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The structures and magnetic properties of Sr;ZnIrQg, SryCu-
IrQ,, and Sr;NilrQg are presented. The structure of Sr;NilrO was
solved by Rietveld analysis of powder neutron data. The structure
refined in space group R3¢, witha = 9.5806(1) and ¢ = 11.1315(2)
A. The structure consists of infinite chains of alternating 1rO;
octahedra and NiQy trigonal prisms. The structures of Sr;ZnirQ,
and Sr;CulrQy are closely related to that of Sr;NilrQ,. Magnetic
susceptibility studies show that Sr,NilrQ, undergoes complex mag-
netic transitions as a function of temperature and achieves a singlet
ground state below 15 K. Low-temperature neutron diffraction
does not show any evidence for structural changes. Magnetic sus-
ceptibility measurements of SryCulrQy; display ferromagnetic or-
dering below 40 K. Measurements of the saturation magnetization
at applied fields of up to 20 T display virtually no hysteresis loop,
indicating that SryCulr(Q, is a very soft ferromagnet. The saturation
magnetization of 0.61 wy is lower than that expected for two
unpatired clectrons. S ZnleQ, orders antiferromagnetically. The
data were [it to an alternating-chain Heisenberg model. The struc-
‘tures and magnetic properties of these one-dimensional oxides are
diSCHSSEd. 47 1995 Academic Mress, lnc.

INTRODUCTION

Low-dimensional materials, both one- and two-dimen-
sional, have long been of interest to chemists and physi-
cists because of their unique electronic and magnetic
properties. The strong directionality of low-dimensional
struciures can produce highly anisotropic physical prop-
crties since interactions between electrons, such as mag-
nctic coupling, can be strongly dependent on the crystallo-
graphic axes along which they occur. A wide variety of
interesting properties have been observed in low-dimen-
sional solids, including metal-insulator transitions (VO,)
(1), charge density waves (NbS,) (2), superconductivity
(Li,NbO,) (3), antiferromagnetism, and other more com-
plex magnetic phenomena (4).

Magnelic systems of low dimensionality are of particu-
lar interest because they can exhibit a diversity of novel
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properties. For example, Haldane has discovered the ex-
istence of an energy gap between the nonmagnetic singlet
ground state and the excited states for a Heisenberg one-
dimensional antiferromagnet with integer spin (5, 6). In
comparison, for a noninteger spin Heisenberg antiferro-
magnet, there is a continuum of excited states from the
ground state without a gap (7). Haldane's theory, which
predicts a singlet ground state, has been proven experi-
mentally (8-10).

We recently reported on a new one-dimensional oxide,
Sr;NiPtO,, which contains Ni(II) in an unusual trigonal
prismatic coordination (11). The structure of Sr;NiPtQg
consists of infinite chains of alternating face-sharing PtO,
oclahedra and NiQ, trigonal prisms. The chains are sepa-
rated by strontium cations. The magnetic properties of
SrNiPtO, and the structurally related Sr;CuPtO, were
reported. Magnetic susceptibility studies of SryNiPtQ; in-
dicated the presence of Ni(ll) ions with large single-ion
anisotropy; the onsct of short-range antiferromagnetic or-
dering occurred at ~25 K. In contrast, Sr;CuPtO, exhibits
S§ = 1/2 Heisenberg linear chain antiferromagnetism.

The magnetic materials discussed in this paper are
structural, but not magnetic, analogs of the platinum ox-
ides described in our previous publication. Substitution
of diamagnetic, low-spin octahedral platinum (1V), by
low-spin octahedral iridium (IV) (d%), places an element
having one unpaired electron into the octahedral site.
Thus, instead of having alternating magnetic and diamag-
netic centers, as in the platinum oxides, the iridium com-
pounds have an octahedral site with one unpaired electron
alternating with trigonal prismatic sites containing zinc,
copper, or nickel, having zero, one, or two unpaired elec-
trons, respectively. In this way, the number of unpaired
electrons on the trigonal prismatic site can be varied sys-
tematically and the consequent changes in the magnetic
properties of the system examined. The additional interac-
tions between the electrons on the trigonal prismatic site
and the single unpaired electron on the octahedral site
lead to the more complex magnetic behavior observed in
the iridium analogs, compared to the platinum-contain-
ing systems,
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In this paper we report the structures and magnetic
properties of SryNilrQg, Sr,CulrQy, and SriZnlrQ,. The
magnetic properties of Sr;CulrQg, which was originally
prepared and structurally characterized by Neubacher
and Miiller-Buschbaum (12) are included for complete-
ness. No characterization of the physical properties had
been previously reported.

EXPERIMENTAL

Polycrystalline samples of Sr;NilrQ,, SryCulrO,, and
Sty ZnlrQy were prepared via solid state reactions. Stoi-
chiometric amounts of 3rC0O, (Cerac, 99.5%), Ir metal
(Aesar or Engelhard, 99.9%) and the appropriate first-
row transition metal oxide, NiQ (Cerac, 99.995%), CuQ
(Cerac, 99.999%), and ZnO (Aldrich, 99.9%), were inti-
mately mixed under acetone using an agate mortar and
pestle and pressed into pellets. The pellets were placed
on platinum foil in alumina boats during heating to prevent
aluminum contamination. Heating the samples at 1150°C
for 2 weeks with intermittent grindings yielded single-
phase materials.

Powder samples were structurally characterized using
a Rigaku RU300 X-ray diffractometer using CuKa radia-
tion, A = 1.5405 A. An X-ray powder diffraction step
scan was collected from 5-105° 2@ in steps of 0.01° 20
using a collection time of 3 sec/step. A Rietveld refinement
of the powder X-ray diffraction data was performed using
the refinement package GSAS (13). Powder neutron dif-
fraction data were collected from 7-120° 26 with a step
interval of 0.05° at the NIST nuclear facility at Gaither§-
burg, Maryland. The neutron wavelength was 1.5390 A,
Rietveld refinement of the powder diffraction data was
performed using the refinement package GSAS.

The oxygen content of the samples was determined by
thermogravimetric analysis (TGA) using a Cahn TG12!
system. Samples weighing approximately 50— {00 mg were
heated to 900°C under 5% H,/95% N,. The initial oxygen
content was back-calculated from the measured weight
loss. Heating oxygen deficient samples under pure oxygen
to 550-700°C resulted in a weight gain associated with
the complete oxidation of the compounds.

Magnetic measurements were obtained using a Quan-
tum Design MPMS SQUID magnetometer at tempera-
tures ranging from 2 to 300 K. All samples were fully
oxidized by annealing under O, at 550-750°C before being
used for any magnetic measurements. For data collection,
ali samples were cooled in zero field to 5 K. Once the
sample temperature reached 5 K, the magnetic field was
turned on and data were collected. Alldata were corrected
for the diamagnetic contribution of the calibrated Kel-F
sample container. High-field magnetic studies were per-
formed at the Francis Bitter National Magnet Laboratory.

Electrical conductivity measurements were performed
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TABLE 1
Crystallographic Data for SryNilrQ, at 298, 30, and 10 K
Formula SeNilrQ,
Formula weight 609.78
Color Black powder
Space group Ric
V4 6
X, A Neutron, 1.5390
20 scan range (°} 10-120
Step interval (°) 0.05
Maximum step intensity {counts) 2500
Number of unigue reflections 154
Number of structural parameters® 10
Number of background parameters 6
Number of profile parameters 4
Refinement Rietveld using GSAS! with
pseudo-Voight® peak
shape functions
298 K 30K 10 K
a (A) 9.5806(1} 9.5783(1) 9.5783(1)
c(A) 11.1315(2) 11.1323(2) 11.132§(2)
V(A) 884.85(3) 884.48(3) 884.48(3)
R 6.23% 6.22% 6.28%
R, 4,999, 5.01% 4.96%
GOF (R.,/R,) 1.16 1.21 1.24
x? 1.35 1.36 1.43

7 Includes atomic positional and displacement parameters and unit
cell dimensions.

#A. C. Larson and R. B. von Dreele, General Structure Analysis
System (GSAS), LANSCE, Los Alamos National Laboratory.

¢P. Thompson, D. E. Cox, J. B. Hastings, J. Appl. Cryst. 20,
79-83, (1987).

? Rup = [Z wll, — IDVE wil],

‘R,=Z|l,— I[/Z 1, where I, and /, are the observed and calculated
integrated intensities, respectively, and w is the weight derived from
an error propagation scheme during the least-square refinement process.

on sintered pellets using a Janis Research Co., Inc. con-
ductivity apparatus equipped with a Keithley Model 236
electrometer and a Lakeshore 333 temperature controller.
Gold wires were attached to the samples with conducting
silver paint. Currents used were typically between | pA
and 1 nA.

RESULTS

Sr:;NferG

The structure of SryNilrO, was determined by Rietveld
analysis of the powder neutron diffraction data using the
program GSAS (see Table 1) and found to be isostructural
with the platinum analog, Sr,NiPtO,. The powder samples
of SryNilrQg were prepared by solid state reactions and
had an oxygen stoichiometry of 5.9-6.0 as determined by
thermogravimetric analysis. The oxygen content was a
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FIG. 1. Neutron Rietveld analysis for SrsNilrQg at 298 K showing

the observed, calculated, and difference patterns.

function of the cooling rate from high temperatures. Reac-
tions in which the furnace was simply turned off at high
temperatures gave the most oxygen deficient materials;
however, the samples can be fully oxidized by annealing
under oxygen at 550-750°C. Neutron diffraction data were
collected on fully oxidized samples. The Rietveld refine-
ment was carried out both in the space group of the plati-
num analog, Sr;NiPtO,, (11) R3¢, and in that of the struc-
turally related Sr;CulrQy, (12) C2/c. All attempts to refine
the structure in the monoclinic space group diverged.
Refinement of the Sr;NilrOy structure using the space
group and atomic positions of Sr;NiPtO, gave a unit cell
of a = 9.5806(1) A, ¢ = 11.1315(2) A and quickly con-
verged to R,, = 6.23%, R, = 4.99%. The observed,
calculated, and difference patterns are shown in Fig. 1.

Materials of composition Sr,MIrQ,, M = Ni, Cu, Zn,
have structures related to the one-dimensional structure
of A,PtOg, where A = Ca, Sr, Ba. The A, P10 structure,
space group R3c, consists of infinite chains of alternating
face-sharing PtOg octahedra and AQ, trigonal prisms. In
Sr;NilrQg the alkaline earth cation situated within the
chains has been replaced by a first-row transition metat
and the platinum has been replaced by the isovalent irid-
ium. Consequently, the iriddium and the nickel now alter-
nate along the infinite chain. The structure of Sr;NilrQ;
is shown in Figs. 2 and 3. Figure 2 shows a single chain
of SryNilrQ, containing alternating Ni(II) in an unusual
trigonal prismatic coordination and Ir(1V) in octahedral
coordination. A view down the c-axis is shown in Fig. 3.
The chains are separated by the strontium cations, which
maintain charge balance and are located in square antipris-
matic coordination. Table 2 lists the atomic positions and
their estimated standard deviations, and selected bond
distances and angles are displayed in Table 3.

NGUYEN AND ZUR LOYE

FIG. 2. A single chain in the SrNilrQOg structure. Iridium, large
shaded circles; nickel, small shaded circles; oxygen, open circles. The
alternating IrO, and NiQ, polyhedra have local O, and D, site symme-
try, respectively.

The Ni-O bond distance of 2.180(1) A found for Sr;Ni
IrO; is long; however, Ni(ID-0 distances of up to 2.26
A have been reported in La,NiQ, (1.95 and 2.26 A) (14)
and Y,BaNiO, (1.88 and 2.19 A} (10). The Ni-Ir distance
of 2.7829(1) A is somewhat short, but isostill greater than
the sum of the two atomic radii of 1.25 A for Ni and 1.36
A for Ir, ruling out direct metal-metal bonding. In the
isostructural Sr;NiPtO, compound (11) the d-bands are
very narrow, suggesting the absence of Ni—Pt interactions
and, furthermore, the crystal orbital overlap population
(COOP analysis} also indicated no Pt—Ni bonding (15).

The magnetic susceptibilities of SryNilrQy at 3, 10, and
40 kG are shown in Fig. 4. The susceptiblity is Curie-
like from 300 to 150 K. Between 150 and 70 K there is a
positive deviation from Curie-like behavior, followed by
a large increase in the susceptibility starting at ~70 K and
reaching & maximum susceptibility at T, ~21 K. At
temperatures below T, ., there is a precipitous drop in
the magnetization to that of a constant singlet ground
state for T = 15 K. The increase in the susceptibility
below 70 K is especially sharp for the 3- and 10-kG data,
but the 40-kG curve does not have a noticeable increase.

A plot of the effective moment, x7T, as a function of
temperature is shown in Fig. 5b. There are two peaks in
the effective moment at ~90 and ~35 K followed by a

FIG. 3.
tium, shaded circles; oxygen, open circles.

The structure of SrNilrQ, looking down the c-axis. Stron-
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TABLE 2
Atomic Positions of Sr;NilrQ, from Refinement of
Neutron Data

Atom X ¥ z Uiso x 100

298 K

Sr 0.3636(1) 0 1/4 0.45(3)

Ir 0 0 0 0.19(4)

Ni ] 0 174 0.76(5)

0 0.1732(1) 0.0230(1) 0.1134(1}) 0.52(3)
K

Sr 0.3639(1) 0 /4 0.11(3)

Ir 0 0 0 0.01{4)

Ni 0 0 114 0.09(4)

0 0.1737(1) 0.0232(1) 0.1136(1) 0.15(3)
10K

Sr 0.3643(1) 0 1/4 0.12(3)

Ir 0 0 0 —0.10(4}

Ni 0 0 /4 0.14(4)

Q (.1736(1) 0.0234(1) 0.1136(1) 0.16(3)

sharp decrease in the moment that converges to zero.
These two maxima correspond to the positive deviation
from Curie-like behavior between 150 and 70 K and the
sharp increase in the susceptibility below 70 K, shown in
the x vs T plot (Fig. 5a). The sharp drop in the effective
moment below 20 K is mirrored by the drop in the suscep-
tibility below 21 K. The positive deviations are consistent
with ferromagnetic interactions, while the decrease in the
effective moment below 20 K indicates antiferromag-
netic interactions.

To discover whether the abrupt drop in the susceptibil-
ity is caused by a structural transition at low temperatures,
such as the dimerization of the magnetic nuclei along the
chain, we performed low-temperature neutron diffraction

TABLE 3
Selected Bond Distances and Angles from Refinement of
Neutron Data

298 K 30K 10K
Ir-0 {x6} 2.007(1) 2.002(1) 201001
Ir-Ni (X2} 2.78287(5) 2.78307(4) 2.78302(4)
Ni-0 (x6) 2.180(1) 2.180(1) 2.179(1) -
Sr-0 (x2) 2.654(1) 2.654(1) 2.653(1)
Sr-0 (x2) 2.468(2) 2.466(1) 247001
Sr-0 (x2) 2.608(1) 2.606(1) 2.605(1)
Sr-0 (x2) 2,733 2.732(1) 2.73002)
O-1r-0 (%6) 84.69(5) 84.67(5) 84.65(5)
O-1r-0 (x06) 95.31(%) 95.33(5) 95.35(5)
O-Ir-0 (x3) 180 180 180
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FIG. 4. Magnetic susceptibilities of Sr;NilrQOgat 3, 10, and 40 kG.

studies at 10 K (singlet state region) and 30 K (ordering
region). The data were refined in space group R3c using
the refinement package GSAS, resulting in R, = 6.22%,
R, = 5.01% and R,, = 6.28%, R, = 4.96%, for the
30 K and 10 K data sets, respectively. The observed,
calculated, and difference plots for the 30 and 10 K powder
patterns are shown in Figs. 6 and 7, respectively, and the
refinement data are shown in Table 1. With the exception
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FIG. 5. (a) Magnetic susceptibility and (b) effective magnetic mo-
ment of SryNilrQy at 5 kG.
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FIG. 6. Neutron Rietveld analysis for Sr;NilrQ, at 30 K showing
the observed, calculated, and difference patterns.

of the expected contraction in the unit cell parameters at
lower temperatures, no structural changes were observed
in the low-temperature studies. The atomic positions and
their estimated standard deviations are listed in Table 2
and selected bond distances and angles are displayed in
Table 3. No additional peaks suggesting the existence of
a magnetic superstructure are observable.

SrCulrQ,

Both Sr;CunlrQg and Ca;CulrOg have been structurally
characterized by single-crystal X-ray diffraction (12, 16).
Small single crystals of Sr;CulrQy and Ca,CulrQg were

20 40 60 80
2-Theta (%)

100

FIG. 7. Neutron Rietveld analysis for SryNilrQg at 10 K showing
the observed, calculated, and difference patterns.

NGUYEN AND ZUR LOYE

e+

oy

0.4+
[

0.2

Molar Susceptibility {emu/mol)

.
3
[
0.0———.—'»!#—0—01-0-0—%0-,4—0—4" p
0 50 100 150 200 250 300

Temperature (K)

b
10.0
8o &
[T
E60dl®
2 |e*
=
= Je ®
340 [
= e
2.0
.
“** ¢ et s s e s
04(} T ] R T T
0 50 100 150 200 250 300

Temperature (K)

FIG. 8. (a) Magnetic susceptibility and (b) Effective magnetic mo-
ment of Sr;CulrQg at 5 kG, The xT curve indicates that the sudden
increase in susceptibility at ~350 K is a ferromagnetic transition.

obtained by slow cooling the mixture of starting materials
and by slow cooling in a CaF/KF flux, respectively.
Sr,CulrQ, can also be prepared by a solid state reaction of
the simple oxides and iridium metal. Ca;CulrQ,, however,
cannot be synthesized in such a manner. These materials
are isostructural with Sr;CuPtQy (17), containing alternat-
ing iridium oxygen octahedra and edge-shared copper ox-
ygen square planes, rather than copper oxygen trigonal
prisms. The square planar coordination is achieved by a
displacement of the copper from the center into one of
the rectangular faces of the trigonal prism.

The magnetic susceptibility data of Sr,CulrQy are
shown in Fig. 8a. The susceptibility is Curie-like between
300 and 40 K, followed by a large sharp increase at ~40
K, indicative of ferromagnetic ordering. Ferromagnetic
ordering is also suggested by the xT plot shown in Fig.
8b. The effective mement is constant before the transition,
as is expected for Curie-like behavior, and rises sharply
upon reaching the ordering temperature. The moment
then decreases at ~15 K because of magnetic saturation.

To further investigate the magnetic properties of this
material, magnetic field dependence studies were per-
formed. Figure 9a shows the field dependence of Sr,Cu
IrQq at 5 K for positive and negative fields up to 4 T. The
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FIG. 9. (a) Field dependence of SryCulrQ, at 5 K. Sr;CulrQy is a
soft ferromagnet with a saturation magnetization of ~0.7 uy. (b) High-
field dependence of Sr;CulrO; at 4.5 K.

magnetization loop is typical of a ferromagnet, and the
noticeable lack of hysteresis suggests that Sr;CulrQy is
an unusually soft ferromagnet. The experimentally found
saturation magnetization is 0.6} wy per mole. High-field
data were collected at Francis Bitter National Magnet
Laboratory in a search for a second transition to a satura-
tion magnetization corresponding to the 2 uy expected
for a system coniaining two unpaired electrons. As is
shown in Fig. 9b, at applied magnetic fields of up to 20 T,
the saturation magnetization does not change appreciably
from the low-field results.

The onset of magnetic ordering is also reflected in the
electrical conductivity measurements performed on a sin-
tered pellet of Sr,CulrQy (Fig. 10). At high temperatures,
the noninteracting electrons are delocalized, and the con-
ductivity is essentially constant, decreasing only slightly
upon cooling. Upon reaching the ordering temperature,
however, the conductivity decreases by a factor of ap-
proximately 4, indicating magnetic ordering and localiza-
tion of the electrons.

SriZnlrOy

The powder X-ray diffraction pattern of Sr;ZnlrQ, was
indexed to a hexagonal unit cell of 2 = 9.6327(4) and
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¢ = 11.2022(5) A. An attempt was made to refine the
structure by Rietveld analysis of the powder X-ray diffrac-
tion data, using the structure of Sr;NilrQ, as a starting
point. The refinement converged to R,, = 16% and
R, = 12.6%; however, the difference plot suggests that
the structural model is incorrect. The structure was also
refined in the monoclinic space group of Sr;CulrQ,,
C2le; however, no acceptable refinement was obtained
for this space group either. Given the preference of Zn?*
for tetrahedral over trigonal prismatic coordination, it
would not be surprising if Sr;ZnlrQ; were distorted from
the SryNilrQ, structure.

Sr,ZnlrQg can be considered an analog of SryCuPtOyg
with the spin located on the octahedral site rather than
on the distorted trigonal prismatic site. In Sr,CuPtQ,
there is one unpaired electron in the Cu(ll) square planar
site and no unpaired electron in the octahedral site occu-
pied by the Pt(IV). Sr,ZnlrQq, on the other hand, contains
no unpaired electron in the Zn(Il), d'°, site, and the un-
paired electron is now located in the octahedral site occu-
pied by the Ir(IV), d°.

One might expect that the magnetic properties of SryZn
IrQg and SryCuPtO, would be similar since they both have
chains containing alternating spin one-half and spin zero.
However, the different site symmetry of the unpaired
etectron in Sr;ZnlrOc—octahedral—versus that in Srq
CuPtO;,—square planar—in addition to the different mag-
nitudes of spin—orbit coupling for iridium versus copper
leads to different magnetic behavior. Indeed, magnetic
studies of SryZnlrQ, at 5 kG (Fig. 11) reveal an antiferro-
magnetic transition at ~20 K, with a stightly different cusp
shape than that observed for Sr,CuPtQ,. The magnetic
susceptibility data for Sr,CuPtO, were successfully fit to
a linear chain Heisenberg model (11). Attempts to fit the
magnetic susceptibility data of SryZnIrQ; to the same
model resulted in poor fit. The fit, also shown in Fig. L1,

5

+0.8

=]
s
H

m  Molar Susceptibility

r0.0
o Conductivily (Normalized)

o
P
(¥s10r0) ANATIONPUOD)

L4

Molar Susceptibility (emu/mol}

]
.....Ill

(=]

y 8 s & &)
50 100 150 200 250
Temperature (K)

=

FIG. 10. Combined plot of the magnetic susceptiblity and the electri-
cal conductivity of Sr;CulrQq. The conductivity drops by a factor of 4
at approximately the temperature where ferromagnetic ordering sets in.
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to the Heisenberg linear chain model and the alternating chain model.

predicted a broader transition and a lower susceptibility
than were actually observed.

A good fit, however, was obtained by modeling the data
using the alternating chain Heisenberg model (18-20).
This model assumes that the magnetic exchange interac-
tion between a magnetic ion and its nearest magnetic
neighbor on one side is different from the magnetic ex-
change nteraction with its nearest neighbor on the other
side. In other words, there are two exchange constants,
J, and they alternate along the c¢hain. On the other hand,
the linear chain Heisenberg model uses a Hamiltonian
that accounts for nearest neighbor interactions isotropi-
cally, that is, the exchange between spins are all equiva-
lent {21). The second exchange constant of the alternating
chain model is generated by introduction of an alternation
parameter, a, where 0 =< a = 1(20). Thus, the Hamilto-
nian becomes

nl2
H= —ZJZI [83+ Soim1 83l

and the couplings along the chain alternate. When o =
1, the model reduces to the linear chain model, and when
« = 0, the chain can be viewed as a series of dimers. The
equation used to fit the data was obtained from Hatfield
(22, 23). A teast-square best fit gave J/k = —156K, g =
1.79, and o = 0.11. The small & value indicates that
Sr,ZnlrQ, is magnetically more like a dimer than like a
lingar chain. The inequivalent magnetic exchanges pre-
dicted by the model imply that there should be alternating
bond-length distances between the miagnetic ions.

NGUYEN AND ZUR LOYE

DISCUSSION

Trends in the Magnetic Data

The focus of this paper has been the structural and
magnetic characterization of the one-dimensional oxides,
SryMIrQ,, where M = Zn, Cu, and Ni. As with the iso-
structural platinum-containing oxides, the ability of this
structure to accommodate substitution on the trigonal
prismatic M site allowed for the systematic study of the
compaosition—-magnetic property relationship in this series
of materials. In the case of the iridium-containing oxides,
however, the diamagnetic octahedral PH{IV) site has been
replaced by Ir(IV), which contains one unpaired electron.

As with the platinum-containing oxides, (11} the mag-
netic behavior of the iridium-containing oxides became
more complex as the number of unpaired electrons on the
M site was increased from zero to one to two. The struc-
tures of SryNilrOyq, Sr;CulrQ,, and SryZnIrQ, are all re-
lated, yet differ in the exact coordination around the metal
in the trigonal prismatic site. The nickel sits in the middle
of the trigonal prismatic site, the copper is displaced into
one of the faces, but the exact distortion for the zinc is not
presently known. Given the preference of Zn>* for tetrahe-
dral coordination, however, we might expect a distortion
that results in a tetrahedral-like environment for zinc.

Magnetically, the three compounds differ drastically.
The magnetic susceptibility of SryZnlrQg, 2.8 = 1/2system,
displays antiferromagnetic ordering at 20 K and can be fit
to an alternating chain model. Still, the exact nature of this
magnetic behavior needs further study since the model re-
quires alternating bond lengths between the magnetically
coupled iridiums. The parent structure, Sr;NilrQ,, does
not have alternatingbond lengths. However, the Sr;ZnIrQ,
structure appears to be distorted and consequently could
give rise to alternating short and long bond lengths, Thus,
given the magnetic data, we would expect the crystal struc-
ture to have two inequivalent Ir-Ir distances, which would
lead at least to a doubling of the c-axis. Indexing of the
Sr,ZnlrQ, X-ray diffraction data, however, results in
lattice parameters that are almost identical to those of
Sty NilrQy,, suggesting that at room temperature there is no
evidence of alternating bond distances. This fact does not
eliminate the alternating chain model as adescription of the
magnetic behavior of Sr;ZnlrOg at ~20 K: other materials
withuniform distances between magneticions at room{em-
peratures have been shown by dielectric measurements to
undergo dimerization at lower temperatures (22, 23); the
resulting phase transitions appear as anomalous peaks in
capacitance measurements. Also, our X-ray diffraction
data may not be sufficiently sensitive to detect possible ox-
ygen position changes, and more sensitive methods, such
as low-temperature neutron diffraction, might be neces-
sary to reveal any structural deviations.

The replacement of diamagnetic Zn{ll) with Cu(ll),
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which contains one unpaired electron, to form Sr;CulrQ,,
creates a material that contains chains with two distinct
S = 1/2 sites. These two sites order ferromagnetically,
based on the magnetic susceptibility data shown in Figs.
8 and 9. 1t is worth pointing out that in these series of
iridium-containing and platinum-containing oxides,
SryCulr(; is the only material that contains only ferro-
magnetic coupling. This is interesting, especially since
ferromagnetic ordering is rare in cuprates. The saturation
magnetization of SryCulrQy is only 0.61 uyp, lower than
the expected 2 uy, the saturation moment for two unpaired
electrons. Often an experimental saturation magnetiza-
tion that is lower than expected can be explained by invok-
ing ferrimagnetism or canted antiferromagnetism. In the
case of ferrimagnetism, there are two sets of opposing,
parallel spins with unequal magnitudes. The result is a net-
spin with reduced magnitude. The ferrimagnetic model,
however, is unlikely in the case of Sr;CulrQy, since both
copper and irtdium have one unpaired electron each. In
the case of a canted antiferromagnet, the spins are of
equal magnitude, but they arc not perfectly opposed as
they would be in an ideal antiferromagnet. The net result
is again a set of parallel spins with smaller magnitudes.
This model, however, implies spin anisotropy, since the
magnetic moments are not parallel.

Another model that can rationalize the experimental
saturation magnetization is simple ferromagnetism that
is not clearly manifested in the magnetic results. The
observed saturation magnetization is 0.61 ug, or approxi-
mately one-third the expected saturation magnetization
of 2 py. Since the magnetic moment was measured on
powder samples, the observed magnetization is the true
magnetization averaged over the three crystallographic
axes. Since the grains of material are randomly distrib-
uted, if two spin axes were statistically “‘locked in’’ space
and unable to move and align with the applied field, then
only one-third of the total magnetization would be ob-
served. To verify this spin arrangement, a very large ex-
ternal field, up to 20 T, was applied in an attempt to align
the spins physically. This field did not prove large enough
to align the spins. Single crystal anisotropic magnetic mea-
surements are needed to verify a ferromagnetic model. If
this model is correct, a saturation magnetization of 2 up
will be observed in one crystallographic direction and
no moment will be observed in the two perpendicular
directions. Single crystal growth is in progress.

The substitution of Ni(II} for Cu(II) results in the com-
pound Sr;NilrQg, which contains chains with alternating
S = L (Ni(Il)) and § = 1/2 (Ir(IV)} centers. SryNilrQ,
displays the most complex magnetic behavior of all the
platinum and iridium oxides in this series of one-dimen-
sional compounds. The susceptibility curves shown in
Fig. 4 are characteristic of an antiferromagnetic transition,
and the decrease in susceptibilities at higher fields is indic-
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TABLE 4
Summary of Magnetic Data

StyNilrO, Antiferromagnetism

SrCultO, Ferromagnetism

SnZnlrQ, Antiferromagnetism

Sy NPt~ Antiferromagnetism

SrCuPt(," Antiferromagnetism

SryCoPtO,* Random spin chain paramagnetism
Sr;ZnPtO, Diamagnetism

Sr;CuPty sIr, O Random spin chain paramagnetism

2T. N. Nguyen, D. M. Giaquinta, and H.-C. zur Loye,
Chem. Mater. 6, 1642 (1994).

5 T. N. Nguyen, Thesis, Department of Chemistry, Mas-
sachusetts Institute of Technology, 1994.

ative of spin saturation of ferromagnetic ordering. The
two peaks in Fig. 5 indicate ferromagnetic interactions,
while the decrease in moment indicates antiferromagnetic
coupling. A possible explanation that describes the mag-
netic results is ferromagnetic exchange within the chains
and antiferromagnetic exchange between the chains, giv-
ing a singlet ground state. At 90 K, the spins of Ni and
Ir are aligning ferromagnetically within the chains, result-
ing in an increased magnetic moment. The larger increase
in the magnetic moment at 35 K is due to additional Ni
and Ir centers’ coupling along the chains. At low tempera-
tures, these chains, which contain intrachain ferromag-
netic exchange, couple antiferromagnetically to give a
zero effective moment.

It is interesting to note that the powder susceptibility
of an antiferromagnet will normally converge to a value
of two-thirds x,,.,, the maximum susceptibility, after the
ordering temperature (24). The magnetic transition to a
singlet ground state, which occurs at ~21 K, might be
explained by a structural transition such as dimerization of
the magnetic nuclei within the chains. Low-temperature
neutron data, however, provide no indication of either a
structural transition or additional magnetic peaks that
might arise from the dimerization of the magnetic centers
along the chain.

As with the platinum-containing oxides, the iridium-
containing oxides’ magnetic behavior is altered by sys-
tematic substitutions. The addition of one unpaired elec-
tron to an otherwise diamagnetic site can have a significant
effect on the magnetic properties of a material, as seen
for Sr;CulrQg, which is ferromagnetic, while Sr;ZnlrO,
is antiferromagnetic. The magnetic data for this family of
one-dimensional compounds are summarized in Table 4.
Even more interesting and complex magnetic behavior
can be observed in solid solutions between the various
members of this family. For example, random spin chain
paramagnetism (25) is observed in Sr;CuPtlr, ;O on
which we will report in the near future,
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CONCLUSION

The magnetic properties of three one-dimensional ox-
ides, SryZnlrQ,, Sr,CulrQg4, and Sr;NilrQg, were dis-
cussed. These materials are the iridium analogs of the
platinum oxide family, Sr;MPtO,, M = Ni, Cu, Zn. These
structural analogs aliow the investigation of the effects
on the magnetic properties of this structural family when
a diamagnetic transition metal in the chain is replaced with
one that contains one unpaired electron. As expected,
this exchange results in magnetic behavior of increasing
complexity, where apparently the specific site symmetry
of the magnetic centers has an important effect on the
observed magnetic property. The magnetic susceptibility
data of SryZnIrQ¢ could be fit best to an alternating linear
chain antiferromagnetic model. SryCulrOg was found to
be a ferromagnet with a lower than expected saturation
magnetization, and finally, Sr;NilrQ,, displays complex
magnetism indicative of both intrachain ferromagnetic
and interchain antiferromagnetic interactions.
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