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Charge-Ordered Arrangement of Rh 3t and Rh#*
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Polycrystalline samples of LniglisRhsOs9 (Ln = La, Pr) have been synthesized by the ceramic method and
characterized by X-ray and neutron diffraction. The compounds crystallize in the cubic space group Pm3n, with a
~ 12.1 A. The unit cell contains four intersecting [1110chains, each comprised of an alternating sequence of
face-sharing RhOg octahedra and LiOg trigonal prisms. The octahedra located at the points of intersection contain
Rh**, whereas the remainder contain Rh®*; the compounds thus contain a charge-ordered arrangement of the two
cations. The polyhedral chains are enclosed in tunnels formed by the Ln—0O sublattice. The magnetic properties of
the two new compounds are discussed briefly: both are paramagnetic over the temperature range 5 < T(K) < 300.

Introduction consequences for the magnetic properties of the phase.
Having observed 2D ordering between land MAi™ (m =

3 or 4) but 3D ordering between Land Rd&", we chose to
investigate the behavior of RP oxides containing kind
Rh™ (m= 3 or 4) in order to ascertain whether ordering is
more readily established in these structures when a metal
from the second transition series is present. However, our
attempts to preparemn = 2 LalLiRhO; resulted in the
unexpected synthesis of a new, charge-orderett/Rh*"
compound, LalisRhsOse, and subsequently the Pr analogue
PrgligRhsO30. The synthesis and structural chemistry of these
two phases are described below.

It is widely recognized that the electronic properties of a
mixed-metal oxide can depend on the degree of order with
which different cation species occupy the available crystal-
lographic sites in the adopted structure. The difference
between the cations in question might simply be their
oxidation state, for example Mhand Mrf*, or they might
derive from different elements. The range of behavior
observed is exemplified in the former case by the evolution
of the magnetic properties of LaSKGaMnQs with Sr
content and in the latter case by the contrast between the
magnetic properties of $feTaQ (disordered F&/Ta"; spin
glasg) and SpFelrQ; (ordered F&/IrSt; antiferromagnéj.

We have recently demonstrated that, in the case of perovs-

kite-relatedn = 1 andn = 2 RuddlesdernPopper (RP) The samples described below were prepared by standard high-

structured, cation ordering can take place in either 2 temperature ceramic synthesis techniques, using high-puri@sLa

dimensions (20)° or 3 dimensions (3DJ,with significant (99.999%, Alfa), P#O11 (99.996%, Alfa), RBO; (99.9%, Alfa), and
LioCOs (99.999%, Alfa) as starting materials. All but,TO; were

* To whom correspondence should be addressed. E-mail: Peter.Battle@dr€d at 800°C prior to use. The oxides were mixed in the
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chem.ox.ac.uk. appropriate stoichiometric ratio with an excess of the volatile
1|0Xf9fd Il_Jnivelr_Sity- _ carbonate. The pelletized mixture was contained in an alumina

nstitut Laue Langevin. H H H 7

(1) Battle, P. D.; Blundell, S. J.; Claridge, J. B.; Coldea, A. |.; Cussen, E. cruc[ble and heated in arr. The prc_)gress of the reacnon was
J.: Noailles, L. D.; Rosseinsky, M. J.. Singleton, J.: SloarCRem. monlt(_)re_d by X-ray powder diffraction, and_ data swtable_ for
Mater. 2002 14, 425. ) quantitative analysis were collected on the final product using a

@ 1%19’57597”'455-93-; Vente, J. F.; Battle, P. D.; Gibb, TJQMater. Chem. Siemens D5000 diffractometer operating in Bradgrentano

(3) Battle, P. D.; Blake, G. R.; Gibb, T. C.; Vente, J.F.Solid State
Chem.1999 145 541. (6) Battle, P. D.; Burley, J. C.; Gallon, D. J.; Grey, C. P.; Sloan].J.

(4) Ruddlesden, S. N.; Popper, Rcta Crystallogr.1957, 10, 538. Solid State ChenR004 177, 119.

(5) Burley, J. C.; Battle, P. D.; Gallon, D. J.; Sloan, J.; Grey, C. P.; (7) Rodgers, J. A.; Battle, P. D.; Dupre, N.; Grey, C. P.; Sloagh&m.
Rosseinsky, M. JJ. Am. ChemSoc.2002 124, 620. Mater. 2004 16, 4257.

7138 Inorganic Chemistry, Vol. 44, No. 20, 2005 10.1021/ic050949s CCC: $30.25 © 2005 American Chemical Society

Published on Web 09/03/2005



LnlgLith5039 (Ln = La, Pr)

geometry with Cu K radiation. Data were recorded over the
angular range 5= 20 < 120¢° with A260 = 0.02. Constant-
wavelength neutron powder diffraction data were collected at the
Institut Laue Langevin (ILL) using the diffractometer D1a. Data
were recorded over the angular range8 20 < 146°, A260 =
0.05 at room temperature using a wavelengtid of 1.909 A. All
diffraction data were analyzed by the Rietveld method as imple-
mented in the GSAS program suftélhe magnetization of the
reaction products was measured over the temperature range 5
T(K) < 300 using a Quantum Design MPMS-5 SQUID magne-
tometer. Data were collected during warmup after cooling in zero
applied field (ZFC) and after cooling in the measuring field, which
was chosen to be 100 or 1000 Oe as appropriate.

Results

The X-ray diffraction pattern recorded following the
attempted synthesis of blaRhO; was dominated not by
reflections characteristic of am= 2 RP phase but by a set
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Figure 1. Observed, calculated, and difference neutron powder diffraction

patterns of LasLisRhsOse. Vertical ticks mark reflection positions for both

the principal phase and aJd0Os; impurity phase.

of Bragg peaks that could be indexed in a body-centered described above. The presence of additional Bragg reflections

cubic unit cell withap 2 12.1 A. A search of the Inorganic
Crystal Structure Databasesuggested that the reaction
product might be isostructural with the compound Lgaki
Fey02.00 (Or LagglioFes¢0s76) reported previoush by

in both cases proved that the cubic lattice was primitive, and
the systematic absences indicated the space dgtoGp. The

structures of both compounds could be refined in this space
group, and the observed and calculated diffraction profiles

Mazza et al. The structure of that material was said to consistare drawn in Figure 1 for Lr= La. A contribution from a

of M110chains of face-sharing polyhedra in which LiO
trigonal prisms alternate with Fe@ctahedra; four chains
cross at the origin and the body-center of the unit cell, and
the interchain space is occupied by’t&ations and oxide
anions. The results of the original single-crystal structure
determination pointed to the compositiondlagFe;0sg 5 but

trace ~1%) of unreacted LCO; was visible in the data,
and this was included as an impurity phase in the data
analysis. Our refinements showed that all the possible anion
sites identified by Mazza et al. were either vacant or fully
occupied with the exception of O4 (B8 the fractional
occupancy of which was fixed at a value of 0.25. An

on the evidence of anomalous atomic displacement param-anomalously high value of the atomic displacement parameter

eters and the results of a chemical analysis, Mazza et al
preferred to model the structure in space grémpm with
only partial occupation of all but the Li site, thus leading to
the formula LalysFeO20s In light of this previous
investigation, we modified our reaction conditions and the
stoichiometry of our reaction mixture until we were able to
prepare an apparently pure sample.(g) of the cubic phase.
This was achieved by heating a mixture containing Ln, Li,
and Rh in a ratio of 18:8:5 at 80 for 2 h, followed by

11 h at 1000C, with frequent regrinding of the pellets; extra
Li,CO; was added before the final firing to counter the
volatility of this reactant. An analogous Pr-containing phase
was subsequently prepared by heating at 800for 5 h
followed by 6 h at 1000 °C. The X-ray diffraction data
collected on our reaction products were well fitted by the
original structural model in space grolm3m, with fully

.(Uiso = 0.0250(7)) resulted when a fully ordered structure

was used to model the La-containing phase with O4 located
on the 12 site (0.1567(3), 0, 0). The introduction of 4-fold
disorder eliminated the anomaly without rendering the least-
squares calculation unstable. The parameters defining the
occupied sites are listed in Table 1; the same model was
used to describe the Pr analogue. The resulting composition
of the oxides is thus LpaLigRhsOs9 (LN = La or Pr). Bond
lengths are listed in Table 2. A polyhedral view of the
structure is drawn in Figure 2 and the La(Pr) sites are
illustrated in Figure 3.

The temperature dependence of the molar magnetic
susceptibility of LngligRhsOsq (LN = La or Pr) is shown in
Figure 4. Fitting the data in the temperature range ¥85
T(K) = 300 to the CurieWeiss Law resulted in the
following values of the molar Curie constant and Weiss

occupied cation sites and partially occupied anion sites. Thetemperature: Ln= La: C = 3.31(2) emuf) = —489(4) K;
apparent formulas of the new compounds could thus belLn=Pr: C=29.17 emuf) = —58.5 K. The data measured

written as LagligRhsOus-s and PygLisRhsOss-9. The neutron

diffraction experiments were undertaken to determine a
reliable value of the oxygen content. However, it was
immediately apparent from the neutron diffraction data that

in a field of 1 kG on the La-containing material clearly do
not obey the CurieWeiss Law; an obvious anomaly is
observed at-70 K, and a more subtle change in gradient
can be seen at 40 K. Furthermore, the modulus of the Weiss

neither composition adopted the body-centered structuretemperature is too large to be physically meaningful.

(8) Larson, A. C.; von Dreele, R. Bseneral Structure Analysis System
(GSAS) Report LAUR 86-748; Los Alamos National Laboratories:
Los Alamos, NM, 1990.
(9) Fletcher, D. A.; McMeeking, R. F.; Parkin, D. Chem. Inf. Comput.
Sci. 1996 36, 746.
(10) Mazza, D.; Abbattista, F.; Vallino, Ml. Less Common Mel985
106, 277.

However, the data serve to demonstrate that the compound
is paramagnetic and, therefore, that not all the rhodium is
present as low-spin Rhi4d®. The data collected in a field

of 100 G on the Pr sample appear to follow the Culhideiss

Law more closely, principally because of the dominant
paramagnetic contribution from the®Pications § = 4, Cearc
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Table 1. Refined Structural Parameters of 1ghigRhsOz9 (LN = La or
Pr) in Space Groupm3n

Ln
La Pr
ao S{\) 12.24595(9) 12.0593(2)
V(A9 1836.44(4) 1753.74(7)
Rupr (%0) 3.8 3.8
%2 1.7 1.8
Lnl 24k
y 0.3079(1) 0.3082(3)
z 0.3044(1) 0.3063(3)
Uiso(A?) 0.0054(3) 0.0086(7)
Ln2 1%
X 0.3463(2) 0.3447(4)
Uiso(A?) 0.0022(4) 0.001(1)
Rh1 2
Uiso(A?) 0.003(1) 0.009(2)
Rh2 &
Uiso(A?) 0.0074(6) 0.0112(9)
Li 16i
X 0.3759(4) 0.3749(6) Figure 2. Polyhedral view of the structure of kgisRhsO3s: Rh1Qs and
Uiso(A%) 0.019(2) 0.016(3) Rh2Q; octahedra are colored green and purple, respectivelys hif3ms
0148 are blue. Red and black circles represent O and Ln, respectively.
X 0.8627(1) 0.8638(2)
0.8598(1 0.8616(2 . .
>z/ 0_6934513 0-69108 in the structural models, many of which stem from the
Uiso(A?) 0.0064(3) 0.0063(4) decision by Mazza et al. to assign the composition of their
02 &/sz single crystal on the basis of a chemical analysis of the
Uiso(A%) 0.010(1) 0.013(1) material from which the crystal was extracted. The enhanced
» 0.6325(2) 0.6310(4) sensitivity of neutron diffraction in the location of light a_toms
Uiso(A2) 0.0053(7) 0.017(1) has allowed us to carry out a full structural characterization
04 17 (48) of the rhodium analogues and to clarify a number of issues.
X 8-3?291(2) 8-(1)5202(3) Most importantly, our compounds are stoichiometric with
J 0:014&2,) 02011%2% all the crystallographic sites fully occupied with the exception
Uiso(A?) 0.0055(2) 0.0059(3) of O4, where we have introduced 4-fold disorder to model

local atomic displacements. Our data analysis brings to light

Table 2. Bond Lengths (A) in LrsLisR Ln=LlaorP . . . ;
able 2. Bond Lengths (A) in LisRMOs (Ln = La or Pr} a number of chemically interesting features. The alternation

Ln of octahedral and prismatic geometry along a chain is
La Pr strongly reminiscent of the Z'BOs phased} for example,
Ln1-01 2.671((3)) 2.644((5)) SrLIRUOg,?2 SRhG: (A = A’ = Sr), and CgCo,06* (A’
2.655(3 2.625(5 R — ;
2.584(2) 2 2.491(2)x 2 = B = Co), which have been_the focus of_much recent
2.655(3) 2.625(5) research work. These compositions are the simpiest Q,
2.671(3) 2.644(5) n = 1) members of the family A+zmA’1BaminOomten
tﬂiigé %:3%% 3;2“3‘283 (sometimes written Ax(A'xB1-,)Os wherex = n/(3m + 2n))
3.156(3) in which polyhedral chains made up of@s prisms and B@
'[25:8% g:igé%i g %;igéggi ‘2‘ octahedra [n_the ratin:3m+n are separated from each otr_\er
Ln2—04 2.331(3) 2.247(5) by space-filling A cations. The latter are usually alkaline
Rh1-04 1.935(3)x 6 1.927(4)x 6 . i i : is i
Rh2—01 2.048(1 6 2050(2) 6 earths; no compound haw_ng Ianthanlde_ cations on this S|t_e
Li—01 2.250(6)x 3 2.228(8)x 3 has been prepared. Rhodium has previously been found in
ti—84 2-141?(1)*>< 3 2-1é5£2)*>< 3 both the octahedral and the prismatic sites in these com-
Rhi—Li §:g3(2(g) 3221&1)) pounds, for exampl&in m= 1,n = 1 SERhOssin which
Rh2-Li 2.671(9) 2.61(1) tetramers of octahedra are separated by a single prism. This
is clearly a mixed-valence compound, although there is no

aThe asterisk denotes an average of 4Qibonds as the oxygen position : - . . .
is disordered. ordering of the different oxidation states over the different

. crystallographic sites; a similar situation was obset¥au
= 1.60 emu/mol of P¥). No anomaly is observed at 70 K ;= 2,n = 1 BaRhO,,. The oxidation states involved in

in this case, but the gradient change at lower temperature ishese two examples are expected to b&Rind RH*, which
again apparent.

Discussion (11) l\?ltziattizfrlsﬁ ZEOBE%rris?ésJ.; Zur Loye, H. @urr. Opin. Solid State
The structures refined in this study are similar to that (12) Darriet, J.; Grasset, F.; Battle, P. Bater. Res. Bull1997, 32, 139.

proposed previously for LabiFer 20200 in that they do 83 \F/,erlllte, J-l_Fi-i Eeﬁ}g J. 5-? BattE'evE- ?-M(?tesf- %hlem1925317b85-k 5
. . . . 3 . jellivag, m.; Guipbrandsen, E.; Aaslanq, oS.; Sen, A.; nauback, b.
involve (111 polyhedral chains in a matrix of Bhand oxide C. J. Solid State Cheri996 124, 190.

ions. However, there are a number of important differences (15) Claridge, J. B.; Zur Loye, H. GChem. Mater199§ 10, 2320.
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Figure 4. Temperature dependence of the molar magnetic susceptibility
of LnigligRhsO3g: (a) Ln= La, (b) Ln= Pr.A (O) represent data collected
after zero-field cooling (field cooling). A fit to the CurieNeiss Law is
shown.

more-complex situation. First, the mean*RuO bond length
in RuG; is 1.97 Al® and that in SrRu@is 1.983 A2 the
mean R&"—O distance in LgLiRuOs is 1.953 A2l Given
that RH™ would be expected to be smaller than"Ruthese
data suggest that the cation environment in,8A'\B1-x)Os
phases is relatively relaxed and that the values quoted above
lie at the upper end of the range of Rk-O distances. Many
A1x(A"xB1-x) O3 compositions are incommensurate and must
be described using 4-dimensional crystallography. In these
cases, only a range of RID distances can be defined, and
in BagxCuRh O3 (x = 0.1605), that range w&s1.763-
(1)—2.088(1) A; the lower bound is clearly much shorter
Figure 3. The local environment of (a) Ln1 and (b) Ln2. than the bond lengths cited above, and the data from the
incommensurate phases thus support our hypothesis that the

o - Rh—O bonds in the simpler structures are relaxed. The
have both been observed in single-valence compositions, forcomposition LRsLisRhOss is consistent with a 4:1 ratio of

example, S-"'—thOB” (Ln = Sm, Eu, Tb, Dy, Ho, Er, YP) R and RH*. We postulate that theeSsites (Rh2-O1 ~
and SERhQ:.** There has also been a repdrof RiP 2.05 A) are occupied by Rhand the smaller@sites (Rht-
occurring in S§ARhGs (A = Li, Na). A simple survey of 04 ~ 1.93 A) by RH* to form a fully charge-ordered

Rh—0 bond lengths within this structural family shows a gyrycture. The bond length at the former site is in good
progression in typical values from2.07 (RR") to ~2.03

+ i+ i ;
(Rh**) and 1.99 A (RAY), but a closer inspection reveals a (19) Boman, C. EActa Chem. Scand.97q 24, 116.
(20) Jones, C. W.; Battle, P. D.; Harrison, W. T. Acta Crytallogr. C

(16) Stitzer, K. E.; Smith, M. D.; Darriet, J.; Zur Loye, H. ©hem. 1989 45, 365.

Commun2001, 1680. (21) Battle, P. D.; Grey, C. P.; Hervieu, M.; Martin, C.; Moore, C. A;;
(17) Layland, R. C.; Kirkland, S. L.; Zur Loye, H. Q. Solid State Chem. Paik, Y.J. Solid State Chen2003 175 20.

1998 139 79. (22) zakhour-Nakhl, M.; Claridge, J. B.; Darriet, J.; Weill, F.; Zur Loye,
(18) Reisner, B. A.; Stacy, A. MJ. Am. Chem. S0d.998 120, 9682. H. C.; Perez-Mato, J. MJ. Am. Chem Soc 200Q 122, 1618.

Inorganic Chemistry, Vol. 44, No. 20, 2005 7141



Frampton et al.

Figure 5. The local environment around Rh1; the O4 atoms (red circles)

are drawn in an ordered array. Figure 6. [111C0projection of the network formed by Ln1, Ln2, O3, and

04.
agreement with the expected value, whereas the-Rh1

distance at the latter site lies within the range reported the RH* cations are located at the points of intersection.
previously but is clearly shorter than that in many othet'Rh  Each tunnel is defined by a 12-membered ring formed by
compounds. The Rh1 site is illustrated in Figure 5, which alternating Ln and O2 atoms, with the cations being directed
emphasizes the high atomic density in the region where theinto the tunnel to enhance their interaction with the sheath
111 polyhedral chains intersect. Fourteen atoms lie within of negative charge with which O1 and O4 encircle the- Li
2.65 A of Rh1, 6x O4 and 8x Li; the shortest Li-Li Rh—Li chains. The Lr-Ln distance across the diameter of
distance (3.04 A, the same as in lithium metal) occurs in the tunnel is 6.425 A for L= La, and the shortest a_a

this part of the structure. The introduction of disorder at the distance in the structure is 3.58 A.

04 site serves to lengthen the Rh@ bond length and thus The study described above provides clear evidence for
relaxes the environment somewhat. Nevertheless, tl#¢ Rh charge ordering between Rhand RH' in two new,
environment is significantly more crowded than that ia-Sr  stoichiometric mixed-metal oxides. The only previous re-
RhQs, where only six oxide ions lie within 2.9 A of the Rh port? of such charge ordering relates tozRb;O;5, which
cation, and it is therefore not surprising to observe a relatively was described, on the basis of bond-valence calculations, as
short RH"—0 bond length. The L+O distances within the  containing two RA" sites, one RH site, and one mixed-
trigonal prismatic site are very similar to the values repéfted valence RR®" site. The variation in bond lengths (2.04(1)
for AsLiRuOg (A = Ca, Sr) but are relatively large for six- and 2.06(2), 2.00(1), and 2.01(1) A, respectively) was
coordinate Lt (Li—O ~ 2.08 A in LaLiRuOg). The certainly less marked than in the present case, and it is not
enhanced atomic displacement parameters optésumably  clear that the bond valence parameters for unusual oxidation
reflect the presence of static disorder that occurs on this states such as BRhare well defined. The difference between
sublattice in response to that on the O4 sublattice. Thethe two RR-O bond lengths in LuLigRhsOsy is more
lanthanide cations are found in two distinct environments; significant, with the Rh+04 distance within the 14-atom
Lnl, occupying the 24 site, lies within a distorted, face- cage being particularly short, and the evidence for charge
capped square antiprism, whereas Ln2, occupying thie 12 order is thus more convincing. The observation of paramag-
site, lies within a trigonal prism, one rectangular face of netism in LagLigRhsOs9 (R, S = 1/,) is also consistent
which is capped by an oxide ion to generate a relatively shortwith our suggestion of a charge-ordered structure, but the
Ln—O distance (2.31 A). However, it is more informative behavior of the magnetic susceptibility in the temperature
to consider the Ln environment over larger distances. The range 40< T(K) < 70 shows that these compounds cannot
atoms O1 and O4 are bonded only to Li and Rh, with O2 be described in terms of isolated, localized-electron para-
and O3 being bonded only to Ln. This facilitates a description magnetic centers. More experimental work will have to be
of the structure in terms of two substructures: first, thill] undertaken before the electronic structure can be fully
polyhedral chains which involve Rh1, Rh2, Li, O1, and O4 understood.

and, second, the network built up of Ln1, Ln2, O2, and O3.
This network is illustrated in Figure 6. When considered in
this manner, the structure begins to resemble a microporou
solid, with the polyhedral chains running through tunnels in 1C050949S

a lanthanide-oxide network. Each unit cell contains four (23) Omaly, J.; Kohlmuller, R.; Batail, P.; Chevalier, Rcta Crystallogr.
intersecting tunnels which run alorig110directions, and B 198Q 36, 1040.
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