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A New Nickel(m) Oxide Family: MSr;NiO, (M = Sc, In, Tm, Yb and Lu)

Michael James and J. Paul Attfield*

Abstract: The new phases M'"ISr,Ni"O,
have been prepared for M = Sc, In, Tm,
Yb and Lu. Thermogravimetric analysis
indicates that these phases are stoichio-

scattering for M =Tm, Yb and Lu is
shown to be due to Ni substitution
through a simultaneous refinement of the
YbSr;NiO, structure using X-ray and

time-of-flight neutron diffraction data.
The refined composition is (Yb, g3Nig 44)-
Sr;NiO,. The magnetic susceptibilities of
the M = Sc, In and Lu samples show

metric nickel(1r) oxides. Rietveld refine-
ment of their crystal structures from pow-
der X-ray diffraction data confirms that
they adopt the rhombohedral K,CdCl,-
type structure (space group R3ec,
a=9.6595(2) and ¢ =10.8546(3) A for
ScSr,NiQ,). The M site is fully occupied
for M = Sc and In, but a deficiency of

properties
diffraction -

Introduction

Nickel(1r) oxides are of interest for their “high’ oxidation state
and for their structural, magnetic and electronic properties in
relation to high Tc superconductors, as both low spin Ni®** and
Cu?* have S = !/, ground states. The three-dimensional per-
ovskites LnNiO, (Ln = La—Gd)" ~3! and layered K ,NiF,-type
Ln,_,Sr,NiO, _, solid solutions (Ln = La,"* ¢ Nd,”” "®1 Pr, Sm
and Gd)!®- 1% have been extensively studied. We have recently
prepared a series of related Ni™ defect oxides
Lng 3551, ,NiO; 4, (LnSr Ni;O,,) for Ln = Y, Dy, Ho, Er and
Tm .1 2] Attempts to prepare the Yb analogue of these phases
resulted in the formation of a new rhombohedral Ni™" com-
pound YbSr;NiOg4, for which preliminary results have been
reported.l'?! This paper describes further results for YbSr;NiOg
and the preparation and characterisation of the family of
isostructural phases MSr;NiOg (M = Sc, In, Tm and Lu).

Results

Powder X-ray diffraction profiles were recorded for each of the
new phases. It was found that the major phase in each case for
M =S¢, In, Tm, Yb and Lu could be indexed on a rhombohe-
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Curie—Weiss behaviour down to 6K;
however, ScSryNiO, shows a broad tran-

sition between 250 and 290 K, with

magnetic Curie— Weiss behaviour above and below

neutron  powder this anomaly. This transition is thought to
X-ray be between the statically and dynamically

Jahn-Teller distorted regimes of octahe-
drally coordinated, low-spin Ni3".

dral unit cell with hexagonal lattice parameters similar to those
of K,CdCl-type oxides such as Sr,PtO.'* 131 Small quantities
of M,8r0, phases!'®~ 18 were observed for M = Tm, Yb and
Lu, and SrO was found in all of the samples containing the
rhombohedral phase, with the exception of InSr;NiO,4, which
was phase-pure by powder X-ray diffraction. The indexed pat-
tern of InSr;NiQy is given in Table 1. The rhombohedral phase
was not observed for M = Ga, which gave a mixture of phases
including Sr,Ni,O,,,"**! Sr,Ga,0,,2%! NiO and SrO, or for
M = Er, which gave ErSr,Ni,0,, ,1*?! Er,Sr0O, 9 and SrO.

Table 1. Observed d spacings and relative peak intensities (/,) for X-ray diffraction
pattern of InSr3NiOs.

hkl d spacing (&) I, hkl d spacing (A) I,

110 4.787 15 223 2.014 23
102 4.620 1 321 1.883 2
202 3.320 13 006 1.847 7
211 3.022 4 410 1.842 4
113 2.923 48 215 1.818 4
300 2.772 100 322 1.807 11
212 2.733 8 314 1.773 3
104 2.624 3 116 1.722 1
204 2.303 19 404 1.667 1
31 2.260 17 413 1.630 5
312 2.134 1 330 1.604 11
214 2,080 17

The thermogravimetric reduction plot of InSr;NiOy is shown
in Figure 1. The mass loss upon reduction of this phase was
8.9(1) %, corresponding to an oxygen content of 5.97(1) per
formula unit. The small plateau at around 1.7 % mass loss sug-
gests that Ni** is initially reduced to Ni%*, before In** and
Ni?* are together reduced to their metallic states.
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Fig. 1. Thermogravimetric reduction profile for InSr;NiOg.

Rietveld refinements of the MSr,NiOj structures were carried
out on powder X-ray diffraction data. The starting model in
space group R3c was that previously used for YbSr,NiO, (13
and is derived from the structure of Sr,PtO4"** *>! with M at the
unique trigonal prismatic Sr site and Ni at the Pt site (Fig. 2).
The impurity phases were also fitted by refining their scale fac-
tors and lattice parameters. Variation of the site occupancies

® Ni

O sr ® Yb
Fig. 2. Left: NiYbOyg chains. Right: unit cell for YbSryNiO,.

showed that all the sites are fully occupied in ScSr;NiO, and
InSryNiOg, but for MSryNiOg with M = Tm, Yb and Lu a
deficiency of scattering of about 12% was observed at the M
site. In these cases, the observed electron density at the M site is
equally consistent with ca. 12 % vacancy formation, ca. 18 % Ni
substitution or ca. 26% Sr substitution. The latter possibility
can be discarded as the average “M” -0 distance is less then
that expected for M alone, whereas Sr substitution would ex-
pand this site.

To distinguish between the vacancy formation and Ni substi-
tution models, the structure of YbSr;NiOg4 was refined by using
time-of-flight neutron and X-ray powder diffraction profiles
simultaneously. In the latter stages of this refinement, Yb and
Ni atoms were placed at the M site and their occupation factors
were freely refined, giving occupation factors of 0.84(1) and
0.15(1), respectively. The total Yb+ Ni occupancy of 0.99(2)
does not differ significantly from unity, showing that Ni substi-
tution and not vacancy formation occurs. The total Yb+Ni
occupancy was thus constrained to be 1.0 in the final model.
There was no evidence for disorder or vacancies at any other
site.

The results of the powder X-ray refinements are given in
Table 2, and X-ray diffraction profiles of InSr;NiO are shown
in Figure 3. The derived variations of ¢/a and ¥ with M3 * ionic

738 ——
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Table 2. Profile and structural parameters, interatomic distances and angles, and im-
purity phase ratios for MSryNiO, (M = Sc, In, Lu, Yb and Tm) (e.s.d.’s in parenthe-
ses).

Sc In Lu Yb Tm

Cell parameters

a(h) 9.6595(2)  9.6458(3)  9.6856(2) 9.6851(2) 9.6838(2)
¢ (A) 10.8546(3) 11.1111(3) 11.0145(2) 11.0960(2) 11.1193(3)
V(A% 877.10(4)  895.29(6)  899.57(4) 901.37(4) 903.02(5)
R factors (%)

Ryp 438 6.5 5.4 2.8 6.7

Ry 29 4.2 35 1.9 4.4

Rg 4.1 3.5 2.9 4.1 5.5

Atomic parameters [a]

Ni Uy, (A% 0.006(1) 0.002(2) 0.005(1) 0.005(1) 0.008 (2)

Sr x 0.3709(1)  0.3705(1)  0.3701(1) 0.3704 (1) 0.3698(2)
Sr Uy, (A% 0.006(1) 0.007(1) 0.006 (1) 0.005(1) 0.008 (1)

M U, (A%  0.001(1) 0.005(1) 0.001(1) 0.005(1) 0.002(1)
M/Ni occup. 1.00 1.00 0.81(1)/0.19 0.83(1)/0.17 0.81(1)/0.19
O x 0.1746(6)  0.1781(6)  0.1759(6) 0.1785(6) 0.1755(8)
Oy 0.0220(5)  0.0232(8)  0.0228(7) 0.0249 (8) 0.0238(9)
Oz 0.1158(3)  0.1140(6) 0.1112(5) 0.1113(6) 0.1108(7)
0 Uy, (A% 0.002(1) 0.001(2) 0.005(2) 0.008(2) 0.009(2)
Interatomic distances (A)

Ni-Ox6 2.028(5) 2.055(6) 2.022(5) 2.039(6) 2.017(7)
M-Ox6 2.157(5) 2.214(6) 2.222(5) 2.235(6) 2.224(7)
Sr-0Ox2 2.483(5) 2.489(6) 2.523(5) 2.516(6) 2.534(7)
Sr-0Ox2 2.610(5) 2.629(6) 2.603(5) 2.599(6) 2.612(8)
Sr-0Ox2 2.649(5) 2.637(6) 2.644(6) 2.629(6) 2.634(8)
Sr-0Ox2 2.690(5) 2.696(6) 2.703(6) 2.718(6) 2.714(8)
mean 2.608(5) 2.613(6) 2.618(6) 2.616(6) 2624(8)
Interatomic angles (°) [b]

O-Ni-O’ 85.6(2) 86.0(3) 86.8(2) 87.1(3) 86.6(3)
O-Ni-O" 94.4(2) 94.0(3) 93.2(2) 92.9(3) 93.4(3)

[a] See Table 3 for atomic positions. [b] z(0) = z(0Q") = — z(0").
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Fig. 3. Observed (points), calculated (full line) and difference X-ray powder dif-
fraction patterns for InSryNiQq.

radius are shown in Figure 4, and the twist angles (¢) for the
distorted MOy trigonal prisms (defined in Fig. 5, left) are plot-
ted in Figure S (right). The results of the simultaneous refine-
ment of YbSry;NiO, are shown in Table 3, and the observed,
calculated and difference neutron diffraction profiles are shown
in Figure 6. The associated X-ray diffraction profiles are essen-
tially identical to those shown in reference [13].

The molar susceptibility of YbSr;NiO¢ has been previously
reported.!!3 The magnetisation of MSr,NiO, samples (M = Sc,
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Table 3. Profile and structural parameters from the simultaneous refinement of
Yb, _Ni Sr;NiQ, from X-ray and TOF neutron diffraction data in space group R3¢
with e.s.d.’s in parentheses (cell dimensions (A): a =9.6831(3), c =11.0913(3)).

a) R factors (%).

Rye Re R
X-ray 31 2.0 42
TOF neutron 21 36 14
b) Atomic parameters.
Atom  Posi- x y z U, (A%  Site occup.
tion
Ni 6b 0 0 0 0.0056(2) 1.0
Yb/Ni  6a 0 0 0.25 0.0051(2) 0.833(8)/0.167
Sr 18  0.3707(1) © 0.25 0.0073(1) 1.0
o} 36 0.1748(1) 0.0226(1) 0.1106(1) 0.0110(2) 1.0

¢) Interatomic distances (A) and angles (°)
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Fig. 6. Observed (points), calculated (full line) and difference time-of-flight neu-
tron powder diffraction patterns for YbSr;NiO,. Reflection bars for the principal
phase and the impurities Yb,SrO, and SrO are shown.

Table 4. Effective moments (u.;) and Weiss parameters (8) for MSr;NiOg (M
= Yb, Lu, In and Sc) fitted over the given temperature ranges.

Ni-O %6 20112(5) Yb/Ni-O x6 2.2208(4)
Sr-0 x2 2.5408 (6) Sr-0 x2 2.6048(5)
Sr-0 x2 2.6437(5) Sr-0 x2 2.6971(7)
O-Ni-O'  x6 86.68(2) O-Ni-0” x6  933202)
O’-Ni-O” x3 180.0
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Fig. 4. The variation of cell volume V (open squares) and c/a (filled squares) with
M3* jonic radius for MSr,NiO¢ (M = Sc, In, Lu, Yb and Tm in order of increasing
radius).
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Fig. 5. Left: Schematic diagram of distorted MOy trigonal prism defining the twist
angle (¢). Right: Plot of twist angle versus M>* ionic radius for MSr,;NiO;.

In and Lu) were initially measured between 6 and 325 K. The
inverse molar susceptibilities (1/y,), calculated from these data,
are shown in Figure 7. InSry;NiO, and LuSr;NiO4 show Curie—
Weiss behaviour throughout, whereas ScSr;NiOg displays a
broad magnetic transition between around 250 and 290 K. To
clarify the magnetic behaviour of ScSr;NiO, above the anoma-
ly, the susceptibility of a second sample encapsulated by a
quartz holder was measured up to 400 K. Effective magnetic
moments (g,q) and Weiss parameters (6) for the M = In, Yb and
Lu phases, and for ScSr;NiO, below 200 K and above 300 K are
given in Table 4.

Chem. Eur. J. 1996, 2, No. 6
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M TK) Hee (B. M) 8 (K)

Yb 150- 300 4.6(1) —29(1)
Lu 6-300 2.30(1) 3.4(Q1)
In 6-300 197(1) 2.4(1)
Sc (sample 1) 6-200 220(1) 32(1)
Sc (sample 2) 6-200 2.18(1) 44(1)
Se (sample 2) 300400 2.11(1) 1.3(1)
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Fig. 7. The inverse molar susceptibility (1/xy) versus temperature for MSr;NiOg
where M = Sc (two samples; crosses and open circles), In (filled circles) and Lu
(open squares).

Discussion

Under the preparative conditions used, rhombohedral
K ,CdCl¢-type phases MSryNiOg are stabilised by a range of M
(= Sc, In, Lu, Yb and Tm) at the trigonal prismatic site with
ionic radii?!! (YIM3*) between 0.75 and 0.87 A. Attempts to
form these types of phases under the same conditions with
M = Ga®* and Er** (having r(Y"™?**) = 0.62 and 0.89 A, re-
spectively), were unsuccessful. The kinetics of formation of
these phases also seem to depend upon #(¥"M37). The smaller
In®* and Sc3* reacted to completion in 20—30 hours, but the
larger lanthanide cations took in excess of 150 hours to react
with many intermediate regrindings.
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Rietveld refinement using X-ray powder diffraction data con-
firms that MSr;NiOy (M = Sc, In, Lu, and Tm) are isostruc-
tural with YbSryNiOg (Fig. 2). In this phase NiYbO, chains are
formed down the threefold z axis by face-sharing between alter-
nating NiO, octahedra and slightly twisted YbOg trigonal
prisms (Fig. 2, left). Strontium, with an irregular eightfold coor-
dination, occupies positions between the NiYbO, chains (Fig. 2,
right). The unit cell volume increases with r(¥'™™M3*) (Fig. 4).
However, for InSryNiOg, ais smaller and c is larger than expect-
ed; this is clearly seen in the accompanying plot of ¢/a .

The simultaneous X-ray and neutron study of YbSr,NiO
confirms the oxygen stoichiometry. The ratio of X-ray
(fy(0):fni(0) = 2.50) and neutron (by,:by, =1.22) scattering
factors for Yb and Ni are sufficiently different that good con-
trast was obtained in the simultaneous refinement, enabling the
substitution of Ni for Yb to be demonstrated. The M = Tm, Yb
and Lu phases are of composition (M, _,Ni,)Sr;NiO4 with
x~0.17, but for M = Sc or In x is 0.

The rhombohedrally distorted NiO, octahedra (D5, symme-
try) in the MSr,NiOg structures are elongated parallel to ¢, and
the Ni—O bond lengths and angles (Table 2) vary little with M.
A similar Ni** environment is found in LiNiO,,”*?! with six
equivalent Ni—O distances of 1.969 (1) A, and cis O-Ni-O bond
angles of 86.1 and 93.9°. The increase in M - O distance on going
from M = Sc to Tm is less than would be expected on the basis
of their ionic radii. For the larger cations the mean r(Y'M3*) is
reduced by approximately 6% through the substitution of Ni,
and by increasing the twist angle of the trigonal pyramid (Fig. 5,
right), which enables the triangular faces to approach each oth-
er more closely. Less size pressure at the M site for M = Sc and
In does not result in any observable Ni substitution.

These compounds are the first M™Sr,T"O, oxides (T =
transition metal) to be synthesised with the rhombohedral R3¢
symmetry of a K,CdCl-typef*® structure. Previously only
MUSr, VO, oxides such Sr,TO4 (T =Pt, Ir and Rh)'4
Ca, TO, (T = Pt and Ir'?3)) and Ni"'Sr,P'VO,12¢) have been
reported in which T" occupies the octahedral sites and Sr¥, Ca"
or Ni'", are present at the trigonal prismatic sites. It is notable
that this structure type enables alkaline earth (Sr, Ca), transi-
tion metal (Sc, Ni), lanthanide (Tm, Yb, Lu) and main-group
(In) cations to be observed in the unusual trigonal-prismatic
coordination geometry. An isostructural disordered phase
Cu, ,5Ca, ,5(Sr, sCa, s)PtO, has also been reported,'?”! as well
as CuSryPtO, and CuSr,IrO,, which crystallise in the mono-
clinic subgroup C2/c.*® In these structures, Cu" is displaced
from the centre of the trigonal prism towards one of the square
faces; this results in a typical CuO, square-planar geometry.

Ternary M" —T" oxides can display the perovskite-type
MTO,, K,NiF,-type M,TO, and K,CdCl¢-type M, TOg struc-
tures as the M/T ratio increases. The relationships between these
and other hexagonal perovskite structures have recently been
described.l?) The same progression of structures may now be
generated by the double substitution of Ln™ and Ni* for M"
and T" giving LaNiO;, LnSrNiO, and LnSr;NiO,. The former
two structures are stabilised by large lanthanide cations
(Ln = La—Gd), but the latter is stabilised by the cation order-
ing of small Ln { = Tm—Lu) and Sr cations.

The MSr,NiO; structure provides a good opportunity to
study the magnetic properties of Ni** within isolated NiO,
octahedra. We have previously shown that when paramagnetic
Yb37 is present at the M site a broad maximum is observed at
around 12 K, suggesting possible one-dimensional magnetic or-
dering due to antiferromagnetic superexchange interactions
within the YbNiO chains.''*! This is supported by the Weiss
constant § = — 29 K extracted from the high-temperature re-
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gion where the magnetic susceptibility follows the Curie—Weiss
law. With diamagnetic Sc, In or Lu present in the trigonal pris-
matic sites between the NiOg octahedra, there is no evidence for
any short-range magnetic order down to 4 K (Fig. 7), and small
values of 6§ in the range 2—4 K are found. The g, values in
Table 4 are all characteristic of low-spin 3d” Ni**; however, the
broad transition observed for ScSryNiO, between 250 and
290 K suggests that two subtly different limiting forms of mag-
netic behaviour are possible for these phases. For LuSr,NiOg
and ScSr;NiOg (<250 K}, u.¢¢ and @ have slightly greater values
than for InSr;NiOg and ScSryNiO¢ (>290 K}. The anomalous
c/a ratio for InSr;NiOg (Fig. 4) in comparison to those those for
the M = Lu, Yb and Tb analogues may also reflect a subtle
electronic difference in the behaviour of Ni®* in these materials.

The rhombohedral distortion of the NiOg octahedra in the
MSr,NiOQy, structure does not remove the degeneracy of the 2E,
ground state of Ni*>*. This state is prone to a Jahn-Teller dis-
tortion, and so the two magnetic behaviours may be identified
with statically (<250 K) and dynamically (>290 K) distorted
NiOg octahedra. In the former case, the small distortions are not
ordered within the structure, so that no change of crystal struc-
ture is seen. The proposed dynamic-to-static transition in Sc-
Sr;NiQg is similar to that reported in K,PbCu(NO,),. The
Cu?* ESR spectrum of this compound shows a gradual transi-
tion over the range 293-273 K.[*%-31 The room-temperature
spectrum gave an isotropic g value of 2.10, but at liquid-nitro-
gen temperatures g was clearly anisotropic with estimated val-
ues of g, = 2.155 and g, = 2.061, suggesting a freezing-out of
the dynamic distortion to give a static one. The equivalent
isotropic g value of 2.12 at 80 K is slightly greater than that at
300 K, consistent with the slight increase in ., observed for
ScSr,;NiO, on cooling through the transition. Variable-tempera-
ture neutron diffraction and ESR studies of ScSr;NiO are un-
der way to clarify the nature of this unusual transition.

Conclusions

This study has shown that rhombohedral, K,CdCl,-type, nick-
el(un) oxides MSr,;NiOg are formed for M = Sc, In, Tm, Yb and
Lu at 1100 °C. These are the first oxide phases to adopt this
structure type with trivalent ions on both the trigonal-prismatic
and octahedral sites. Simultaneous refinement of the structure
of YbSr;NiOg using X-ray and time-of-flight neutron diffrac-
tion data shows that approximately 17% Ni is substituted for
Yb at the M site. This substitution is also found for M = Tm
and Lu and helps to stabilise the structure by reducing the aver-
age ionic radius at the M site.

The magnetic susceptibility curve of YbSr,NiO, shows evi-
dence of one-dimensional magnetic interactions within the
NiYbO, chains, but this is not seen with diamagnetic M = Sc,
In or Lu. The magnetic susceptibility of ScSr;NiO, shows an
anomaly between 250 and 290 K, with slightly different Curie—
Weiss limiting behaviours above and below this temperature
region. This transition is consistent with a change from dynamic
to static Jahn-Teller distortions of the Ni™Q, octahedra on
cooling.

Experimental Procedure

Sample preparation: Polycrystalline samples with bulk composition MSr;NiOg
(M = Sc, In, Ga, Lu, Yb, Tm and Er) were synthesised from spectroscopic-grade
powders of strontium carbonate, nickel nitrate hexahydrate and the corresponding
metal oxide M,O; (M =Lu, Yb, Tm and Er) or nitrate pentahydrate
M(NO,),-5H,0 (M = Sc, In and Ga). Prior to weighing the lanthanide oxides were
preheated to 1000 °C in air to decompose any carbonate material to the oxide. The
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powders were dissolved in dilute nitric acid, and an intimate mixture of the metal
oxides was formed by decomposition of a citric acid/ethylene glycol gel. The
residues were pelleted and sintered in a tube furnace at 1100 °C under flowing
oxygen for up to one week with frequent regrinding and repelleting until no further
reaction was evident by powder X-ray diffraction. The reaction times for M = Sc
and In (20-30 h) were substantially lower than for M = Tm-Lu (ca. 150 h).

Powder Diffraction: Powder X-ray diffraction profiles were recorded on a Philips
PW 1710 diffractometer with Cuy, radiation. Data of sufficient quality for structure
refinement were collected over 13<28<113°,in 0.025° steps, with integration times
of 12 s. These structural refinements were carried out by the Rietveld method [32]
using the GSAS program [33] and a refined background function.

The time-of-flight (TOF) powder neutron diffraction profile of YbSr,NiOg was
collected in 3 h on the POLARIS instrument at the Rutherford Appleton Laborato-
ry. The backscattering profile (135 <26 < 158°) was used in a simultaneous Rietveld
refinement of the structure with the above X-ray diffraction data. The diffraction
pattern of a Si powder standard was used to calibrate the time-of-flight scale.

Thermogravimetric Analysis: Thermogravimetric analysis of a ~ 30 mg sample of
InSr;NiO, was carried out with a Stanton Redcroft STA 1500 simultaneous thermal
analyser. The sample was reduced under a 5% hydrogen in nitrogen mixture (flow
rate of 58 mL min ') over a temperature range of 15 to 900 °C at a heating rate of
10°Cmin~'.

Magnetic Susceptibility Measur ts: Magnetic susceptibilities were measured us-
ing 2 Quantum Design SQUID magnetometer under an applied field of 3.0 T.
Samples were cooled down to 6 K in zero field, and the magnetisation was measured
while they were warmed up to 400 K.
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