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Magnetic properties of La,NiO,,;s and La,_.Pr,NiO,,; are
studied by dc susceptibility in a wide temperature range, i.e.,
4-1200 K. The principal aim is to investigate the modifications of
magnetic interactions in the NiO, plane by inserting a magnetic
ion in the LaO layer. Magnetic properties are considerably
different with and without praseodymium. When 0 < x < 2 the
solid solution follows the Curie—Weiss law and the Curie constant
varies linearly with x. For x = 0, the susceptibility is smaller and
another contribution appears above 200 K that is treated as the
result of clusters of AF-coupled spins of two-dimensional charac-
ter. Our model fits very well the data from 4 to 1000 K. Compar-
ing the Curie—Weiss temperature with and without Pr suggests
that small Pr quantities modify the in-plane Ni-O-Ni magnetic
interactions and, thus, decrease the Curie—Weiss temperature.
We think this is not a structural effect; it might correlate with an
increased resistivity when Pr is substituted. For larger substitu-
tion, i.e., x > 0.5, a single Pr** effect might dominate. © 1998

Academic Press

INTRODUCTION

Rare earth nickelates, Ln,NiOy 45, have remarkably in-
teresting physical properties resulting from a subtle inter-
play of several ingredients such as structural constraints,
hole density, and magnetism among others. Their structures
are known, i.e., K;NiF,4, and are commonly described as
intergrowth of LnO and NiO; layers (1). The hole density is
a key factor in the control of electronic and magnetic prop-
erties. It is fixed by the oxygen stoichiometry or substitu-
tions on the rare earth site. Some years ago, comparing the
infrared response of Pr,NiOy ;5 with that of Pr,NiOy ¢ (2),
we showed that oxygenation modifies the oxygen effective
charge (measured by the splitting between LO and TO
frequencies) in an anisotropic manner: the component along
the ¢ axis, where bonding is 60% ionic, is insensitive to
hole doping by oxygenation, whereas the a, b component
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changes in proportion to the injected hole density. Hence,
the injected holes affect essentially the oxygen of the basal
plane to which they are hybridized, supplementary proof
that the electronic properties of these compounds are quasi-
bidimensional (3).

When stoichiometric (6 = 0), the nickelate orders mag-
netically (three-dimensionally) below Ty [325K for lan-
thanum nickelate (4)]. This order 1is progressively
suppressed on increasing J (5); Ty decreases and becomes
minimal for 6 = 0.11. It increases again when oxygen tends
to order three-dimensionally along the ¢ axis while incom-
mensurable charge and spin order take place in the a, b
plane (6), as proved by neutron diffraction. Charge and spin
ordering suggest that magnetism interferes with transport
properties, although no magnetoresistance has been re-
ported up to now in nickelates. Inserting a magnetic ion in
the LnO layer would then be an interesting way to probe for
such a possibility. In other words, is there an interaction
between the 4f shell of the rare earth element in the LnO
layer and Ni—oxygen bonds in the NiO, layer where AF
interactions dominate? Certainly this problem is connected
to the charge transfer phenomena from the reservoir to the
conducting plane in the cuprate series (7) and to the poison-
ing of superconductivity by praseodymium in Ln-123 com-
pounds (8).

In a previous paper (9), we reported results concerning
the solid solution Pr,_,La,NiO4;. Praseodymium goes
in the LnO layers where the Ln—O bonds are in extension
due to the small size of the rare earth ion. This effect is
stronger in praseodymium nickelate than in lanthanum
nickelate, and accordingly, for stability reasons, praseodym-
ium is not expected to have an oxidation degree larger
than 3 +. Pr,NiO, ; ; has an average structure described by
the Bmab space group while La,NiO,,;s is more likely
Fmmm. We expect, then, a phase transition in the solid
solution for y ~ 1-1.2 according to the variations of the unit
cell parameters (9). Looking at transport properties, we
observed a localization effect of the charge carriers at-
tributed to praseodymium that lowered the conductivity,
even for small Pr content (1.5 < y < 2), that is in the Fmmm
range. We suggested a possible magnetic origin of this effect.
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Pr3* (4f2) has magnetic properties (S =1, 3Hy, per =
3.578ug when isolated). This solid solution is then an inter-
esting system to study to probe magnetic effects in transport
properties.

In the present paper we investigate magnetic properties of
the same solid solution La, _ ,Pr,NiO, 5 (Where x =2 — y)
with the purpose of detecting a possible effect of praseodym-
ium on the magnetic coupling in the NiO, plane. In this
preliminary approach we use dc susceptibility measure-
ments on ceramics and observe a modification of the suscep-
tibility versus T affecting significantly the Curie—Weiss
temperature for small substitutions (close to La,NiO, ),
suggesting a magnetic coupling of praseodymium with the
NiO, layer.

EXPERIMENTAL

Compositions of La,_ Pr,NiO, s with x varying from
0 to 2 were synthesized according to the procedure already
described (9) and their oxygen excess () deduced from TGA
measurements. It increases regularly with x from ¢ = 0.16 to
0 = 0.22 for air-prepared samples.

Magnetic susceptibility was measured from 4 to 1200 K
in a set of two devices. Below room temperature we used an
automated susceptometer DSM8 (Manics, France) based on
the pendulum principle. The temperature was controlled
between 4 and 300 K with an ITC4 controller (Oxford
Instruments, France). A ferrite was used as a standard to
calibrate the magnetic field measured with a Hall sensor
placed a few centimeters from the sample. The sample
holder contribution was subtracted from the measurement
and the calibration of the system was checked on a gadolin-
ium oxide powder (4N, Johnson Matthey). High-temper-
ature measurements were carried out using a Faraday
microbalance. The sample was placed in the isothermal
zone of a platinum furnace equipped to work under control-
led atmosphere. To minimize the buoyancy correction, we
worked with a reduced pressure of 100 mm Hg. The suspen-
sions and sample holder were of fused quartz and their very
small contributions are subtracted from the data after blank
measurements. The high sensitivity of the balance ( & 10 ug)
and the high field constant HdH/dx = 6 x 10° G%/cm, stable
in a large domain (30 mm), allow very high sensitivity of
susceptibility detection (10~ 8 emu), ensuring the measure-
ment with an excellent precision for susceptibility in the
range of 10”*emu/mol. This system was also calibrated
with the same powder of gadolinium oxide, the susceptibil-
ity of which follows well the function y = 15.757/(T +
16.9)emumol ! between 2 and 1400 K. Both apparatus
give very good agreement in the overlap regime and
allow measurement of the magnetic susceptibility in a fairly
large temperature range. Hereafter, the magnetic suscepti-
bility is given in emumol~! and we have subtracted the
core diamagnetic contribution of the constituent ions. The
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magnetization of La,NiO, ;¢ has also been measured on
a pellet (300 mg) in a SQUID device (Quantum Device)
from 300 to 4 K.

RESULTS AND DISCUSSION

The magnetic susceptibility of Pr,NiO4.s(x =2) has
been measured up to 1400 K under air flow. At high temper-
ature some oxygen is lost due to chemical equilibration of
the sample with the ambient oxygen partial pressure; this
causes a decrease in the oxygen excess 6. This quantity,
initially stated at 6 = 0.22, is constant from 4 to 600 K and
then decreases progressively to reach 0.14 at 1400 K (10).
The molar susceptibility of Pr,NiO, . and its inverse are
reported in Fig. 1, from which it is obvious that the oxygen
loss has a negligible effect on it. The data are well fitted by
Curie-Weiss law plus a constant term y, (Table 1). High-
temperature measurements ensure good precision in estima-
ting yo ~ 1.8 x 10~ 3 emumol ~!. This sample is not metallic
(9), and thus a Pauli contribution is not expected (usually
smaller than 1 x 10~ 3 emumol ~!). This constant term could
be due to a Van Vleck contribution that is, however, gener-
ally small; hence this term traduces more likely an additive
term that will be discussed later. The susceptibility is then
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FIG. 1. Magnetic susceptibility of Pr,NiO, ,, (measured at 13 kG).
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TABLE 1
Refined Parameters C, 6 and y, versus Praseodymium Fraction
x by Fitting the Experimental Data“

C measured %o

Composition (emu-K mol 1) —0(K) (emu-K mol ?)
La,NiOy ;6° 1.49 700 4x107%
La,NiO, ;¢ 0.33 65

La, sPro sNiO, 1 0.88 25 13x1073
LaPrNiO, s 1.64 28 13x10°3
Lag sPr, sNiO, 50 24 33 13x1073
P5,NiO, 55 3.02 0 18x1073

“Fit by Eq. [1] in the range 200-700 K.

bFit by Eq. [3] of Zmeas — (M/H)terro by a Curie—Weiss law plus a cluster
contribution (see text). The value reported is the mean value of Cew and
Cipin as determined in the fitting procedure.

written as

C

ST t

X + Xo»
where C is the Curie constant and — 0 the Curie—Weiss
temperature. In the following we propose values for these
quantities in the series La, _ Pr,NiOy , ;.

Figure 2 shows the molar susceptibility y and 1/y versus
T for a set of samples having 0.16 < § < 0.22. In these series
of experiments, the temperature is limited to 700 K to avoid
oxygen losses. The measurements concerning La,NiO, ;¢
have been extended to higher temperatures (1200 K) and are
reported below. Susceptibility increases with praseodymium
content, reflecting in a simple way the progressive introduc-
tion of paramagnetic species in the LnO layers. The evolu-
tion with T is similar for all compositions containing
prasecodymium (x > 0) and Eq. [1] fits well all these data in
the large temperature range 4-700 K. La,NiO, ;; behaves
differently and will be considered afterward. The quantities
C, 0, and y, for these compounds are reported in Table 1.

The Curie constant C(C = (N/3kg)uZe = us/2.829,
where N is Avogadro’s constant and g is in Bohr mag-
neton) is plotted versus x in Fig. 3, which shows a linear
increase in C with praseodymium concentration when
x > 0.5. The system is composed of two sublattices of spins
formed by Pr3* and Ni?* species, and assuming to first
order that they can be treated as noninteracting systems of
isolated spins, a simple dilution law enables the evaluation
of a total effective magnetic moment:

ple, = 2xpge(Pr3 ™) + ude(Ni? 7). [2]
From the linear dependence of uZy one can get
Uere(Ni2 ) = 1.3up and prege(Pr3*) = 3.4u5; the latter value is
only 5% smaller than the known value for the free Pr** ion
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FIG. 2. Magnetic susceptibility of La, _ ,Pr.NiO, ;. 1/ is also plotted
in the bottom figure.

(3.58 ). The small value of pieer(Ni?*) compared with 3.9y
observed in octahedral symmetry is a common feature of
transition elements in K,NiF,-type compounds and espe-
cially in cuprates (11). To explain such a small value, one can
suggest that first a certain fraction (< 20%) of nickel ions is
in a 3 + state (LS: ug = 1.73) while the remaining spins are
coupled in a cluster of spins. Note that one spin shared by
four Ni ions would provide an ad hoc solution.

The fit according to Eq. [1] is only a raw approximation
for x = 0 as can be seen in Fig. 2; this is particularly obvious
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FIG. 3. Curie constant deduced from curve fitting of the data in Fig. 2
according to Eq. [1].
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for y ! (at bottom). To provide a wider range of fitting we
have extended the temperature range to 1200 K, where
possible modifications of ¢ could have only secondary ef-
fects; that is reported in Fig. 4. In this figure y,,..s represents
the measured susceptibility; it shows an anomaly at 150 K
corresponding to the magnetic order reported by Yamada
et al. (5) and further ascribed by Tranquada et al. (12) to spin
order in stripe correlation. The same authors have also
reported a divergence of the magnetization at 110 K in
La,NiO, {33 characteristic of O-centered domain walls,
providing evidence for a ferrimagnetic response in the para-
magnetic phase (13). We suspect the accident seen here and
the one reported by Tranquada et al. to have a similar
origin. In many cases, low-temperature magnetizations have
shown thermoremanent phenomena (5, 14, 15). We have ef-
fectively observed a systematic difference between field-
cooled (FC) and zero-field-cooled (ZFC) procedures when
measuring magnetization below 50 K. Moreover, in the
compound La,NiO, o5 (ceramic sample) we have followed
the magnetization decay versus time at 4 K after a FC
procedure (16). Its spin-glass-like behavior at low temper-
ature traduces a heterogeneous magnetic structure that
appears in all samples with 0.02 < ¢ < 0.17. Consequently,
the magnetization is nonlinear and hysteretic below 2000 G.
This is observed even at room temperature in dc but also
in the low-field part of the magnetic resonance measured
at 9.4 GHz (17). Figure 5 shows such a cycle for La,NiOy, ¢
at room temperature. The ferromagnetic part must be
considered in any fit of the susceptibility and might

a 8E03
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%
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FIG. 4.
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explain at least part of the constant term in y(T') found in
Eq. [1].

This ferromagnetic behavior is very similar to previous
observations on nearly stoichiometric La,NiO, obtained
by annealing the oxidized precursor under reducing condi-
tions (14, 15). In these samples, the ferromagnetic contribu-
tion could be suspected to originate from Ni® species. This is
definitely not the case here and we anticipate this phenom-
enon to be intrinsic to oxygen-doped nickelate. In Fig. 4a,
we have represented the ferromagnetic contribution
(M/H)gerro calculated at the same field as that used in the
susceptibility measurement. It has been measured from 4 to
300 K; it falls for T > 300 K (dotted line), as explained
elsewhere (16, 17, 19). This contribution is lost at around
640 K where there occur (i) a structural transformation to
tetragonal symmetry (I4/mmm SG), (i) a thermal signal
(endothermic at heating), (iii) loss of magnetic resonance,
and (iv) onset of an oxygen departure. It is remarkable that
this phenomenon is close, but distinct, to that of the Curie
transition of Ni® (627 K); this has not been explained up to
now.

We now attempt to fit yyeas — (M/H)gerro (Open circle in
Fig. 4a) in the largest possible range; it represents the
paramagnetic contribution of La,NiO, ;4. Its low-temper-
ature part (< 200 K) falls approximately in Curie—Weiss
behavior (the continuous line); it is, however, inappropriate
in the intermediate temperature range, ie., 200-900 K,
as seen in this figure. This range has been tentatively model-
ed by a system of independent clusters of spins (20, 21).

b 6E®T  y(emuwmol)
4.E-03 &
2E-034
T
—
0.E+00 } } } } } } }
0 200 400 600 800 1000 1200 1400

Temperature (K)

(a) Magnetic susceptibility of La,NiO, ;4. The data are those of Fig. 2 to which we have added subsequent measurements at higher

temperature. Triangles represent (M/H);..., as discussed in the text. This contribution goes to zero above 640 K and the low-temperature part of the data

has been extrapolated from 300 to 600 K. Diamonds represent pyc.s, and open circles, fmeas —

(M/H)spin. (b) Fitting of ymeas — (M/H)spin. The thin

continuous line fits the low-temperature part by Curie-Weiss law (C..,, 0). The thick black continuous line shows the fit by the cluster model (Cypin, J), Eq.
[3]. The thick gray line is the addition of both previous laws fitted to the experimental data. The fitted parameters are given in the text. The reliability of

the fit is 99.7%.
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FIG. 5. Hysteresis loop for La,NiO, ;¢ measured at 300 K for a pellet
of 300 mg.

Considering the high density of holes (0.32/Ni atom), we
assume the system to be rather heterogeneous, composed of
clusters of antiferromagnetically coupled spins. More pre-
cisely, we consider the clusters as formed by four antifer-
romagnetically coupled spins by analogy with previous
works in cuprates (21, 22). As the orthorhombic distortion is
very small in La,NiO, ¢, we use a tetragonal equivalent
unit cell. The four nickel sites are located at the corners of
this unit cell and we have to take into account two next
neighbors and two next-nearest neighbors at respective dis-
tances a and a\/i leading to two intracluster exchange
interactions J and J'. In a first approximation, we suppose
J’ negligible compared with J, because of the larger distan-
ces between next neighbors. No interplane interactions are
considered; it is then a strictly two-dimensional model. The
Heisenberg Hamiltonian can thereby be written as

H = — 2J(S1S2 + SZS3 + S3S4 +S4S1),

leading to a set of 27 energy levels, some of them being
degenerate. Their filling according to Boltzman statistics
gives the expression in parentheses in Eq. [3] with x =
e’*I where T is temperature and k is the Boltzman con-
stant. The spin susceptibility is simply obtained by multiply-
ing by the prefactor Cg, = Ng?ug/3k, where N is
Avogadro’s number, g the gyromagnetic factor, and uy the
Bohr’s magneton. To account for low-temperature AF fluc-
tuations, we should add AF interactions between clusters as
explained by Wang et al. (21); this results in dividing Cg.;, by
(T +0) where — 0 is the Curie—Weiss temperature. The
susceptibility i, is then
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if one considers only the first five levels. The ypi, follows
the thick continuous line in Fig. 4b. We have fitted the
experimental data [ymeas — (M/H)erro] by adding the
Curie-Weiss law, valid at low temperature, to yspin, Which
accounts for the intermediate temperature range. The four
parameters of the fit, i.e., Ccw, 0, C,pin, and J adjust themsel-
ves respectively to Cew = 042 emu-K/mol, —0 =65K,
Cqpin = 0.25emu-K/mol and J = —295 K (AF coupling),
providing a very small standard deviation to the curve
(R{ = 99.7%) in the temperature range 4-1000 K. This fit is
represented by the gray continuous line in Fig. 4b. The
divergence at 150 K has not been explained yet. Between
1000 and 1200 K the measured data differ slightly from the
calculated data because of some oxygen loss that contrib-
utes to a faster decrease in the susceptibility with T. Note
that the dependence of T in the range 200-1000 K has the
same shape as that of a spin 1/2 square-lattice Heisenberg
antiferromagnet qualitatively describing the behavior of the
LSCO phase (23, 24). There still remains important debate
about this model, which does not quantitatively describe the
x reduction below Ty, (24).

Summarizing this part, we have shown that the linear
part of the susceptibility [ ymeas — (M/H)gerro] Of La;NiOy 16
is well described by a Curie—Weiss contribution
(Cew =042, 0 = — 65 K), to which is added a spin contri-
bution that we calculate by a cluster model in the intermedi-
ate- and high-temperature range. The mean value of both
Curie constants is exactly equal to the value extrapolated
from the solid solution La,_ Pr.NiO, , ;. The Curie—Weiss
temperature, — 65 K, is much smaller than that extrapo-
lated using a Curie—Weiss analysis of the data in the inter-
mediate-temperature range ( — 700 K, Table 1) and seems
more reasonable.

Comparing the Curie—Weiss temperatures for various x in
the series La, _ .Pr,NiO,; ; is interesting with respect to the
effect of Pr on in-plane Ni-O—Ni magnetic coupling. There
is a clear tendency of Pr to decrease the Curie—Weiss tem-
perature — 0, as shown in Fig. 6. The decrease is very fast in
the range 0 < x < 0.5 and remains approximately constant
for x > 0.5. For small x, ie., x < 0.5, this effect is not
attributed to a structural modification expected to occur
only for larger x (9). Exchanges between Pr and NiO, layers
occurring through the apical oxygen might modify the
Ni—O-Ni magnetic interactions. Because of structural
distortions the Pr-O-Ni bond angles are not strictly 180°
and therefore ferromagnetic exchanges are anticipated to
be enhanced by Pr substitution of the LaO layer and con-
sequently to reduce —6 (25). Unfortunately, the effect
saturates rapidly for x > 0.5 where — 6 is almost constant

6x2 4+ 42x° + 12x% + 66x° + 153x'2 + 30x'* + 168x'° + 180x2°

Cspin
= 3
A gy (1 357+ 20 + 13x° + 7x° + [5x70 + 24x2 + 5x1% 1 14x1° + 9x20> 3]
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or increases slightly. This might be accounted for by
decreases in structural parameters as observed elsewhere
(26) or suggests that — 0 is controlled by single-ion effect of
Pr3*. Clearly more studies for small substitutions are neces-
sitated on powders and also on single crystals because of the
intrinsic anisotropy of the system.

CONCLUSIONS

In praseodymium-substituted lanthanum nickelate, mag-
netic susceptibility is modeled by classic Curie—Weiss law
plus a constant term proved to have a ferromagnetic origin
in La,NiO, 4. Although not checked for La, _ .Pr,NiOy ,;
we anticipate the ferromagnetic contribution to increase
with x; it is probably the main ingredient of the constant
%o term.

The Curie constant increases proportionally with the
amount of praseodymium traducing the increasing concen-
tration of magnetic ions. The corresponding effective mo-
ment for praseodymium (3.4u3) is in close agreement with
that of the free ion, in contrary to the moment of nickel
(1.3ug), which is smaller than usual in a tetragonal field
(3-2up).

The susceptibility for La,NiOy, ;¢ is tentatively modeled
by considering a cluster contribution in the temperature
range 200-1000 K that superposes to a Curie—Weiss contri-
bution at lower temperature. Therefore, three-dimensional
interactions dominate the low-temperature regime, whereas
a spin susceptibility, two-dimensional in character, accounts
for data at increasing temperatures. It explains the very flat
tempereature dependency of the susceptibility of this oxide
in the temperature range 200-1000 K. No such effects ap-
pear in La, _ ,Pr.NiO, , ;s probably because of the single-ion
effect involving Pr3*.
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For small Pr substitution in the LaO layer, i.e., below
x = 0.5, the Curie-Weiss temperature is significantly de-
pressed. This might be due to an enhanced contribution
from ferromagnetic exchange interaction following Pr—
O,pica—Ni bonding. Curiously, this effect occurs in the
same range of substitution where the resistivity is enhanced
with respect to that in La,NiO, ;4 (8) and we are tempt-
ed to correlate both phenomena. The confirmation of
this hypothesis would provide interesting insight into the
transport properties on a microscopic scale in this com-
pound.
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