2.83 ug.

The second combination used consisted of low-spin spin-
only Ir*" (uer = 1.73us) and RG"™ with a reducetf effective
magnetic momentue = 1.5 ug). Effective magnetic mo-
ments for LA™ were taken from the literatufeThe experi-
mentaluer at 300 K calculated using eq 1 and thg: ob-
tained from the fitting of the susceptibility data with a tem-
perature-independent paramagnetic term show slightly better
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moments assuming a #ifRWOg] dimer compared to a 0.002 1 o
[Ir5"RuA*Oq] dimer. Using the assumption of a{hRuOg] ] i
dimer, we found that the measured moments were, nonethe- o000 bty
less, smaller than the predicted effective magnetic moments. 0 50 100 150 200 250 300
It is noteworthy that, in related double perovskites Temperature (K)
BaPrRuQ and BaPrIrQg, it was found that B&PrRuQ 0.030 160
contains trivalent Pr and pentavalent Ru and that the iridium ! Ba;LuRulrO, T
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PrRulr® and (bottom) BglrbRulrQs.

5 1.5 30
to assume a higher formal oxidation state than Ir is reasonable )
in the triple perovskites of this study. Thus, the available 1.2 25 &
information, the fit to the susceptibility data, the better agree- z 3
g 20

ment of the effective magnetic moments, and the oxi-
dation state preference of ruthenium and iridium in related
compounds strongly supports the assignment of the oxi-
dation states of the magnetic cations as'Rand Ir** in

0.9 -

0.6 1

4
=1

@

ol)

Magnetic Susceptibility

E $14 .‘5 + 10
BasM3*RulrQOs. ] 212 "9 |
Nonetheless, even with the oxidation state assignment for 031 w15
ruthenium and iridium in these oxides, there remains the Temperature (K)

issue of their distribution in the dimers. To provide addi-
tional insight into the distribution of the cations in the di-
mer, the susceptibility data were examined in greater detail
for compounds in which the M cation was magnetically
inactive.
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Figure 8. Temperature dependence of the zero-field-cooled (filled circle)
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BagNdRulrQy, (middle) BaSmRulr®, and (bottom) BgGdRulrQy. The
inset shows the divergence of the ZFC and FC data.

(35) Izumiyama, Y.; Doi, Y.; Wakeshima, M.; Hinatsu, Y.; Shimojo, Y.;
Morii, Y. J. Phys.: Condens. Matte2001, 13, 1303.

(36) Wakeshima, M.; Harada, D.; Hinatsu, ¥..Mater. Chem200Q 10,
419.
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Table 3. Magnetic Moment for Free L3 (u.n3+), Calculated Magnetic Moments Using Each Magnetic lon>tRttt) (uca), Effective Magnetic
Moments at 300 Kes), Modified Curie-Weiss Fitting Results in the Temperature Range-1800 K, and the Nel TemperatureTy) or Temperature

at Which the ZFC and FC Data Divergéqf,)

Ueft (/48) Ueft (,UB) HUeft (,UB) HUcal (MB) C Xtip
(300 K) (2K) (fit) (300 K) (emu/mol K) (emu/mol) 6 (K) Tn or Taiv
La 2.46 0.47 2.27(3) 3.08 0.65(2) 0.000 69(4) —54(3)
Nd 4.46 1.62 4.044(6) 4.76 2.056(6) 0.001 43(2) 2.8(2) 8
Pr 242 0.47 1.66(2) 0.345(8) 0.001 42(2) —31(2) 4
Sm 291 0.48 2.18(2) 3.45 0.599(9) 0.001 94(2) —75(2) 6
Eu 3.98 0.43 4.59
Gd 8.21 5.33 7.87(2) 8.52 7.79(3) 0.001 98(7) 1.0(3) 5
Tb 8.35 2.50 8.22(1) 8.49(2) 0.001 48(5) —5.6(2) 13
Dy 10.77 6.61 10.52(1) 11.07 13.92(2) 0.003 26(8) —7.0(2)
Ho 10.90 5.79 10.70(2) 11.02 14.40(6) 0.002 93(14) —7.4(4)
Er 9.88 5.91 9.87(1) 10.07 12.25(2) 0.001 28(5) —8.9(2)
Tm 7.95 151 8.23(2) 8.16 8.51(4) 0.000 74(8) —30.5(5)
Yb 4.72 1.71 4.88(4) 5.49 2.99(5) 0.001 61(9) —85(2)
Lu 2.25 0.34 2.87(2) 3.08 1.039(10) 0.003 86(2) —81.7(13)
Y 2.73 0.40 2.23(2) 3.08 0.624(10) 0.001 60(2) —115(2)

3.b.i. BgMRulrOy (M = La, Lu, Y).The compounds dimer cations occupy a single Wyckoff site where, hypo-
BaMRulrOy (M = La, Lu, Y) contain diamagnetic M thetically, it would be possible to hawe= 0, meaning that
cations, and consequently, the magnetic behavior of theseall dimers contain exactly one iridium and one ruthenium
compositions is due to the iridium and ruthenium cations in but the two metals are disordered over the two positions of
the face-sharing octahedral sites only. Magnetic susceptibility the dimer. The fitting results of the magnetic data indicate
versus temperature data are shown in Figure 6 for Ma that there may be some short-range order with a slight pref-
and Lu, and the Supporting Information contains data for M erence for like-atom dimers; however, additional experiments
= Y. As might be expected, the data for these three such as pair distribution function analysis would be necessary
compositions are qualitatively very similar. An upturn in the to verify the presence of any short-range order in contrast
magnetic susceptibilities occurs as the temperature is de-to the long-range disorder found by X-ray diffraction
creased. The shape of the inverse magnetic susceptibilityanalysis.
curve as a function of temperature may be modeled for these |t is noteworthy that the gyromagnetic ratios, given in
compounds by considering a dimer model that includes athe Supporting Information, obtained from the fit of
distribution of metals and metal oxidation state combinations BasLaRulrQy and BaYRulrOy were smaller than the typical
in the disordered (Ru/lr) dimer. Three possible spin combi- values of ~2, and the values obtained from the fitting
nations in the dimer are &= 3/,/S= 3/, (RW"/RW"), S= procedure should, therefore, be viewed with caution.
oIS = o (Ir**/Ir**), and S = ¥,/S = Y/, (Ir*"/Rw*). The 3.b.ii. BaPrRulrOy and BaTbRulrQ,. The susceptibility
Ir*5/Ru™* case was not considered as it is thOUght unlikely versus temperature data fOI’dB’&RU“’Q, Figure 7, exhibit
that Rt* would exist in the presence offr. Fitting of the 3 downturn at approximately 3.5 K, consistent with antifer-
susceptibility data was carried out by considering a summa- romagnetic correlations. These magnetic interactions may be
tion of three dimer scenarios following the description of due to magnetic ordering in the chemically disordered dimers,
exchange-coupled systems by Dillon and DarfieThe  |ong-range order between the dimers, or an ordering of the
general shape of the curve is reproduced; however, the
magnetic behavior of the dimer is expected to approach zero
at low temperatures in the inverse susceptibility versus
temperature data. It was found that, for the compounds of
this study, the curve approaches a more positive value at
low temperatures and the model does not fit the data well
below~15 K. The fit of the curve for Ba.uRulrQy is shown
in Figure 10 for 20 K< T < 150 K. Resulting fit parameters
areg = 2.018(6),J = —42.3(3) K, and = 0.3853(6), where
g is the gyromagnetic ratia] is the exchange interaction

125

120 A

115 4

110 A

105 +

100 +

Inverse Magnetic Susceptibility (mol/emu)

term, andx is the dimer fraction term in (+ 2x)(Ir**/Ruf+) 95 1
+ (X)(Ir* /4 ) + () (RWPH/RUT). A constraint was utilized 90 -
in that the number of (RU/RWPT) and (Itt/1r*t) dimers were o5
set equal to maintain consistency with the stoichiometry. If
each of the two cations in the dimer were occupied 80
completely randomly, then the expected valueXas x = 75
0.25. _Ifx_> 0.25, then ther_e is a tendency for t_he d|rr_1ers to 0 25 50 75 100 125 150
contain like cations, and < 0.25, then a mixed dimer T

K emperature (K)
with Ir/Ru occurs more often. In space groBfs/mmg the

Figure 10. Inverse susceptibility versus temperature foslBERUIrOs.

(37) Dillon, M.; Darriet, J.Struct. Bondingl992 79, 55. The line is the fit to the data using an exchange-coupled dimer model.
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Pr*tions (f£). Ordering of Pt" in BasPrRupOg or BasPrir,Oqg spapapirtt £ AR SRR R AR RER
was not observedl! Considering the lack of magnetic 10 1 M*mmm s s s s csssos ety
ordering of the P magnetic moments in isostructural
BasPrRwOg or BaPrirOy, it seems unlikely that the transi- g
tion at 3.5 K is related to the ordering of the*Pmagnetic 51 i R TITTT o
moments, but rather, it is caused by magnetic interactions " et
of the dimers. The dimer may be composed of disordered 2 6 f ;e"“
[Ru*tIr4tQg], which would have formal electron counts of = Ed
d* and @. In case of antiferromagnetic coupling within the = i .
dimer, an ordering of the uncompensated s@r- (/) may 47 ff A X
occur between the dimers. Ordering of uncompensated f// 0 ° tessnesenct
magnetic moments in fif*,0q] was suggested to occur for 2 g ___.,..Basstum R
some compositions in BanIr,Og on the basis of specific ' xBadDyRUIO9 4 Ba3HoRuIO9
heat anomalies. f iRy BeSTmRIGS

BasTbRulrQ; undergoes a sudden decrease in the magnetic 0 ‘ ‘ ‘ ‘ ‘

0 50 100 150 200 250 300

susceptibility at 13 K, as shown in Figure 7, consistent with
antiferromagnetic correlations, and another change in the
curvature of the susceptibility data at 2.5 K. It is noteworthy,
in this regard, that the transition occurs at 13 K, a higher

temperature than observed in the all-ruthenium analogue,formation of solid solutions, the antiferromagnetic properties
BasTbRW,Os. BasTbRW,Os Was reported to undergo a mag-  of BagNdRulrOy are in stark contrast to the ferromagnetic
netic phase transition at 9.5 K, in which the moments of eng members. Additional experiments are warranted to
Tb*" order antiferromagnetically along tlueaxis? Interest-  jhyestigate the changeover in the magnetic properties in this
ingly, the all-iridium analogue, Bablr,Oy, did not exhibit solid-solution series.
any magnetic transition and had an effective magnetic mo- Ba,SmRuIrQ and BaGdRulrQ, show a divergence
ment of 8.1Qus and a Weiss constant 6f0.7 K The tran-  near 6 K in the ZFC and F@ata in Figure 9, consistent
sition at 13 K in BaTbRulrQ, may, thus, be related to or-  wjth antiferromagnetic interactions. In comparison, an an-
dering of the TH" magnetic moments, and the second anom- tjferromagnetic transition was reported for Ballr,Os and
aly at 2K may be related to the ordering of the moments in gp antiferromagnetic ordering of &dwas reported for
the dimer in a manner similar to the behavior observed at BasGdRuOs.”18 The large negative Weiss constan5(2)
3.5 K'in BaPrRulrQ,. Additional experiments are clearly K for Ba;SmRulrQ indicates antiferromagnetic interac-
warranted to investigate the transition temperature as a func+jgns.
tion of composition in the BAbRW—Ir«Og solid solution. 3.b.iv. BaLnIrRuQ, (Ln = Eu, Dy, Ho, Er, Tm, Yb).
3.b.iii. BagNdRulrQ, BasSmRulr@, and BaGdRulrQ. Magnetic susceptibilities of these compounds are shown in
BagNdRulr®, BaSmRulrQ, and BaGdRulrQ exhibit a  Figure 9 for Ln= Eu, Dy, Ho, Er, Tm, and Yb and exhibit
divergence between the ZFC and FC data, as shown in Figuresimilar behavior throughout the temperature range studied.
8. BaNdIr:0s, by comparison, was reported to have a The effective magnetic moments shown in Table 3, predicted
ferromagnetic transition at 17.4 Kwhile BaNdR®O, using the spin-only contributions with a reduced moment
displayed a ferromagnetic transition at 24 K and a crystal- for R, are in good agreement with the effective magnetic
lographic phase transition at ca. 120 Khe ferromagnetic  moments obtained from fitting with a temperature-induced
ordering in each of these compounds was attributed to theparamagnetic term. A decrease in the effective magnetic
ordering of the Néi" magnetic moments. While B&dRulrQy moments with temperature was observed inlBirRuOy
displays a divergence of the ZFC and FC data near 8 K, as(Ln = Eu, Dy, Ho, Er, Tm, Yb) and is shown in Figure 11.
shown in Figure 8, there is no evidence of long-range Similar behavior was observed in the magnetic susceptibili-
ferromagnetic order in this composition. The temperature ties of BalL.nRu,Os (Ln = Eu, Dy, Ho, Er, Tm, Yb), which
dependence of the susceptibility suggests that the magneticaso showed a decrease in the effective magnetic moments
transition in BaNdRulrQ is of the antiferromagnetic type.  with decreasing temperatuté The reduction in the effective
The small positive Weiss temperature of 2.8(2) K may be magnetic moment is consistent with antiferromagnetic in-
an artifact of the fitting procedure. The Ru/Ir disorder inthe teractions, which tends to decrease the magnetic moments
dimers may prevent ferromagnetic coupling of the*Nd  at low temperatures as the coupling becomes stronger. The
moments in BeNdRulrQ, in contrast to the ferromagnetic  negative Weiss constants shown in Table 3 also support the

Temperature (K)

Figure 11. Effective magnetic moments versus temperature fog- Ba
LnRulrQg (Ln = Sm, Eu, Dy, Ho, Er, Tm, Yb).

coupling observed in BAIdRWwOs and BaNdIr2O0,. This existence of antiferromagnetic correlations.
observation supports the coupling of the Nd moments through _
a pseudolinear next-nearest-neighbor -\ (Ru/Ir)— Conclusions

O—Nd superexchange, rather than between nearest-neighbor e quinternary oxides BRIRUIrOs (M = Y, lanthanides)

Nd atoms, even in light of the fact that the distance of the 540t the 6H-BaTi@type structure and crystallize in space
first occurs over a longer distance$.4 A) than the second

(~5.9 A). Although the crystal structures indicate the (38) Rath, M.; Miller-Buschbaum, HJ. Alloys Compd1994 210, 119.
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groupP6s/mmc It was found that terbium and praseodymium antiferromagnetic correlations. Disorder in the dimer has an
in BasMRulrOg (M = Th, Pr) were tetravalent, imparting important influence on the magnetic properties, especially
an average oxidation state of-4for the Ru and Ir cations  for the antiferromagnetic BAldRulrQ, that displays quite

in the octahedral dimers. In the remaining compounds, all different properties than the ferromagnetic end members,
the rare earths weret3 generating an average oxidation which indicates that the magnetic coupling through the dimer
state of 4.5 for the Ru and Ir cations in the octahedral has a significant impact on the observed properties.

dimers, which were assigned a formal oxidation state of ) i
Ir** and RE". The bond distances between the disordered ~Acknowledgment. Financial support from the Depart-

(Ir/Ru) in the face-sharing dimer ranged from 2.49 to 2.56 ment of'Energy Fhrough Grant PE'FGOZ'O4ER46122 and
A, consistent with the assigned oxidation states. A strong e National Science Foundation through Grant DMR:
magnetic interaction between the cations in the face-sharing04°0103 is gratefully acknowledged.

octahedra is observed in the magnetic susceptibility measure- - gnnorting Information Available:  Final annealing conditions
ments. The measured effective magnetic moments wereor all compounds, additional information on the refined isotropic
smaller than predicted from spin-only magnetic moments, thermal parameters, additional bond distances and angles, magnetic
indicative of spin-orbit coupling and strong exchange susceptibility versus temperature data, and gyromagnetic ratios. This
interactions within the disordered iridium/ruthenium octa- material is available free of charge via the Internet at http://
hedra pairs. In general, Ban®*"RulrOy compounds have  pubs.acs.org.

negative Weiss constants and a decrease in the effective

magnetic moments at low temperatures, consistent with 1C051344z
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