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We report room-temperature ferromagnetism in nickel doped ceria (Ce;_,Ni,O,) powders prepared
using the sol-gel process. Magnetometry studies on as-prepared samples reveal a weak
ferromagnetic (FM) behavior in the range 0<x<0.04 (8.6X 107 wuz/Ni ion for 4%). For x
>0.04, the FM magnetization steadily decreases for increased dopant concentration. The weak FM
behavior of the samples improved dramatically after undergoing high-temperature (<500 °C)
activation in the presence of an external magnetic field (H=<1 T). The magnitude of the
improvement, which was very reproducible, was strongest for 10% Ni doped CeO, with saturation
magnetization M increasing by 600 times. Curie temperatures of the activated samples varied in the
597-646 K range depending on the Ni concentration and preparation conditions. X-ray diffraction
studies did not reveal any noticeable structural changes as a result of the activation process. © 2007
American Institute of Physics. [DOI: 10.1063/1.2709413]

l. INTRODUCTION

Recent reports on several metal oxide materials doped
with transition metals resulting in room-temperature
ferromagnetism'~’ (RTFM) led to studies on the magnetic
properties of doped cerium oxide. The authors have recently
reported on weak ferromagnetic (FM) behavior in Ni doped
CeOz,8 observing an increase in the RTFM up to 4% Ni,
followed by a decrease in RTFM with increased doping.
However, in a recent study, Tiwari et al. have reported a
giant magnetic moment of 8.2 ug/Co ion for Co doped
Ce02.9 The weak RTFM found in Ni doped ceria powders
annealed at 450 °C needed to be further improved to verify
the intrinsic FM behavior of the doped system and to reach
levels of RTFM that would be practically useful. A recent
attempt to determine the Curie temperatures of these samples
using high-temperature magnetization measurements in the
presence of an externally applied magnetic field resulted in a
surprising observation of increased FM behavior after cool-
ing to 300 K. No such enhanced magnetic behavior was ob-
served when the samples were subjected to the same heat
treatments without an external field. Based on these results,
the authors explored the effects of the activation on several
Ni doped CeO, samples, details of which are presented in
this paper.

Il. EXPERIMENTAL DETAILS

The Ce(¢Nig ;0, samples were prepared in nanocrystal-
line powder form for use in these studies. The sol-gel syn-
thesis process was used to precipitate a metal hydroxide
complex from Ce(NOs3);-6H,0 and Ni(NOj),-6H,O precur-
sors using NH,OH solution to control the pH. A predeter-
mined ratio of precursors was used to obtain the molar ratio
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x=[Ni]/([Ni]+[Ce]). The precipitate was dried for 12 h at
50 °C and then ground prior to annealing in the range of
150-900 °C for 3 h. The annealed samples have been char-
acterized using x-ray diffraction (XRD) and magnetometry
to determine correlations between structural and magnetic
properties as the Ni concentration varies for a fixed anneal-
ing temperature (450 °C) and as the annealing temperature
varies for 10% Ni. XRD studies were conducted on a Philips
X’pert x-ray diffractometer in Bragg-Brentano geometry
with a Cu Ka source (A=1.5418 A). For activation, an ap-
plied field of H=3 kOe was present during heating to
500 °C, at which temperature the samples were exposed to a
10 kOe magnetic field. The field was then shut off and the
system cooled to room temperature. The choice of this acti-
vation process was initially the result of attempting to deter-
mine the Curie temperatures using high-temperature magne-
tization measurements on the weak FM samples, which, after
cooling down to 300 K, showed strong RTFM. The activa-
tion process was conducted on a vibrating sample magneto-
meter (VSM, LakeShore model 7407) equipped with a high-
temperature oven. Samples mounted inside the oven were
packed into a boron nitride cup, and the atmosphere inside
the oven was purged with nitrogen during the experiments to
prevent oxidation of the oven walls. The frequency of vibra-
tion was a constant, 82 Hz. Temperature and magnetic field
treatment was accomplished by loading 50—100 mg of pow-
der sample into the high-temperature VSM setup.

lll. RESULTS AND DISCUSSION

The authors recently investigated the effect of Ni dopant
concentration on CeOZ.8 A weak FM behavior was developed
with Ni doping showing a maximum for 4% Ni having a
saturation magnetization of 1.2 memu/g (8.6 X 10™* wp/Ni
ion). Above this dopant concentration, the FM properties
gradually diminished with increasing x as shown in Fig.
1(a).® This result qualitatively followed the model proposed
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FIG. 1. (a) Saturation magnetization M, of Ce,_,Ni, O, annealed at 450 °C
as a function of x and (b) particle size L estimated from XRD and saturation
magnetization M of CeyoNij 0, as a function of annealing temperature.

by Coey et al..” in which doping above a cation percolation
limit will diminish the FM behavior due to antiferromagnetic
interaction. Figure 1(b) shows the particle size and saturation
magnetization variation for Ce ¢Ni, ;0, annealed at different
temperatures.

Figure 2 shows how the magnetic-field-induced high-
temperature activation process affects the magnetic proper-
ties of the Ni doped CeO, powders. Figures 2(a)-2(c) show
panels indicating the changes in (i) saturation magnetization,
(ii) coercivity and remanence, and (iii) the resulting Curie
temperature 7'- for 450 °C annealed CeO, powders contain-
ing 4%, 8%, and 10% Ni. All of these samples show in-
creases in their saturation magnetizations by several orders
of magnitude after the activation process. The resulting satu-
ration magnetizations were 0.10, 0.095, and 0.050 up/Ni ion
for 4%, 8%, and 10% Ni, respectively. With the 8% and 10%
Ni doped samples, the coercivity and remanence also show
significant enhancement after the activation process. The Cu-
rie temperatures of the activated samples were 612, 597, and
632 K for 4%, 8%, and 10% Ni doped samples, respectively.

XRD measurements were carried out on the Ce, ¢Nig ;0,
samples to investigate the role of any structural or chemical
phase change. Figure 3(a) shows the XRD data of 450 °C
annealed Ce(¢Ni, 0O, collected before and after the activa-
tion process. No new peaks or changes in the XRD pattern
were observed as a result of the activation process.

In order to investigate the role of temperature, 10% Ni
doped CeO, precipitate was annealed at six different tem-
peratures of 150, 300, 450, 600, 750, and 900 °C without
any externally applied magnetic field. The XRD patterns
shown in Fig. 3(b) demonstrate gradual changes in the peak
intensity and width with increasing annealing temperatures.
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FIG. 2. As-prepared and activated magnetic data from powder samples
showing (i) full-scale room temperature M vs H displaying change in satu-
ration, (ii) low field region M vs H displaying changes in coercivity and
remanence, and (iii) M vs T after activation for (a) CeygsNipsO,, (b)
Ceg9,Ni 0305, and (c) CeoNi O, annealed at 450 °C and (d) Ce,¢Ni, ;0,
annealed at 900 °C.

The average particle size estimated from the XRD data using
the Scherrer relation, shown in Fig. 1(b), increases from
8 nm at 150 °C to 57 nm at 900 °C. Figure 1(b) also shows
the variation in saturation magnetization for 10% Ni as the
annealing temperature is varied, producing values in the
0.1-0.3 memu/g range with no apparent correlation to the
annealing temperatures. This suggests that the rapid increase
in average particle size does not result in discernible changes
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FIG. 3. X-ray diffraction on powder samples of Ce¢Ni, 0, displaying (a)
the effect of high-temperature activation of ferromagnetism on the structure
and (b) the change in peak width as annealing temperature changes. Also
shown in (a) is the XRD sample holder background, since the holder back-
ground appears in the activated sample due to the small amount of powder
used in activation. Asterisk (*) indicates peaks from background.

in the magnetization. The cubic CeO, lattice parameter esti-
mated from these data was 5.41+0.01 A showing no system-
atic variation with annealing temperature.

10% Ni doped CeO, annealed at 900 °C was also sub-
jected to the activation process to investigate the effect of
particle size and annealing temperature. The data shown in
Fig. 3(d) demonstrate a somewhat similar improvement in
magnetization compared to the 450 °C annealed samples.
This shows that the higher annealing temperature and the
resulting larger particle size do not have a significant role in
the activation process. However, the Curie temperature of the
900 °C annealed sample with 10% Ni was the highest at
646 K.

In summary, Ni doped CeO, samples show RTFM after
high-temperature activation with some dependencies on the
preparation conditions and Ni concentration. The enhance-
ment effect was strongest with an increase of ~600 times on
Ce(9Nij 0, annealed at 450 °C, while a maximum satura-
tion magnetization (0.10 ug/Ni ion) is observed for
Cego4Nip 4O, after activation. The FM behavior of
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Ce,_,Ni,O, samples and the observed enhancement in mag-
netization resulting from magnetic-field-induced high-
temperature activation are not due to the presence of any
impurity phases for the following reasons: (i) The weak FM
in as-prepared samples shows very systematic variation, and
random impurities will not lead to a systematic variation of
magnetization. (ii) Impurities due to precipitation of the dop-
ants would result in the magnetization increasing with x,
which is not the case. (iii) The magnetic-field-induced acti-
vation is not expected in any of the known possible impurity
phases. (iv) The activation is a reproducible effect, observed
in several samples with different x and annealing tempera-
tures. (v) The Curie temperature depends on the dopant con-
centration and preparation conditions, and the estimates for
some of the samples are higher than that of bulk Ni metal
and the Néel temperature of bulk NiO. Interestingly, the
authors'® have earlier reported on a magnetic-field-induced
metamagnetic transition in Co doped SnO,. Archer et al."!
have also reported on activation of RTFM in Ni doped SnO,
nanoparticles. To understand the mechanism of the observed
magnetic-field-induced  high-temperature  activation in
Ce;_,Ni,0, samples, more detailed studies are required, and
this will be the subject matter of future investigations. With
the ability to create Ni doped ceria with better magnetization
at room temperature, it is a promising material for use in
possible spintronic devices.
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