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Single crystals of a new one-dimensional oxide, Sr3NiPtO6, containing Ni(I1) in a n  usual 
trigonal prismatic coordination were synthesized electrochemically using platinum electrodes 
in a mixture of SrC03 and NiO dissolved in a KOH flux. Since the as-grown crystals were 
twinned, the structure was determined by Rietveld-analysis of the X-ray and neutron powder 
data. The structure was refined in space group R3c, with a = 9.5832(1) and c = 11.1964(1). 
SrsNiPtOs, structurally related to Sr3CuPtO6 and the parent compound A4PtO6 (A = Ca, 
Sr,Ba), contains infinite chains of alternating, face-sharing PtO6 octahedra and NiO6 trigonal 
prisms. Magnetic susceptibility studies of SrsNiPtOs indicate the presence of Ni(I1) ions 
with large single-ion anisotropy (D = 90.2 K, g = 2.37, XTIP = 5.7 x emu/mol) and the 
onset of low-dimensional, short-range antiferromagnetic ordering a t  -25 K. In contrast, 
Sr3CuPtOs exhibits S = l/2 Heisenberg linear chain antiferromagnetism with J/k = -26.1 K 
a n d g  = 2.21. 

Introduction 

Electrosynthesis in molten salts is a well-known 
technique that has been used to synthesize many types 
of solid-state materials in single-crystal form.1-6 The 
electrosynthesis technique offers numerous advantages, 
including access to unusual oxidation states, conven- 
ience of lower reaction temperatures, and fast reaction 
times, over conventional solid-state synthesis. Com- 
bined, these attributes can lead to single crystals of 
novel materials that may not be prepared by other 
synthetic routes. Much of the work done previously has 
concentrated on cathodic reactions and the synthesis of 
reduced early transition metal materials at  tempera- 
tures often exceeding 800 OC.l,'-ll 

Recently, many new oxides containing high-valent 
late transition metals or bismuth have been synthesized 
in molten alkali hydroxides using the flux method.12-22 
A modification of the flux method by the addition of an 
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electrochemical potential gradient as the active reaction 
driving force has lead to the synthesis of additional new 
compounds. Using electrochemistry, Norton was able 
to synthesize single crystals of the superconductor 
(Ba,K)BiOs at  temperatures as low as 180 "C in molten 
KOH.23 The mechanism of this reaction has also been 
inve~t iga ted .~~ Similarly, we have prepared single 
crystals of the potassium ion conductor KBiO3, a phase 
previously prepared only at  high temperature and high 
oxygen pressure.25 Hydroxide fluxes are promising as 
good solvents for the electrosynthesis of highly oxidized 
late transition metal materials. The hydroxides are low 
melting with low volatility and toxicity, and they readily 
dissolve many oxides. Furthermore, their well-studied 
Lux-Flood acid-base chemistry may help in the un- 
derstanding of the electrosynthesis process. In this 
paper we report the electrosynthesis, structure, and 
magnetic properties of SrsNiPtOs, a new S = 1 one- 
dimensional oxide. Chain systems with S = 1 have 
received much attention recently due to the possible 
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existence of a Haldane gap.26-28 For one-dimensional 
antiferromagnetic systems with integer spin, Haldane 
has predicted the existence of an energy gap between 
the nonmagnetic singlet ground state and the excited 
 state^,^^,^^ whereas for a noninteger spin Heisenberg 
antiferromagnet, there is a continuum of excited states 
from the ground state without a gap. For comparison, 
we also report the magnetic properties of the isotypic 
SrsCuPtO6 prepared via solid state synthesis. Wilkin- 
son et. al. have prepared Sr3CuPtO6 via flux methods; 
however, no characterization of physical properties was 
reported.31 

Experimental Section 

Sample Preparation. SraNiPtO6 was synthesized by 
constant-potential, two-electrode electrolysis in molten KOH. 
A typical reaction mixture consisted of 0.7 g (4.75 mmol) of 
SrC03 (Cerac, 99.5%), 0.25 g (3.35 mmol) of NiO (Johnson 
Matthey, reagent grade), and 32 g (570 mmol) of KOH 
(Mallinckrodt, reagent grade). This mixture was placed in an 
alumina crucible and heated quickly to  700 "C. The reaction 
mixture was allowed to equilibrate at 700 "C for 4 h. Once 
equilibrated, two platinum electrodes (0.020 in. diameter) were 
inserted into the melt, and a constant potential of 0.65-0.7 V 
was applied. Control experiments in which no potential was 
applied did not yield any material. Slow cooling a mixture of 
SrC03, NiO, and Pt metal dissolved in molten KOH resulted 
in the crystallization of the known oxide, Sr~Ni4011.~~ 

Electrolysis for approximately 12 h yielded single crystals 
of SrsNiPtO6 on the platinum anode, while the platinum 
cathode was almost completely consumed. The crystals of Sr3- 
NiPtO6 grew as dark brown to  black hexagonal prisms as big 
as 0.2 x 1 mm. They were extracted with a probe and any 
residual flux was removed by washing with methanol. Re- 
placing SrC03 with Ca(0H)z in the reaction mixture in order 
to make the CasNiPtO6 analog only produced CarPtOs, a 
known material structurally similar to  SrsNiPtO6. Switching 
to both palladium or nickel electrodes to  make the nickel- 
palladium or the all-nickel analog, respectively, did not yield 
the desired products. The use of two palladium electrodes only 
resulted in the formation of NiO single crystals. 

Polycrystalline samples of SrsNiPtOs and Sr3CuPtO6 were 
prepared via solid-state reactions. Stoichiometric amounts of 
SrC03, (Cerac, 99.5%), Pt metal (Aesar, 99.99%), and NiO 
(Cerac, 99.995%) or CuO (Cerac, 99.999%) were intimately 
mixed and pressed into pellets. The pellets were placed on 
platinum foil in alumina boats during heating to prevent 
contamination. Heating the samples at 1150 "C with inter- 
mittent grindings yielded single phase materials after 2 weeks. 

Structural Characterization. Single-crystal composition 
was determined by wavelength-dispersive analysis using a 
JEOL 733 microprobe with internal standards. Powder samples 
were structurally characterized using a Rigaku RU300 X-ray 
diffractometer using Cu Ka  radiation, 1 = 1.5405 A. A 
polycrystalline sample of SrsNiPtOs was used for the structure 
determination. An X-ray powder diffraction step scan was 
collected from 5 to 105" 28 in steps of 0.01" 28 using a collection 
time of 5 s/step. A Rietveld refinement of the powder X-ray 
diffraction data were performed using the refinement package 

(26) Gadet, V.; Verdaguer, M.; Briois, V.; Gleizes, A.; Renard, J. 
P.; Beauvillain, P.; Chappert, C.; Goto, T.; Le Dang, IC; Veillet, P. Phys. 
Reu. B 1991,44, 705. 
(27) Renard, J. P.; Verdaguer, M.; Regnault, L. P.; Erkelens, W. A. 

C.; Rossat-Mignod, J.; Ribas, J.; Stirling, W. G.; Vettier, C. J. Appl. 
Phys. 1988, 63, 3538. 

(28) Darriet, J.; Regnault, L. P. Solid State Commun. 1993,86,409. 
(29) Haldane, F. D. M. Phys. Reu. Lett. 1983, 50, 1153. 
(30) Haldane, F. D. M. Phys. Lett. 1983, 93A, 464. 
(31) Wilkinson, A. P.; Cheetham, A. K.; Kunnman, W.; Kvick, A. 

Eur. J. Solid State Inorg. Chem. 1991,28, 453-459. 
(32) Larson, A. C.; von Dreele, R. B. In GSAS: General Structure 

Analysis System; Los Alamos National Laboratory: Los Alamos, NM, 
1990. 

Chem. Mater., Vol. 6, No. 10, 1994 1643 

GSASs2 using the single-crystal structure of Sr3CuPtO6 as a 
starting model. Powder neutron diffraction data was collected 
at the NIST nuclear facility at Gaithersburg, MD. GSAS was 
also used to refine the neutron data scan taken from 7 to 120" 
28 with a step interval of 0.05". The neutron wavelength was 
1.5400 A. 

The oxygen content of the samples was determined by 
thermogravimetric analysis (TGA) using a Cahn TG121 sys- 
tem. Samples weighing approximately 50-100 mg were 
heated to 900 "C in 5% H2/95% Nz. The initial oxygen content 
was back-calculated from the weight loss. Heating oxygen 
deficient samples in pure oxygen to 700 "C resulted in a weight 
gain associated with the complete oxidation of the compounds. 

Magnetic Measurements. Magnetic measurements were 
obtained using a Quantum Design MPMS SQUID magnetom- 
eter at temperatures ranging from 2 to  300 K and in applied 
fields of 1, 5, and 40 kG. All samples were fully oxidized by 
annealing in 0 2  at 550-750 "C before being used for any 
magnetic measurements. For data collection, all 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. All data were corrected for the diamagnetic contri- 
bution of the calibrated Kel-F sample container. 

Results and Discussion 

Structural Characterization. Precession photo- 
graphs of SrsNiPtO6 crystals revealed hexagonal sym- 
metry with no obvious twinning. Attempts to refine the 
single-crystal structure in a hexagonal space group were 
not successful. Refining the structure in a rhombo- 
hedral space group, Rgc, and in the monoclinic space 
group, CVc, of the isotypic SrsCuPtO6 gave qualitatively 
similar structures with R = 6.1% and R = 5.5%, 
respectively. However, closer examination of the X-ray 
diffraction data showed systematic absences that were 
inconsistent with hexagonal, rhombohedral, or mono- 
clinic symmetry, suggesting that the as-grown crystals 
of SrsNiPtO6 are twinned. This observation is consis- 
tent with flux grown Sr3CuPtO6 which also exhibits 
twinning.33 Furthermore, the relatively fast reaction 
time of electrolysis is often known to strain the reaction 
product and to produce Attempts to grow 
SrsNiPtO6 at different temperatures and/or different 
deposition potentials produced no noticeable improve- 
ments. 

The structure of SrsNiPtO6 was subsequently refined 
by powder X-ray Rietveld analysis using the program 
GSAS; see Table 1. The powder samples of SrsNiPtO6 
prepared by solid-state reactions had an oxygen stoi- 
chiometry ranging from 5.9 to 6.0 as determined by 
thermogravimetric analysis. The oxygen content was 
a function of the cooling rate from high temperatures. 
Reactions in which the furnace was simply turned off 
from high temperatures gave the most oxygen-deficient 
materials; however, the samples can be fully oxidized 
by annealing in oxygen at 550-750 "C. Data collected 
for both oxygen-deficient and fully oxidized samples 
were used for Rietveld analysis. No structural differ- 
ences were observable in the resultant structures indi- 
cating that the oxygen deficiencies must be random. The 
Rietveld refinement was carried out both in the space 
group of the parent compound, &PtOs (A = Ca, Sr, Ba) 
Rgc, and in that of the structurally related SrsCuPtO6, 

(33) Hodeau, J. L.; Tu, H. Y.; Bordet, P.; Fournier, T.; Strobel, P.; 
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Table 1. Crystallo~phic Data for SraNiPto. at 26 "C 

formula SrsNiPtOs 
color brownish-black crystals; 

formula weight 6c2.65 
space group R3e (No. 167) 
a, A 9.5832(1) 
e,  A 11.1964(1) 
v, A3 890.51 
z 6 
De.,.. dcm3 6.792 

light brown powder 

Nguyen et al. 

CuKa X-ray, 1.5405 
5-105 28 scan range (deg) 

step interval (deg 28) 0.01 
maximum step intensity 66740 

n,-r - ~~~~ 

(counts) 
no. of unique reflections 216 
no. of structural parameter@ 7 
no. of background parameters 6 
no. of profile parameters 6 
refinement Rietveld using GSAS* with 

pseudo-VoigCI peak 
shape function 

RVd 0.146 

X2 21.39 
RPC 0.108 

Includes atomic positional and displacement parameters and 
unitsell  dimensions. * General Structure Analysis System, LAN- 
SCE, Los Alamos National Laboratory. < J.  Appl. Crystallogr. 

U,, where 1. and 1. are the observed and calculated lntegrated 
intensities, respectively, and w is the weight derived f" a n  e m r  
pmpagation scheme during the least-squares refinement process. 

issz, 15,615-620. d R ,  = [mi. - i c ~ 2 ~ i r 0 ~ i .  0 R, zir. - r,i/ 

,, , .. ., ,,, I , , .  ... ,,....... ..,.....*... ..._..... I.. 4 0 it.,.... 
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Figure 1. Rietveld analysis of the X-ray powder data for Sr3- 
NiPtOe showing the observed, calculated, and difference 
patterns.  

CYc.3l It should be noted that one-dimensional chain 
materials can often contain superstructures or incom- 
mensurate lattices. Structural refinements of powder 
data, therefore, can provide only an average structure. 
However, no evidence of a supercell was seen in the 
precession photographs. If Sr3NiF't.o~ contains an in- 
commensurate lattice, then it is beyond the detection 
limit of the X-ray methods. All attempts to refine the 
structure in the monoclinic space group diverged, while 
refinement of the SrsNiPtO6 structure using the space 
group and atomic positions of A4PtOs gave a unit cell 
of a = 9.5832(1) A, c = 11.1964(1) A and quickly 
converged to an R ,  = 14.6%, R, = 10.8%. The 
observed, calculated, and difference patterns are shown 
in Figure 1. The structure was also refined using 
powder neutron dimaction data collected a t  the NIST 
Facility a t  Gaithersburg, MD. Although the sample 
contained startingmaterial as impurities, the data were 
refinable to an R ,  = 9.4%, R, = 7.3%.36 The SraiPtOS 
structure obtained from the neutron data gave the same 

Figure 2. Single chain in the SrsNiPtOs structure: platinum 
(large shaded circles), nickel (small shaded circles), oxygen 
(open circles). The altemating PtOe and NiOs polyhedra have 
local Oh and Dsh site symmetry, respectively. 

structure as that obtained from X-ray data, confirming 
the powder X-ray refinement. 

Materials of composition SrsMPtOs, M = Ni, Cu, have 
structures related to the one-dimensional structure of 
A4PtOs where-A = Ca, Sr, Ba. The A&'tOs structure, 
space group R3c, consists of infinite chains of alternat- 
ing face-sharing PtOs octahedra and AOS trigonal 
 prism^.^',^^ These chains are separated by the remain- 
ing electropositive elements which maintain charge 
balance. 

In sr3NiPt06, the alkaline earth cation situated 
within the chains has been replaced by a first-row 
transition metal and, consequently, the platinum and 
the nickel now alternate along the infinite chain. The 
structure of sr3NiPt06, shown in Figure 2, consists of 
alternating face-sharing PtO6 octahedra and unusual 
NiOe trigonal prisms. Figure 3 shows the complete 
structure viewed down the e axis. Table 2 lists the 
atomic positions and their esd's, and selected bond 
distances and angles are displayed in Table 3. The 
Ni-0 distance of 2.17 A is long, but "1)-0 distances 
of up to 2.26 A have been reported LazNiOa (1.95 and 
2.26 YzBaNiOs (1.88 and 2.19 The Ni-Pt 
distance of 2.80 4 however, is short but still greater 
than the sum of the two atomic radii of 1.25 A for Ni 
and 1.39 A for Pt, suggesting no metal-metal bonding.41 

(36) A sample eontaining SrsNiF'tOe, NiO, Pt, and SrO was refined 
by Rietveld analysis of powder neutron data ( A =  1.5400 A) to Rv = 
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11.2202(5). Sr (Va, -0.0314(2),0.5833(1)); Pt (l/~,-l/s,V~); Ni (%, 
4 2 ,  0.4167(1)): 0 (0.3566(3), -0.1595(3),0.5535(2)). Selected bond 
distances: Pt-0 (2.017(2)), Pt-Ni (2.805(1)), Ni-0 (2.194(2)). 
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Figure 3. Structure of srsNiPto6 looking down the e axis: 
strontium: (large shaded circles), oxygen (open circles). 

Table 2. Atomic Positions of ShNiPtOa 

x Y z 
Sr 213 -0.0315(1) 0.58330) 
R ' I S  -113 2/3 
Ni 'IS -113 0.4167(1) 
0 0.3593(5) -0.1582(5) 0.5506(35) 

Table 3. Selected Bond Distances and Angles 
R-0 (x6) 2.037(4) 
R-Ni (xZ)  2.799(4) 
Ni-0 ( x 6 )  2.170(4) 
Sr-0 (x2) 2.590(4) 
Sr-0 ( x Z )  2.752(5) 
Sr-0 (x2) 2.464(4) 
Sr-O(x2) 2.683(4) 
0-R-0 (x6) 83.68(16) 
0-R-0 (x6) 96.32(16) 
0-R-0 (x3) 180.0 

The structure is isotypic with the known one-dimen- 
sional chain compound Sr3C~Ft06.3~ In the case of Sr3- 
CuPtOs, the strong preference of Cu(I1) to bond in 
square-planar coordination moves the copper from the 
center to near a face of the trigonal prism, distorting 
the structure and lowering the symmetry to CWc. The 
platinum still retains its octahedral coordination. 

Magnetic Characterization. S r f l i P t O ~  and 
Sr3CuPtOs: Magnetic susceptibility studies of polycrys- 
talline Sr3NiPtOs in fields of 1, 5, and 40 kG indicate 
an onset of magnetic ordering a t  -25 K as shown in 
Figure 4. The susceptibilities in different fields are all 
qualitatively similar. The magnetic behavior of 
Sr3NiPtOe is characteristic of many linear chain 

At low temperatures, the susceptibility 
decreases and flattens indicating an order-disorder 
transition associated with an antiferromagnetic transi- 
tion. Since Srfi iPtO~ is insulating, this antiferromag- 
netic coupling must be due to superexchange or dipole- 
dipole interactions. The increase in susceptibility a t  4 
K is presumably due to paramagnetic impurities. The 
susceptibility data also suggest the presence of only 
short-range ordering in this system since the suscepti- 
bility does not "turn over" as in other antiferromagnets. 
Powder neutron diffraction studies of the SrsNiPtOs at 
10 K gave the same diffraction pattern as that obtained 
at room temperature with no magnetic peaks, confirm- 
ing the absence of long range order. We have attempted 

(41) Shannon, R. D.; Prewitt, C. T. Acta CqsWlogr. 1969, B25, 
0% 
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Figure 4. Magnetic susceptibility as a function of tempera- 
ture of Sr3NiPtOa at 5 kG. The best fit of data tu our model, 
shown as the solid line, gave D = 90.2 K, g = 2.37, xm = 5.7 
x emdmol, and C = 0.004 emu Wmol. The leveling of 
the susceptibility at -25 K indicates the onset of antiferro- 
magnetic ordering. 

to fit the susceptibility data to an S = 1 one-dimensional 
Heisenberg antiferromagnetic model".46 with a para- 
magnetic correction for the impurities, but the fit was 
poor. A Curie-Weiss fit of the susceptibility above 50 
K yielded 0 = -14.1 K and 3.35 pdmol of Sr3NiPto6. A 
spin-only value of 2.83 pp. (equivalent to two unpaired 
electrons) would be expected for trigonal prismatic 
Ni(II), de, and low-spin octahedral Pt(IV), d6. Ni(I1) 
oxides, however, typically exhibit magnetic moments 
near 3.2 p~ due to spin-orbit coupling." 
As mentioned earlier, S = 1 one-dimensional chain 

systems have attracted much attention recently because 
they can possess an unusual quantum phenomenon 
known as the Haldane gap.29s30 Sr3NiPtOs is a one- 
dimensional system with S = 1. However, in our 
system, there is no evidence, such as a turnover in 
magnetic susceptibility at low temperatures, of a gap. 
The absence of a Haldane gap could be due to high 
single-ion anisotropy of the magnetic centers in addition 
to low coupling exchange." Also, sr3NiPto6 contains 
alternating Ni(I1) (S  = 1) and Pt(IV) (S = 0) along the 
chain, while all reported Haldane systems have con- 
tained chains with uniform Ni(I1) magnetic 

Taking these factors into account, we have attempted 
to fit the magnetic susceptibility of sr3NiPtoe to a model 
which contains high single-ion anisotropy and very 
small coupling exchange.50 Our best fit gave a single- 
ion anisotropy parameter, D, of 90.2 K, g = 2.37, a 
temperature-independent paramagnetic value, ~ I P ,  of 
5.7 x emdmol, and C = 0.004 emu Wmol from 
the Curie-law contribution from paramagnetic impuri- 
ties. Thus, based on our fit, SrsNiPtOs is structurally 
a chain, however its magnetic properties are best 
described as those of isolated Ni(I1) ions with large D 
and a small amount of paramagnetic impurities. The 

centers.%-28.48.49 
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with the low-dimensional nature of the structure, since 
a three-dimensional structure would be expected to have 
a cusp-shaped transition, indicating spontaneous, long- 
range order. A Curie-Weiss law fit of the data above 
100 K gave 8 = -46.6 K and a magnetic moment typical 
of Cu(I1) of 1.99 pdmol of SrsCuPtO6. This value is in 
reasonable agreement with the spin-only value of 1.73 
p~ expected for one unpaired electron of square planar 
Cu(II), d9, and no unpaired electrons in low-spin, 
octahedral Pt(IV), d6. 

Since Cu(I1) is typically a Heisenberg ion,43 the 
susceptibility of SrsCuPtO6 was fitted to an S = 
Heisenberg linear chain model (Figure The least- 
squares fit gave an exchange constant of Jlk = -26.1 K 
and a powder average g value of 2.21. The powder g 
value obtained by electron paramagnetic resonance is 
2.15. Using g value of 2.21, the expected magnetic 
moment for one unpaired electron is 1.91 pg, which is 
close to the value of 1.99 pug obtained from the suscep- 
tibility data fit. 

The iridium analogs, SrsNiIrO6 and S ~ ~ C U I ~ O , ~ , ~ ~  as 
well as SrsCoPtO6 and SrsZnIrO6, have also been 
prepared. Preliminary experiments show complex mag- 
netic behaviors in these systems, and the results will 
be published shortly. 

Summary 
Single crystals of a new SrsNiPtO6 were synthesized 

by electrolysis in molten KOH. The structure was 
determined by Rietveld analysis of powder X-ray and 
neutron diffraction data. SrsNiPtO6 is isotypic with the 
linear chain material SrsCuPtO6. Magnetically, 
SraNiPtOs contains isolated Ni(I1) ions with large single- 
ion anisotropy and exhibits short range antiferromag- 
netic ordering at  -25 K. Sr&uPtO6 was found to be a 
well-behaved one-dimensional Heisenberg antiferro- 
magnet. 
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Figure 6. Magnetic susceptibility as a function of tempera- 
ture of SraCuF'tOs at 5 kG. The curve shows the best fit to  
the S = ' / z  Heisenberg linear chain model, with J/k = -26.1 
K andg = 2.21. 
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Ni ions are able to couple slightly antiferromagnetically 
at  low temperatures as indicated by the leveling in the 
susceptibility; this exchange, however, is only short 
range in nature, which is supported by the low- 
temperature neutron studies. 

In contrast, the susceptibility of SrsCuPtO6, shown 
in Figure 5, clearly displays antiferromagnetic ordering. 
SrsCuPtO6 has an ordering temperature of -40 K, and 
the turnover in the susceptibility curve at low tempera- 
tures indicates the presence of quasi-long-range order. 
The broadness of the magnetic transition is consistent 
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