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An investigation of the system Y, Sr NiQ,_; has shown that a stable phase exists only at x = 1.47
between 1100 and 1150°C. Thermogravimetric analysis gives the oxygen deficiency as § = 0.33(1),
showing that the phase is a stoichiometric nickel(IIT) oxide, YSriNi;Oy (Y;55r, 5 NiQ, ¢7). Rietveld
refinement using powder X-ray diffraction data confirms that YSrsNiyQ;; adopts the tetragonal K;NiF,
{T-type) structure (I4/mmm, Z = %, a = 3.776X1), ¢ = 12.3011(4) A, Ry, = 3.9%). Independent
refinement of the oxygen site occupancics reveals that the oxygen vacancies are present in the nickel
oxide planes. Magnetic susceptibility data for YSrsNi(,, at 5-350 K show Curie-Weiss behavior
characteristic of low spin Ni** with g = 1.76 and ® = — 10.8 K. Four-probe dc electronic conductivity
measurements show that the material is a semiconductor between 7 and 300 K. These data are well
fitted by a two-dimensional variable range hopping model.  © 1993 Academic Press, inc.

Introduction

Many mixed oxides of the type 4,80,
(A = rare earth, B = transition metal) crys-
tallize with the tetragonal K,NiF, (T-type)
structure {(Fig. 1) in space group I4/mmm.
They are composed of alternating perov-
skite (ARO;) and rock-salt (A0) layers along
the tetragonal ¢ axis. This places the larger
A%t jons in ninefold coordination, forming
double layers between octahedrally coordi-
nated B ions. BO, octahedra share corners
in the ab plane, forming a two-dimensional
array of B—O-B bonds which give these
compounds quasi-two-dimensionali mag-
netic and electrical properties (7—4).

Following the discovery of superconduc-
tivity in the La,_ Sr,Cu(, system (5), many
authors have reported studies on nickel ox-
ides having the same structure. In particu-
lar, extensive investigations have been car-
ried out on the structural, magnetic, and

*To whom correspondence should be addressed.

287

electrical properties of the La,_ Sr . NiQ,_;
(6-8) and Nd,_ Sr NiO,_; (9, /0) solid solu-
tions. Despite claims for the onset of dia-
magnetism and superconductivity in the
La, ,Sr.NiO,_; system (/I-I14), no pure
superconducting nickel oxide phase has yet
been isolated, As a part of a study of
R,_.Sr.NiO,_; phases with smaller R** cat-
ions we present an investigation of the R =
Y system. No phases for 0 < x = 2 have
previously been reported.

Experimental

Sample Preparation

Polycrystalline samples with bulk compo-
sition Y,_ Sr,NiQ, _; (1.0 = x = 1.8) were
synthesized from spectroscopic grade pow-
ders of strontium carbonate, nickel nitrate
hexahydrate, and yttrium oxide. Prior to
weighing, the Y,0; was preheated to 1000°C
in air to decompose any carbonate material
from the oxide. The powders were dissolved
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Fia. 1. Crystal structure of A,BQ, with the tetragonal
K,NiF, structure type,

in dilute nitric acid, and an intimate mixture
of the metal oxides was formed via the de-
composition of a citric acid/ethylene glycol
gel. The residues were pelleted and sintered
in a tube furnace under flowing oxygen.
Samples were repelleted and reheated until
no further reaction was evident by powder
X-ray diffraction.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of a
freshly anncaled sample of approximately
15 mg was carried out using a Stanton Red-
croft STA 1500 simultaneous thermal ana-
lyzer. The sample was reduced under a 5%
hydrogen in nitrogen mixture (flow rate of
48 ml/min), over a temperature range of
50-950°C at a heating rate of 5°C per minute.

Powder X-Ray Diffraction (XRD)

Powder X-ray diffraction profiles were re-
corded on a Phillips PW 1710 diffractometer,
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utilizing CuK« radiation. Indexed peak po-
sitions were used to refine the cell parame-
ters. Data of sufficient quality for structural
refinement were collected over 13 = 20 =
103°, in 0.025° steps, with integration times
of 15 sec. The Rietveld refinement (15) was
performed with the GSAS program (i6), us-
ing a refined background function.

Magnetic Susceptibility Measurements

Variable temperature measurements of
magnetic susceptibility were conducted us-
ing a Quantum Design SQUID magnetome-
ter. Measurements were made under an ap-
plied field of 3.0 T. Samples were cooled to
5 K in zero field prior to measurement of the
magnetization. The temperature was then
raised in increments of either 2.5 or 5 K
until an upper limit of 350 K was reached,

Conductivity Measurements

Conductivity measurements were carried
out in a liquid helium cooled Gxford Instru-
ments flow cryostat, using the conventional
four-probe d¢ technique. The sample was
pressed into a 13 mm diameter pellet, sin-
tered at 1200°C overnight, and slowly cooled
in flowing oxygen. A bar of approximate
dimensions 1 x 5 X 8 mm was cul from
the pellet and mounted onto the probe with
double-sided adhesive tape, and copper
wires were attached using colloidal silver
paint. The sample was cooled at 5°C/min
and the temperature was measured using a
calibrated silicon diode thermometer,
mounted about 5 mm from the sample on a
copper block.

Results

Initial attempts to prepare **Y StNiQ),”’ re-
sulted in a mixture of phases including a Sr-
rich K,NiF, type component at tempera-
tures above 1100°C. The compositions
Y,_,Sr,NiQ,_; (1.0 = x = 1.8) were subse-
quently investigated at this temperature.
For x < 1.67, mixtures of Y,5r0Q,, NiO,
and the new K,NiF, type phase were found,
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TABLE 1

OBSERVED d-SPACINGS AND INTENSITIES OF PEAKS
FROM THE POWDER X-RAY DIFFRACTION PATTERN OF
YSTSNi_;OII

(hkl) d-Spacing (f\) Relative Intensity

002 6.141 7
{01 3.610 8
004 3.075 8
103 2778 100
110 2.670 82
12 2.449 pA
105 2.061 14
006 2,050 12
114 2.016 24
200 1,888 37
202 1.804 1
211 1.673 2
116 1.626 10
204 1.609 5
107 1.593 4
213 1.562 30
008 1.538 3
218 1.392 9
206 1.389 1]
220/118 1.335 9

while compositions with x > 1.67 produced
Sr0O, NiO, and the new phase. A pure sam-
ple was obtained only for x = 1.67 at 1100°C
and was found to be stable up to 1150°C in
air-quenched products, A sample of
Yo 1351 NiO,_5, slow-cooled from 1100°C
under flowing O, to maximize the oxygen
content, was used for further character-
1zation.

The oxygen content of Y, 4;8r, NiO,_,
was determined by thermogravimetric anal-
ysis. A weight toss of 8.2(2)% was observed
between 30 and 950°C due to the reduction
of nickel, corresponding to & = 0.33(1).
This demonstrates that this new phase is a
stoichiometric nickel(1il) compound YSr;
N30,y (Y351, 6 NiO;3 67).

The powder X-ray diffraction pattern of
YSrNiO,, (Table I) was indexed upon a
tetragonal K,NiF, type cell with ¢ =
3.7763(7) and ¢ = 12.303(3) A. A Rietveld
refinement of the structure was carried out
using data from the long powder X-ray dif-
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fraction scan in space group f4/mmm, with
Y and Sr randomly distributed over the K
sites. A good fit was obtained using a pseu-
do-Voigt peak shape function and the peak
width variation was found to be instrument
limited. In the final stages, the S1/Y atom
was refined anisotropically while the iso-
tropic temperature factors for O(1) and O(2)
were constrained to be equal and their site
occupancies were Tefined independently.
Results of the refinement are given in Table
II and interatomic distances are listed in Ta-
ble II1. The observed, calculated, and differ-
ence profiles are displayed in Fig. 2.

The molar susceptibility (xy) of
YS&rNi; O, is shown in Fig. 3. These data
were fitted by the equation yuy = x, +
C, - (T — )", where the term x, allows
for a Van Vleck component, giving the val-
ues (per Ni** ion); x, = 0.0023(1) emu
mole™!, pg = 1.76(1), and @ = —10.8(1)
K. (xm — xo)~ " was found to vary linearly
with T over the entire temperature range,
as is also shown in Fig. 3.

The electrical conductivity {¢’) measure-
ments of YSrNi,;O,; show that it is a semi-
conductor between 5 and 300 K witha 300 K
conductivity of 17 O~ 'em~!. The data have
been fitted using equations o = gy exp
(—(Ey/kT)") which can describe a simple
semiconducting model (n = 1) and two
(n = 3)and three (n = 1) dimensional variable
range hopping models (/7). Figure 4 shows
the plots of in(o) versus T'~", The two vari-
able range hopping models give a good fit
to the data, with the two dimensional model
giving a slightly better fit at low tempera-
tures. The characteristic energy for electron
hopping between sites in this model is
Ey = 0.012 eV.

Discussion

Neither the end members Y,NiQ, and
Sr,NiQ,_; nor any solid solutions between
them have been reported. The calculated
tolerance factor (18} for Y,NiO, using Shan-
non’s ionic radii (/%) is ¢+ = 0.837, which is
below the limit of 0.85 above which stable



290 JAMES AND ATTFIELD

TABLE 11

PROFILE AND STRUCTURAL PARAMETERS FROM THE REFINEMENT ofF YSrNi;O,; in Space Group f4/mmm,
wITH Esd’s IN PARENTHESES

Cell dimensions (A)
a = 3.7762(1) c = 12.3011(4)

Data
No. of reflections = &4 No. of points = 3600 No. of parameters = 21

R factors (%)

Ryp = 3.9 Ry =25 Rp =56
Atomic parameters
Atom Symmietry x y z 100 x {7, Al Site
position ocoupancy

Ni 2a 0 0 0 1.0(1) 1.0

Sr de 0 0 0.3577(1) 0.9(1)y 0.833

Y 4e 0 0 0.3577 0.9 0.167
o 4c 0.5 0 0 1.4(3) 0.86(1)
o) 4e 0 0 0.1621(5) 1.4 0.98(1)

4 Equivalent U, for Sr/Y, refined anisotropic values (x 100) were Uy, (=Uy) = 0.6(1), U3 = 1.3(1) Al

K,;NiF, type phases may exist. No SrO. However, stoichiometric solid solu-
SryNiQ,_, materiais have been prepared, as  tions having acceptable tolerance factors
near-stoichiometric phases would require and nickel oxidation states (e.g., YSINi™Q,
very high nickel oxidation states and defec- has calculated r = 0.935) could be envis-
tive phases such as hypothetical **Sr,Ni0;"" aged. In fact, we find that only the stoichi-
are unstable with respect to SrNiQ,,; and  ometry Y 4,Sr, (;Ni'O; (; is stable in this
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FiG. 2. Observed (crosses), calculated (full line), and difference profiles of YSrsNi;O,;, showing
position markers for reflections.
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TABLE III

INTERATOMIC DISTANCES FOR YSrsNi;Oy (A), wITH
Esd’s IN PARENTHESES

Ni-O(1) %3} 1.888 (1)
Ni—0(2) x2 1.994 (6)
Mean 1.928 (4)

Y /Sr-0(1) x 31 2.574 (1)
Y/S1-0(2) %1 2.407 (7)
Y /Sr-0(2) x4 2.681 (1)
Mean 2.605 (3)

system at O, pressure 1 bar. The stability
and localized electron behavior of this un-
usual Y SrsNi;0,, composition can be ration-
alized through the refined crystal structure,
as described below.

The structure refinement results in Table
II and Fig. 2 show that YSr;Ni;OQ, has a
tetragonal anion-defective K,NiF, struc-
ture. Although X-ray diffraction is insensi-
tive to potential Y/Sr order, the resultant
ordering of oxygen displacements or vacan-
cies might result in a detectable supercell.
However, we find no evidence for any struc-
tural distortion or supercell, although elec-
tron microscopy and neutron diffraction will
be used to investigate further these possibili-
ties. Refirement of the oxygen occupation
factors clearly demonstrates that the 15 oxy-
gen vacancies are present in the nickel oxide
plane (O(1)) sites, and the refined oxygen
content of 11.0(1} is in excellent agreement
with the TGA results. These vacancies re-
duce the average Sr/Y and Ni coordination
numbers from 9 and 6 to 8% and 53, respec-
tively. The formation of vacancies in the
z = 0 planes of anion deficient K,NiF, type
structures has been reported in other sys-
tems, for example La,Li0, 5 (20). The mean
metal to oxygen distances for Sr/'Y = 2.605
and Ni = 1.928 A are close to those calcu-
lated from Shannon’s radii for &S+ +
}Y3*) = 2.64 A and low spin Ni** = 1.96 A.

Y SrNi;Q,, is unustal in having Y3* and
Sr** disordered over the same lattice sites
despite the 209 disparity in their ioni¢ radii
of 1.075 and .31 A, respectively. In the
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majority of yttrium strontium oXides the cat-
ions are ordered, with Sr?* in a larger, more
highly coordinated site. Local adjustments
of the A cation sites may take place to ac-
commodate the different cations, and this
may explain the exact stoichiometry of this
apparent solid solution. If we imagine Y Sr;
Ni;0y, as resulting from the substitution of
Y>* for Sr** in hypothetical ““Sr;NiQ,,”
with the formation of one oxygen vacancy
adjacent to each Y** in order to reduce the
size of the coordination sphere, then compo-
sitions Y,Sr,_ NiO,_, result. The value of
v is controlled by the nickel oxidation state
(=4 — 3y) in order to maintain charge bal-
ance. The highest nickel oxidation state at-
tainable under 1 bar O, is 3+, giving the
observed value of y = 4,

The association of one oxygen vacancy

YSrSNIBOH
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FiG. 3. Magnetic susceptibility (x,) and inverse of
the comrected susceptibility (1/{xy — xo)) versus tem-
perature for YSrsNi;O,;. Closed circles represent ex-
perimental points, while the unbroken lines are given
by the model in the text.
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per Y’* reduces the average Y?* coordina-
tion number to ~7.5, whereas that for Sr°+
is ~8.5; this difference partly alleviates the
size discrepancy between the cations. X-ray
diffraction is not sensitive to this proposed
local ordering and EXAFS will be used to
investigate the Y and Sr environments. This
model implies that the RSrsNi,0,, structure
is only formed for R3* cations significantly
smaller than Sr*™ and so it is not observed
in the R = La (7) and Nd (/0) systems,
Investigation of RSrNi;O,, phases with
smaller lanthanide cations is underway.
The vacancies on % of the O(1) sites in the
nickel oxide planes result in semiconducting
behavior in YSrsNi;O|,, uniike the related
RSrNiQ, phases (R = La, Nd) (7-10), which
are metallic. The good fit of Mott’s two-
dimensional variable range hopping model
to the data between 7 and 300 K is consistent
with the high concentration of anion vacan-
cies in the nickel oxide planes of this layered
material. Variable range hopping behavior
is also found in other transition metal oxides
such as Fe;0, and VO, (27) below the tem-
perature at which a structural change ac-
companies a metal-insuiator transition.
Magnetic susceptibility measurements of
YSrsNi;O,, reveal Curie—~Weiss behavior
characteristic of low spin Ni** (§ = 4) down
to 5 K and the observed p g of 1.76(1) is
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very close to the spin-only moment {1.73).
The oxygen vacancies frustrate the
Ni—O-Ni magnetic interactions so that no
deviations from the Curie-Weiss law are
found down to 5 K, although the fitted
0 = —10.8 K suggests that antiferromag-
netic exchange occurs. The temperature in-
dependent Van Vleck contribution to the
susceptibility of ¥, = 0.0023(1)emu/mole
Ni** is comparable to those reported by By-
eon and Demazeau (22) for several A,B,;
Ni'lly .0, compounds adopting the K,NiF,
structure.
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