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The magnetic properties and resistivities of the La2 — Sr Ni04 solid solution have been investi-
gated with particular emphasis on conductive materials near LaSrNi04. Near that composition,
weakly temperature-dependent magnetic susceptibilities, and resistivities, similar in magnitude to
those in the isostructural metallic (La,Sr)2Cu04 compounds, are found. No superconductivity
was found for the highly conductive compositions down to temperatures as low as 30 mK.

Superconductivity in the (La,Sr)2Cu04 solid solution
with the KqNiF4 structure type has been studied exten-
sively in recent years. In particular, the evolution of the
system from antiferromagnetism to superconductivity is at
the center of the debate on the nature of the microscopic
pairing mechanism responsible for high-T, superconduc-
tivity. Studies of the analogous (La,Sr)2Ni04 solid solu-
tion have been reported by many groups before the advent
of the high-7", copper oxides, ' and also since then.
The similarity in the energies of the Ni and Cu 3d states,
the well-known ability of Ni to occur in a low-spin state in
oxides, and the observation that both Ni and Cu display
Jahn-Teller distortions, suggests that the comparison of
the Cu- and Ni-based compounds of the K2NiF4 type is of
considerable interest.

In agreement with the earlier work, the substitution of
Sr for La in La2 —„Sr„Ni04 is found to lead to metallic
conductivity, but more slowly than in the cuprate.
Significantly more Sr substitution is necessary to induce
metallic-type conductivities: the La2 —,Sr„Ni04 solid
solution is conductive to low temperatures near x =1. The
variation of crystallographic cell parameters with Sr con-
tent is shown to be similar to that of the cuprate for low
doping levels, and, further, indicates a redistribution of
charge between the d, 2 and d„2 y2 Ni orbitals at high Sr
contents, as has been reported earlier. In the high-
conductivity regime, the lattice parameters suggest that
the Ni-0 octahedra are nearly equiaxial, in contrast to the
superconducting Cu oxides, where there is a Jahn-Teller
distortion. The conductive (La, Sr)2Ni04 compounds are
not superconducting down to temperatures as low as 30
mK. In the same composition regime, it is found that the
magnetic susceptability is paramagnetic and featureless,
and similar in magnitude to what is observed in the super-
conducting cuprates.

Polycrystalline materials were prepared from stoi-
chiometric mixtures of dried La203, SrC03, and NiO.
Powders were thoroughly mixed, placed in dense A1203
crucibles, and calcined at 1100 C in air; there were daily
grindings for 1 week. Powders were then pressed into 1-g
pellets and sintered for 2 d at 1375 'C in flowing Oq and
cooled in the oxygen flow (for approximately 4 h) to room
temperature. Subsequent annealing at either 800 or
500 C in 02 for 16 h did not result in weight gain, indi-
cating that the materials have reached their maximum
possible oxygen content in a one-atmosphere ambient

pressure. The tendency of (La,Sr)2Ni04 compounds to
accommodate excess oxygen at low Sr contents under con-
ditions similar to those employed here is well known. For
compositions in the La~ „Sr„Ni04 solid solution with
x &0.5, the oxygen content under synthetic conditions
very similar to ours has been found to be 4.0 atoms per
formula unit (f.u. ). The same is true for materials
prepared at higher oxygen pressures. Thus in the compo-
sition region of the most conductive materials, the formal
nickel valence is simply 2+x. Measurement of the oxy-
gen content of our samples for 0.75 ~ x ~ 1.25 by reduc-
tion in H2 indicated a stoichiometry of 3.95(2) to 3.97(2)
oxygen atoms per formula unit, uncorrelated to the Sr
content. Our results are in substantial agreement with
other studies on materials with 4.0 oxygen atoms per for-
mula unit. Also, the measured oxygen contents are essen-
tially independent of Sr content for x & 0.75, suggesting a
structurally determined saturation value. These two facts
lead us to believe that there is a small systematic error in
our estimate of the oxygen contents of these materials,
and that their actual oxygen contents are indistinguish-
able from the ideal 4.0 atoms/f. u. Under the synthetic
conditions employed here, a continuous La2 — Sr„Ni04
solid solution exists for compositions between La2Ni04
and approximately Lap 6SI ~ 4Ni04.

Powder diffraction patterns were obtained using high-
angle x rays (CuKa radiation). Measurements of three
peak positions allowed estimates of the variation in crys-
tallographic unit-cell parameters in the solid-solid solu-
tion; see Fig. 1. In agreement with other work, we ob-
serve no discontinuity in lattice parameters or two-phase
regions for La2 —„Sr„Ni04. Included for comparison in
Fig. 1 are the changes in lattice parameters in the
La 2 —„Sr„Cu04 solid solution. Because there is a
change in color from black to bronze near x =1 we have
prepared samples at finer intervals in that region. The c
lattice parameter is changing continuously near x =1, and
the a parameter displays a subtle but significant satura-
tion in the same composition range after an initial de-
crease. The peak in c is characteristic of a change in the
accommodation of the charge for Sr contents smaller than
and larger than 0.5. In agreement with others ' the re-
sults suggest to us that the charge first goes into d, 2 orbit-
als and then d„2 y2 orbitals in a continuous fashion for
x & 0.5. At the composition LaSrNi04, nickel has a for-
mal + 3 valence, and with further Sr content would have a
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FIG. 2. Temperature-dependent resistivities for various
(La,Sr)2Ni04 compositions, as measured on polycrystalline pel-
lets.
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FIG. 1. Comparison of the variation of lattice parameters in

the Lap —,Sr Cu04 solid solution (Refs. 7 and 8) and the
La2 —,Sr Ni04 solid solution; triangles, Ref. 6; solid circles, this
work.

formal valence between +3 and +4. Although there is a
change in color and the general characteristics of the
temperature-dependent resistivity at that composition, the
crystal structure apparently does not change enough to
infIuence the lattice parameters at our level of precision.

Resistivities were measured in the van der Pauw
geometry between room temperature and 4.2 K on the
polycrystalline pellets. At the higher Sr contents (x ~ 1)
the pellets were not well densified and developed cracks if
exposed to wet air for several days. Measurements were
therefore made on freshly prepared pellets. Due to the
relatively low densities for those polycrystalline pellets,
the measured values of the resistivities for the highest Sr
materials are the least reliable. Representative tempera-
ture dependent resistivities for samples with compositions
near LaSrNi04 are shown in Fig. 2. The most reliable
resistivities observed are similar to those for (La,Sr)2-
Cu04 polycrystalline pellets. For the materials with com-
positions Lap 75Sr~ 2sNi04 and Lap sSr~ 4Ni04 (not
shown), the resistivity is metallic over the whole tempera-
ture range.

The resistivities in the La2 —„Sr Ni04 solid solution
change several orders of magnitude with changes in com-
position. Our results are summarized in Fig. 3, which
shows the measured resistivities at 100 and 300 K. The
data show that a dramatic decrease in resistivity begins
near x =0.5, the same composition where the c-axis length
begins to decrease (Fig. 1). A minimum measured resis-
tivity occurs near x =1, and is relatively sharply defined in

composition. Although the temperature-dependent resis-
tivities are weakly montonically decreasing for x & 1.12,
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FIG. 3. Room-temperature (open circles) and 100 K (solid
circles) resistivities for (La,Sr) 2Ni04 polycrystalline pellets.
The apparent increase in p for x & 1 may be due to the lower
density of these samples.

the absolute magnitudes increase. The increase in mea-
sured resistivity for x & 1 is no doubt due to the lower
densities of the ceramic pellets for x & 1, so that the in-
trinsic resistivities may actually continue to decrease. The
temperature dependencies of the resistivities for our ma-
terials are similar to those reported in Ref. 6, except that
our absolute resistivities are lower than theirs for x & 1.2
and their data show a minimum resistivity at x =1.2 in-
stead of x =1.0.

Magnetic susceptibilities were measured between 300
and 5 K in a dc field of 10 kOe in a commercial magne-
tometer. Representative data are presented in Fig. 4.
La2Ni04 is a well-studied spin =1 antiferromagnet with a



S QF La2 zSrzNi04AL PR0PERTIAND ELECTRICMAGNETIC

II

]231

x = 'I.O
~ ~ ~ ~

~ ~ ~ ~ ~
~ ~ ~ ~ ~~ 0~ ~

2

~ 0~ ~
~ ~~ ~~ ~g ~

~ 4
~ ~

~ ~ ~ ~~ ~~ g ~
~ ~~ ~ ~

La2-xs "x

4

I0

~ ~
~ ~~ ~

~ ~ ~~ ~ ~ ~ ~ ~~ ~

].25
~ ~

~ ~
~ ~

~ ~
~ ~

~ ~
~ ~

&.5

2

I

C3

X
~ 0

~ ~
~ ~

~ ~
~ ~ ~ ~

1.5~ ~ ~

~ ~
~ ~~ ~~ ~~ ~

~ ~ ~

~ ~
~ ~

~ ~ ~ ~

0-
I—

0.25
CL
LLI
C3

0.55
0 2(Q)
0.&5--
0,2( j. )

~ ~ ~
~ ~

~ ~
~ ~~ ~

~ ~

0.5

~ ~ ~
~ ~

~ ~~ ~

0.»
't

1.5
1.25

La I'xC 4

I

400
I

zoo
I

200
T(K)

I

goo

I

~00

I

~00

0
0

200
0

0
netlc sus-ature- dependen™ gsentative temper

l tion. Inset, susc pcept&b&'~

. 0 e" symbo]s,
b d in text.

00 &. P' .
asdescri e

bilities at ~

ll Cur&e termter subtraction of a sma
ERATURE (K)TE IVI P

tu - d t magneticture-depen en
L S C 0suscept&b&l&t

. 8 and 13) composi
'

elate curves.d from the nicke

the nickelates than ine constant is much smaller in
at explanation to app y

'
1 in

se Alternatively the

d- t te smglet

}l
d reases at higher r

f the low-spin
netism ecre

n state mig
1 ctrons, how-1

'
concerns on y1 h 3d

made m

'
d of analysis co

t observations the irnportang
i 0: that e

'
hboring oxygd ver the neig g

tates. These 0 p
istribute o

2 ho est the metal sta e .
e interaction wi

als, not
etic exchange

rement this
g

p'"
t be distinguished ro

=1
surements

conductive sampnducti ty o
dc magnetometemed in a

ercon uc
'

1

to a temp

ator and chec e1 t on refrigerina iui
tibility e, so

1

onducti ity with a
nducting rthe observatiois without

4ust there ore co
ral with superc

ly We mu
o gh isostructurat solutions,

1'd solutions, or) Cu04 soi s ', o
r low temperatures.

p op
ic. At composi io

todut gdhich does not become p

ctive p asee
su ercon

s An explanation o e
pill

1 w temperatures.
"hi h-spin" to othe observed properex-

af

Refsn the oxygenpe d sensitively on
tracte- 1 h

em erature
constant is s

concentrate
nt. The in-p ane

Here we co

d ompared to
striking ea u

o the low r co
k

nitu e c
re epenits rather wea

(T) can well e an.5 the measured gand 1.
tions: an

'
rt

local moments.
()

—4

=1 5 are 1 61&nd for x
1K respective y.emu mo

to Fig. su. ) The inset to 'g

Th opn mo'th 8 t t
d ptb1resen

15d =1.25 and . rclose

(T) for selected, S
he extrinsic

4

d ith various La2 —x

es of g

T ft
sitions are c

1 low-spinIf Ni were m

ol 1 fro
a si ni can

the sma
When viewed o

t it cannot arise
'

n electrons. en of the conduction
fFi. 5, te e epe

d'd,
a —„Sr„Cu04 (x) 0. ,

'
i ar

u rates at low r
it of states nearidl i d yp y

f th ment rah upper limit o
11 b lo t}1

tthatt eu
eak in g) is still we
r a two- imet J, expected forhan e constant

to explain t e o1 tter was use o
behavior in La2—

I

F00



1232 R. J. CAVA et al.

transition of the Ni d electrons alone as a function of Sr
content appears to be inadequate. We suggest that a mi-
croscopic picture which considers the hole distribution
among the Ni and the surrounding oxygens, in close anal-
ogy to (La,Sr)2Cu04 and also (Ni, Li)0 is necessary for
complete understanding. The lattice parameters for the
conductive compositions of the La2 — Sr Ni04 solid solu-
tion indicate that the relative charge distribution among
the d, 2 and d, 2 y2 orbitals is different from that in the
conductive La2 — Sr„Cu04 compositions.

More likely to be critical, however, are the relative en-
ergies of the nickel d and oxygen p states, which are con-
siderably further separated in energy (by an additional

1-2 eV) than are those of Cu d and 0 p. This diA'erence
in energy of a few eV results in a larger charge-transfer
gap in La2Ni04 than in La2Cu04, ' and is responsible for
the necessity for higher Sr concentrations to induce metal-
lic conductivity. This weakening of the metal-oxygen
bond hybridization, believed to be critical to the oc-
currence of superconductivity in copper oxides, may be
sufhcient to prevent the appearance of superconductivity
in nickel-based oxides.

We would like to acknowledge fruitful discussions with
G. Sawatzsky concerning the results of photoemission
spectroscopy measurements on Cu and Ni oxides.
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