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Magnetic properties of the LaNi12xWxOx (04x40.25)
mixed oxides have been studied from the temperature and mag-
netic field (H) dependence of the magnetization (M) and low-
temperature neutron diffraction experiments. The variation of
M with temperature shows the presence of weak ferromagnetic
interactions with Curie temperatures ranging from 200 to 250 K.
These interactions become stronger as x increases and this fact
has been interpreted in relation to the progressive electronic
localization that takes place in this perovskite-like system. The
observed ferromagnetic behavior is confirmed by the hysteresis
loops obtained in the M vs H curves at different temperatures.
The saturation values are however very low in comparison with
the expected ones for Ni21 or Ni31. On the other hand, an extra
peak in the neutron diffraction experiments for the x 5 0.20
phase shows the appearance of an antiferromagnetic ordering,
which has been interpreted on the basis of a G-type magnetic
mode. Both results can be understood considering antiferromag-
netic in character interactions with an important canting of the
spin arrangement, giving therefore rise to a weak ferromagnetic
component, which has been characterized from magnetization
measurements. These results have been summarized in a phase
diagram in which the most relevant electronic features of the title
system can be visualized. ( 1997 Academic Press

INTRODUCTION

The metallic properties shown by LaNiO
3

are quite un-
common in oxides and, in recent years, considerable atten-
tion has been focused on the study of this oxide as it was
expected to reveal important aspects to better understand
the superconducting behavior presented by some analogous
copper-containing compounds (1—5). In this context, some
perovskite-like systems derived from LaNiO

3
, e.g., RNiO

3
(R"rare earth), LaNi

1~x
M

x
O

3
(M"Cr, Mn, Fe, Co, Cu,

Sb), R
1~x

M
x
NiO

3
(M"Sr, Th), and La

n`1
Ni

n
O

3n`1
(6—10), have been extensively studied.

LaNiO
3

is known to behave as a metal down to 1.7 K
(1, 2) with a large Pauli-type magnetic susceptibility (Stoner
enhancement), which has been interpreted in terms of a sys-
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tem with correlated 3d electrons in a quarter-filled eg-type
band. In RNiO

3
oxides a complex antiferromagnetic order-

ing has been observed and perovskite systems such as
LaNi

1~x
M

x
O

3
(M"Cr, Fe, Co) have been reported to

show localized or itinerant behavior of the d electrons de-
pending on the composition and/or the temperature, as
a consequence of the gradual evolution of a delocalized
system such as LaNiO

3
to a localized system of the LaMO

3
type.

On the other hand, in perovskite systems and related
compounds containing mixed-valent nickel ions, such as
La

n`1
Ni

n
O

3n`1
or La

3~x
M

x
Ni

2
O

7~d
(M"Ca, Sr, Ba) (11),

the magnetic susceptibility data were clearly related to the
fact that mixed-valent cations were present: in the first case,
the authors suggested a crossover from a fluctuating-val-
ence to a Fermi-liquid-like behavior with increasing n; and,
in the second case, the data were interpreted in terms of
a partially delocalized system that orders ferromagnetically
or antiferromagnetically below 100 K.

The attractive electronic properties displayed by this kind
of material have prompted us to prepare and study perov-
skite-type oxides in which nickel cations are present in
mixed-valent state to evaluate the main features involved in
their physical properties and their relation with structural
aspects. We have previously reported the synthesis, struc-
tural characterization, and electrical properties of the title
system (12, 13). Metal to insulator (M—I) transitions driven
by temperature and composition were observed and related
to structural aspects. In this paper, we complete this study
and report the magnetic behavior of LaNi

1~x
W

x
O

3
(04x40.25) .

EXPERIMENTAL

The synthesis of LaNi
1~x

W
x
O

3
was carried out by the

sol—gel method as described elsewhere (13). The dc magnetic
measurements were performed with an MPMS-5S mag-
netometer, which allows the application of a highly homo-
geneous magnetic field, in the temperature range 1.7—350 K.
The neutron diffraction experiments were performed at
the D1B and D2B powder diffractometers of the Institut
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Laue-Langevin (Grenoble, France). The wavelengths used
were 2.524 and 1.5945 As , respectively. For the low-temper-
ature measurements, the sample was placed in a helium
cryostat, using a vanadium can. The temperature stability
was better than ca. $0.1 K. The diffractometer is equipped
with a position-sensitive detector (PSD) spanning an angu-
lar range of 80° (2h) for D1B and a bank of single detectors
spanning an angular range of 160° (2h) for D2B. Neutron
diffraction data were analyzed with the Rietveld method by
means of the Fullprof program (14).

RESULTS AND DISCUSSION

X-ray, electron, and neutron diffraction data showed that
the title perovskites are orthorhombic (with the exception of
the x"0 member, that is, LaNiO

3
, which crystallizes in the

trigonal space group R3c, as previously reported (1—3) with
FIG. 1. Observed (dotted line), calculated (solid line), and difference neutro
to the allowed reflections and the second row to LaNiO

3
(see text).
space group Pbnm and cell parameters that can be related to
the ideal cubic (a

c
&3.9 As ) one as follows: a&b&J2a

c
;

c&2a
c
. In this structure, no ordering of the three kinds of

cations in the B sublattice (W6`, Ni3`, Ni2`) is observed,
but they are randomly distributed in the octahedral sites of
the perovskite structure. Crystallographic results from X-
ray diffraction data were reported earlier (13) for the title
compounds. To confirm these structural results and to
study the magnetic structure shown by the LaNi

1~x
W

x
O

3
mixed oxides, we have studied the title oxides from powder
neutron diffraction experiments and we have analyzed them
by means of the Rietveld method. Figure 1 shows, for the
x"0.20 sample as an example, the observed and calculated
powder neutron diffraction (D2B) profiles, the difference
between them, and the allowed reflections at room temper-
ature. The best fit was obtained considering a certain
amount (3.5%, as obtained from Rietveld refinement) of
n diffraction profiles (D2B) for LaNi
0.80

W
0.20

O
3
. Vertical bars correspond



TABLE 1
Crystal Data for LaNi0.80W0.20O3 from Neutron Diffraction

Measurements at Room Temperaturea

Atom Position x y z b(As 2)

La 4c 0.011(1) 0.037(5) 0.25 1.72(4)
Ni/W 4b 0.5 0 0 0.44(2)
O(1) 8d 0.2893(8) 0.2844(8) 0.0398(6) 1.33(3)
O(2) 4c !0.017(1) 0.496(1) 0.25 0.999(4)

a a"5.5558(5) As , b"5.5746(5) As , c"7.8485(7) As ; Space group Pbnm;
R

1
"4.28, R

81
"5.58, R

F
"2.86, s2"3.53, R

B
"4.44.
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a LaNiO
3

phase and it was considered as a second phase in
the refinement. The results obtained from this refinement
are gathered in Table 1.
FIG. 2. Variation of the magnetic susceptibility at 5000Oe with the te
LaNi

1~x
W

x
O

3
(04x40.25).
Figure 2a shows the variation of magnetic susceptibility
with temperature ranging between 1.7 and 300 K for a mag-
netic field of 5000 Oe. To better visualize the shape of the
curves, in Fig. 2b these graphs are shown in a selected
temperature scale. In all cases an almost temperature-inde-
pendent behavior is observed above &250 K, consistent
with a Pauli paramagnetism with a s

RT
&10~4 emu )mol~1

(where RT designates room temperature), and this can be
related to the existence of an important eletronic delocaliza-
tion above this temperature. This enhanced s value indi-
cates a relatively strong correlation among the 3d electrons
in a narrow band as has been reported earlier for the x"0
phase (5) and other similar compouds such as BaNbO

3
(15).

Below &250 K, a marked enhancement of magnetization
values with decreasing temperature is observed, which, in
mperature (a) between 1.7 and 300K and (b) between 100 and 300K for



FIG. 3. Variation of s¹ vs ¹ at 5000 Oe for LaNi
1~x

W
x
O

3
(04x40.25).

TABLE 2
Observed (Considering a Curie–Weiss Law) and Calculated

Magnetic Moments above 250K

x % Ni3` k
0
a (k

B
) k

#
b (k

B
) *(k

#
!k

0
) (k

B
)

0.05 80 2.41 3.63 1.22
0.10 60 1.70 3.38 1.68
0.15 40 1.34 3.10 1.76
0.20 20 1.23 2.79 1.56
0.25 0 1.09 2.45 1.36

aMagnetic moment obtained from the Curie—Weiss law fit.
bMagnetic moment calculated from the Curie constant obtained as

follows: C" zC
N*3`

#(1!x!z) C
N*2`

, where z is the Ni3` percentage per
Ni3` ion in the B sites of perovskite.
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principle, can be associated with ferromagnetic interactions
in all the materials, with Curie temperatures of ca. 215 K for
0.054x40.20 and 255 K for the x"0.25, respectively.
This magnetization response becomes stronger as x is in-
creased and this confirms that an electronic localization
stabilizes in this system as x values become greater (i.e., as
the amount of Ni2` is increased). This is in good agreement
with the electrical resistivity measurements previously re-
ported (13), as it was stated that a M—I transition takes place
as a function of x, being semimetallic for x40.2 and
semiconducting for x"0.25. In Fig. 3 the variation of s¹ vs
¹ at 5000 Oe is shown. It can be observed that there is
a transition from a paramagnetic phase to a weak ferromag-
netic phase below &250 K. It is worth noting two impor-
tant aspects from the graph:

(a) The fit of the paramagnetic region data to a
Curie—Weiss law gives magnetic moments much smaller
than the expected ones considering only the relative
amounts of Ni2 /̀Ni3`. In Table 2 the observed and cal-
culated magnetic moments above 250 K are gathered. These
results are probably due to the small temperature range
available (250—350 K); that is, the transition temperature
has not been widely overcome.

(b) On the other hand, in Fig. 3 it can be observed that
below &150 K, the magnetic moment values sharply de-
crease. This fact could indicate the complex nature of the
magnetic interactions, which could be antiferromagnetic in
character or, at least, there could exist a competition be-
tween antiferromagnetic and ferromagnetic interactions in
these systems. Below 50 K, the magnetization varies anom-
alously with temperature in a similar way to that reported
previously for some nickel mixed-valence systems in which
the magnetic behavior was related to the fluctuating valence
of Ni cations (8, 11).

To confirm the observed weak ferromagnetism, the vari-
ation of the magnetization with the magnetic field at differ-
ent temperatures and for all the samples has been measured.
In Figs. 4a and 4b, the corresponding variations at 5 K for
all the series members are shown. As can be observed, the
materials could be classified as hard ferromagnets as they
present relatively high values of remanent magnetization,
with coercive fields of ca. 1 kOe at 20 K. The hysteresis
loops at different temperatures for the least and most doped
compounds (with x"0.05 and x"0.25) are shown in



FIG. 4. Variation of magnetization with the magnetic field at 5K (a) for the x"0.05, 0.15, and 0.25 phases and (b) for the x"0.10 and 0.20
compounds (two graphs have been used for clarity).
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Figs. 5 and 6, respectively. From these graphs it can be
deduced that ferromagnetic order disappears at 215 K for
the x"0.05 phase and at 255 K for the x"0.25 compound.
With similar measurements for the rest of the materials, the
Curie temperatures mentioned earlier could be estimated. In
Tables 3 and 4, the most representative magnetic para-
meters, obtained at different temperatures for the x"0.05
and 0.25 phases, are gathered. An important aspect is that
the saturation moments obtained in these isothermal mag-
netization curves are very low ((0.20 k

B
/Ni atom), which

indicates a low correlated ferromagnetic moment. This is
particularly clear in the case of LaNi

0.75
W

0.25
O

3
, where the

saturation (spin only) high-spin Ni2` (d8) is close to 2 k
B
/Ni
atom. For the mixed-valence system (x(0.25), the mo-
ments are also very weak but in these cases the long-range
correlations could be disturbed by the random mixture of
Ni2` and Ni3`.

To characterize the magnetic behavior of the title mater-
ials, some low-temperature neutron diffraction measure-
ments have been made. We have not observed any relevant
changes in the intensity of the Bragg peaks, which could be
related to the weak ferromagnetic ordering observed in the
magnetization measurements. This is probably due to the
small value of the ferromagnetic component (in general
(0.2k

B
) as estimated for these phases from magnetization

measurements. We have however noticed the appearance of



FIG. 5. Variation of magnetization with the magnetic field at 5, 20, 100,
and 220K for the x"0.05 compound (LaNi

0.95
W

0.05
O

3
).

FIG. 6. Variation of magnetization with the magnetic field at 5, 100,
220, and 260K for the x"0.25 compound (LaNi

0.75
W

0.25
O

3
).

MAGNETIC PROPERTIES OF LaNi
1~x

W
x
O

3
279
an extra peak in the sample with x"0.20 at low angle
(2h&32° for j"2.52 As ; hkl"101). The magnetic evolu-
tion of this peak (Fig. 7) shows its magnetic origin and its
intensity onset take place at the Curie temperature. This fact
indicates that the antiferromagnetic and ferromagnetic or-
dering takes place simultaneously. The observed behavior
could therefore be explained considering an antiferromag-
netic spin arrangement with a ferromagnetic canting.



TABLE 3
Magnetic Parameters for LaNi0.95W0.05O3: Saturation Mag-

netization (MS), Remanent Magnetization (MR), and Coercive
Field (HC)

¹ (K) M
S
(k

B
/Ni) M

R
(k

B
/Ni) H

C
(Oe)

5 0.0052 0.0029 2100
20 0.0048 0.0022 1100

100 0.0030 0.0009 250
200 0.0003 0.00009 40

FIG. 7. Temperature dependence of the observed magnetic peak
(2h&32°, for j"2.52 As , hkl"101) for LaNi

0.80
W

0.20
O

3
.
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Similar results have previously been interpreted in relation
to the existence of noncollinear spin structures (16).

The refinement of the low-temperature diffraction data
gives a G-type antiferromagnetic ordering which allows an F-
type component. The two possibilities are a G

x
F
z
mode or a

G
z
F
x
mode. There is not enough information to distinguish
FIG. 8. Observed (dotted line), calculated (solid line), and difference neutron diffraction profiles (D1B) for LaNi
0.80

W
0.20

O
3
. Vertical bars correspond

to the allowed reflections. The second row corresponds to LaNiO
3

(see text) and the third row to the magnetic structure.



TABLE 4
Magnetic Parameters for LaNi0.75W0.25O3: Saturation Mag-

netization (MS), Remanent Magnetization (MR), and Coercive
Field (HC)

¹(K) M
S
(k

B
/Ni) M

R
(k

B
/Ni) H

C
(Oe)

5 0.171 0.0720 2000
100 0.129 0.0397 1000
200 0.043 0.0115 80
220 0.021 0.0059 110
240 0.008 0.0010 20
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between both orientations of the magnetic moments. Figure
8 shows the observed, calculated, and difference neutron
diffraction profiles at 2 K for the x"0.20 sample (the
R factor for the magnetic phase was 18.6). In the inset of this
figure, the magnetic cell, considering a G

x
mode, is repre-

sented. The antiferromagnetic ordered moment at 2 K is
1.4(2) k

B
per Ni ion for the x"0.20 compound. This value is

clearly smaller than that expected for ordered Ni2` or Ni3`
cations (1.7(k (k

B
)(2.8), indicating an important deloc-

alization in the system. This fact is in good agreement with
the resistivity results reported earlier for the title system (13),
which evidenced an intermediate behavior between a metal
and an insulator for this compound.
FIG. 9. Temperature—composition phase diagram for the
LaNi

1~x
W

x
O

3
system. % Nin`"(Nin` cations)/(B-sublattice cations)]

100; F"weak ferromagnetic interactions; AF"antiferromagnetic inter-
actions; Pauli P"Pauli paramagnetism; h`"p-type conduction; eN"n-
type conduction.
The electronic behavior of LaNi
1~x

W
x
O

3
(04x40.25) is

summarized in the temperature—composition phase dia-
gram shown in Fig. 9. All the electrical and magnetic ob-
served features have been included. As can be observed, two
M—I transitions take place in this system:

(a) From left to right in the diagram, corresponding to the
increase of Ni2` concentration, the material’s behavior cha-
nges from that of a metal to that of an insulator; that is,
a progressive electronic localization takes place as x in-
creases. This effect includes the progressive stabilization of
more important localized magnetic ordering with more no-
ticeable magnetization responses.

(b) From bottom to top, the electronic behavior of these
compounds changes also from metallic to insulator. In
this sense, increasing temperature has the same effect in
electronic properties as decreasing x. As temperature
increases, a progressive tendency to electronic delocaliza-
tion is observed, related to structural aspects (probably
driven by entropic factors, as pointed out elsewhere (17)),
which is associated with the progressive loss of the magnetic
ordering.
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