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Magnetic susceptibility measurements are reported on single-crystal specimens of PrNiQO4.s and
Nd,NiO,.; as a function of oxygen nonstoichiometry, 8. Although only minor deviations from the
Curie-Weiss law are observed for severely nonstoichiometric samples, both Pr,NiO,.; and Nd;NiOy,
exhibit evidence of long-range magnetic order as 8 becomes small. Nd,NiQO,,; decomposes to form

Nd,0; and NiO under sufficiently reducing conditions.

Introduction

Since the first report of the effect of
oxygen nonstoichiometry on the structure
and physical properties of La,NiO4 (1),
considerable effort has been devoted to the
study of stoichiometry-dependent proper-
ties (2-6). In spite of this growth of interest
in La;NiO4, no comparable studies have
been reported for the analogous phases
PI'zNiO4 and NdzNi04 .

The lanthanide nickelates all exhibit lay-
ered structures closely related to the te-
tragonal K;NiF, structure. Geometric con-
straints relating the Ln-O and Ni-O
bond distances parallel to the layers result
in stretching of the Ln-O distance and
compression of the Ni—O distance relative
to values encountered in the parent oxides;
this feature results in a canting of the NiOg
octahedra. Structural distortions, present
in all lanthanide nickelates below ~700 K,
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are likely to influence transport and mag-
netic properties of these phases. Whereas
the distortion in La;NiO,,s results in a
structure of orthorhombic symmetry, based
ona V2 x V2 x 1supercell (2, 4, 6, 7), the
distorted K,NiFtype structures of Pr,
NiO4+s and Nd,;NiO4, 5 are of lower sym-
metry (2, 8, 9). In addition, the magnitude
of these distortions is a function of both
oxygen nonstoichiometry and temperature
(2, 10). As a consequence, the transport
and magnetic properties of these phases
may be expected to be a sensitive function
of T and 6.

Recently, we reported the existence of
long-range magnetic order in La,;NiO,.5 for
specimens with small deviations from ideal
oxygen stoichiometry, 8, (3); this effect
changes extensively with 8. As was the
case for severely nonstoichiometric La,
NiO4+3 (]I), both PeriO4+a and NdzNiO4+3
previously have been reported to show no
evidence of long-range order down to 4 K
(11, 12). In the present study we investigate
the dependence of the magnetic susceptibil-
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ity of PruNiOy, s and Nd,;NiO4.5 on 6 and T,
using oriented single crystals.

Experimental

Polycrystalline 99.99% pure Pr,NiQ, and
Nd;NiO; were prepared by solid—solid
reaction of NiO with Pr¢O;; and Nd,O;,
respectively, at 1200°C in air, using nickel
crucibles. The sintered product in each
case was used as starting material for
growth of single crystals from the melt
under the appropriate atmosphere using
radio frequency skull melting. The details
of the crystal growth procedure and subse-
quent phase characterization are described
elsewhere (13).

Analysis of the extent of oxygen nonstoi-
chiometry was carried out by iodometric
titration under a nitrogen atmosphere.

Single-crystal specimens were oriented
by X-ray Laue backreflection to within £1°
of the desired direction before being cut.

Magnetic susceptibility measurements
were carried out from 65 to 300 K using the
Faraday method. The specimen orientation
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was verified visually within the balance
assembly.

Results and Discussion

Magnetic susceptibility data for Pr,
NiOy.s samples with various values of & are
presented in Fig. 1. In each case crystals
were oriented with H || ¢ (i.e., L to the
layers). No evidence of long-range mag-
netic order was observed down to 65 K for
unannealed specimens (& = 0.09); however,
significant deviations from the Curie—Weiss
law are apparent at low temperatures. As 8
becomes small, the onset of long-range
magnetic order with a substantial net fer-
romagnetic component is observed near
100 K; the net moment increases as §
decreases. This likely is attributable to the
increase in structural distortions which
arise with decreasing 8. Attempts to mea-
sure the susceptibility with H 1 ¢ were
not successful due to the sizable torque
favoring alignment with H || ¢, the easy
axis.

Data for annealed (§ = 0.04) and unan-
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F1G. 1. Magnetic susceptibility as a function of temperature, with Curie—Weiss law plot inset for
Pr;NiO,.5. X, as grown; 8 = 0.090; O, annealed in CO, at 1200°C, § = 0.003; +, annealed in 99.25%
C0,/0.75% CO at 1200°C (log fo, = ~6.75), 8 < 0.003.
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F1G. 2. Magnetic susceptibility as a function of temperature, with Curie-Weiss law plot inset for
Nd;NiO4,5. X, as grown, § = 0.090; ©, annealed in 99.0% CO,/1.0% O, at 1200°C, 8§ = 0.055.

nealed (6 = 0.15) Nd,NiQOy,.,s are presented
in Fig. 2. As with unannealed Pr,NiO,.5, no
long-range order was detected down to 65
K, but deviations from the Curie—Weiss
law are observed. Attempts to reduce the
magnitude of 8 to values comparable to
those obtained under reducing conditions
for La;NiO4,s and PryNiOyss resulted in
decomposition of the specimen into Nd,Os
and NiO. Decomposed crystals maintained
an intact morphology, suggesting that the
process is topochemical. Annealing under
mildly reducing conditions with log fo, =
—2.0 at 1200°C did not result in decom-
position; a long-range weak ferromagnetic
net moment very similar to that of reduced
Pr;NiQOy4, 5 was then observed.

Magnetic measurements on both Pr,
NiQ,.5 and Nd;NiO,,; display large field
dependences below T.. In previous studies
(11, 12), no magnetic anomaly or long-
range order and no field-dependent suscep-
tibility was reported. This is probably a
consequence of the large & values attained
by preparation of the compounds in air.

The nature of the magnetic ordering in

the lanthanide nickelates is not clear at this
point. From structural considerations and
from high-temperature susceptibility mea-
surements (11, 12, 14, 15) the principal
magnetic interactions are expected to be
antiferromagnetic in nature. Weak ferro-
magnetic moments probably arise from the
canting of the NiOg octahedra and from
canting of the Ilanthanide 4f electron
moments in Pr;NiQ, and Nd,NiO4. Weak
ferromagnetism is expected to be mediated
by ordering of electron spins in the nearly
itinerant oz ,: states within the basal plane.
It seems unlikely that the moments as such
are localized; however, ordering may result
from the onset of a spin-density wave state.
As expected from consideration of the tol-
erance factors (I6) the structural distor-
tions become increasingly significant as 8
and the lanthanide radius are decreased.

A full understanding of the influence of
nonstoichiometry on the magnetic prop-
erties, apart from the effect of changing
the magnitude of structural distortions,
requires a characterization of the defect
structure. Although it is frequently
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assumed that oxygen excess stoichiometry
is achieved either by intergrowth of
Ruddlesden—Popper type phases (I7) or by
metal atom deficiency, neither is clearly in
evidence: Extensive studies of single-
crystal specimens of La,NiO,, Pr;NiOy, and
Nd;NiO, by electron microscopy (7) has
revealed no evidence of intergrowths, nor
have deviations from the ideal Ln/Ni ratio
been detected by chemical analysis, regard-
less of the & value. The presence of metal
atom vacancies would require either that
Ln/Ni # 2.00 or that stoichiometric pro-
protions of vacant Ln and Ni sites exist.
Alternatively, excess oxygen may be pres-
ent; however, the large size of the O?~ ion
would seem to preclude its inclusion as an
interstitial. However, the possible exis-
tence of a peroxide species as proposed by
Ganguly (/8) may provide a reasonable
explanation of how excess oxygen may be
incorporated. Careful density measure-
ments are in progress to resolve this ques-
tion. Except for the peroxide model, all
other defect schemes involve the concom-
itant presence of Ni**. Conformation con-
cerning the presence or absence of Ni** is
essential for interpreting the strong influ-
ence of nonstoichiometry on the magnetic
and transport properties in these materials.

In general the nature of the defect struc-
tures in K;NiF,type oxides is of critical
importance for an understanding of their
unusual physical properties. This is of par-
ticular relevance to the current enormous
effort involving the superconducting
properties of substituted lathanum cuprates
(19-22).

Acknowledgments

This research was supported on the ACS-PRF Grant
16579-AC3. The authors are greatly indebted to Pro-

fessor C. N. R. Rao and Dr. P. Ganguly for illuminat-
ing discussions. The skull melter was operated with
the support of NSF-MRL Grant DMR 84-18453,

References

1. C. N. R. Rao, D. J. BUTTREY, N. OTsuka, P.
GaNGULY, H. R. HARrrIsON, C. J. SANDBERG,
AND J. M. HoNiIG, J. Solid State Chem. 51, 266
(1984).

2. D. J. BUTTREY, thesis, Purdue University, 1984.

3. D.J. BUTTREY, J. M. HoniG, anD C. N, R. Rao,
J. Solid State Chem. 64, 287 (1986).

4. P. OpiER, Y. NiGgara, J. COUTURES, AND M.
SAYER, J. Solid State Chem. 56, 32 (1985).

5. C. P. TAVARES, Mater. Res. Bull. 20, 979 (1985).

6. J. M. HoNiG AND D. J. BUTTREY, in ‘‘Local-
ization and Metal Insulator Transitions’ (H.
Fritzsche and D. Adler, Eds.), p. 409 ff, Plenum,
New York, 1985.

7. D. J. BUTTREY AND N. OTsUKA, submitted for
publication.

8. U. LEHMANN AND Hk. MULLER-BUSCHBAUM, Z.
Naturforsch. B 35, 389 (1980).

9. S. TAMURA, J. Phys. Soc. Japan 33, 574 (1972).

.10. D. J. BUTTREY, unpublished research.

11. G. A. SMOLENSKII, V. M. YUDIN, AND E. S.
SHER, Sov. Phys. Solid State 4, 2452 (1962).

12. P. GaNGULY, S. KoraLLl, C. N. R. Rao, anD S.
KERN, Magn. Lest. 1, 107 (1980).

13. D. J. ButTrey, H. R. HARRisSON, J. M. HoNIG,
AND R. R. SCHARTMAN, J. Solid State Chem. 54,
407 (1984).

14. P. GanguLy anD C. N. R. Rao, J. Solid State
Chem. 53, 193 (1984).

15. K. K. SINGH, P. GanGuLYy, AND J. B. Goob-
ENOUGH, J. Solid State Chem. 52, 254 (1984).

16. P. Poix, J. Solid State Chem. 31, 95 (1980).

17. S. N. RUDDLESDEN AND P. POPPER, Acta Crys-
tallogr. 11, 54 (1958).

18. P. GANGULY, personal communication.

19. 1. G. BEDNoORz AND K. A. MULLER, Z. Phys. B
64, 189 (1986).

20. C. W. CHu, P. H. Hor, R. L. MENG, L. Gao,
AND Z. J. HuANG, Science 235, 567 (1987).

21. R.J. Cava, R. B. vaN DoOVER, B. BATLOGG, AND
E. A. RIETMAN, Phys. Rev. Lett. 58, 408 (1987).

22. C. W. CHu, P. H. Hor, R. MengG, L. Gao, Z. J.
HuANG, AND Y. Q. WANG, Phys. Rev. Lett. 58,
405 (1987).



