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Ferromagnetism in chemically synthesized CeO, nanoparticles by Ni doping

A. Thurber,! K. M. Reddy,' V. Shutthanandan,> M. H. Engelhard,”> C. Wang,? J. Hays,! and A. Punnoose!*
lDeyparz‘ment of Physics, Boise State University, Boise, Idaho 83725-1570, USA
2Environmental Molecular Sciences Laboratory, Pacific Northwest National Laboratory, Richland, Washington 99352, USA
(Received 21 July 2006; revised manuscript received 1 September 2007; published 24 October 2007)

This work reports the discovery of room-temperature ferromagnetism in 5-9 nm sized Ce;_,Ni, O, nano-
particles (0.01<x=<0.20) prepared using a sol-gel based chemical method at room temperature and under
ambient conditions. Particle induced x-ray emission studies were used to determine the dopant concentrations.
Magnetic measurements of the chemically synthesized Ce;_Ni, O, samples at room temperature showed
coercivity in the 40—120 Oe range, and the saturation magnetization showed a maximum of 1.21 memu/g
(8.59X 107* up/Ni ion) for x=0.04. Average crystallite sizes and lattice parameters estimated from x-ray
diffraction and transmission electron microscopy studies showed a gradual decrease with x in the entire doping
range, while the lattice strain showed a minimum for x=0.04. Optical studies revealed direct band gap energies
ranging from 3.23 to 3.99 eV with a minimum for x=0.04. A high Curie temperature of 7,=665 K was

obtained for x=0.03.
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I. INTRODUCTION

Metal oxides have recently been the subject of intense
research for applications in the spintronics field since the
discovery of room-temperature ferromagnetism (RTFM) in
dilute magnetic semiconductor oxide systems.'~” Tailoring
the physical properties and adding new functionality to the
existing materials by engineering the structure, composition,
and particle and/or grain size are among the new approaches
in advancing the current applications of materials. Preparing
these materials in the nanoscale size range is more interest-
ing due to the increased surface-to-volume ratio, which
might affect the structural and most other physical proper-
ties. Transition-metal (TM) doping has been proposed to in-
troduce magnetic functionality in conventional semiconduc-
tors and metal oxides.!? Recent reports on the observation of
RTFM in thin films and powders of TM-doped oxide semi-
conductors such as TiO,,*> Zn0O,>- and SnO, (Refs. 6 and 7)
generated tremendous interest in investigating other metal
oxide materials as well.

Ce0,, a robust rare earth oxide insulator, is a key material
for a wide variety of applications such as a buffer layer for
silicon on insulator devices,® a basis in field effect transis-
tors,” and as a high-k dielectric material in capacitors.!%-!2
These applications make CeO,, already used in catalysis,
electrolysis, and optical coatings,'>~'® a very interesting can-
didate to develop RTFM for use in novel multifunctional
devices. It has recently been demonstrated that the wet
chemical sol-gel process can be used to produce TM-doped
metal oxides in the nanoparticle form with ferromagnetic
(FM) properties.®!*2! Use of the sol-gel process to produce
these materials in aerobic and ambient conditions aids in the
intrinsic elimination of the formation of metallic particles, as
opposed to other fabrication techniques.?>?* When prepared
as particles with sizes <50 nm, CeO, has recently been
shown to display interesting nanoscale size effects on its
physical properties.>*2® Because of these reasons, we pre-
pared Ni doped CeO, nanoparticles in the 5-9 nm size
range. Our work reports the observation of ferromagnetism
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along with strong correlations between the magnetic, struc-
tural, and optical properties of CeO, nanoparticles as a result
of Ni doping in the 0%—20% range. While metallic Ni par-
ticle formation is eliminated intrinsically due to the process
employed, all the simple oxides of Ni as well as Ni-Ce-O
binary and/or ternary systems are not FM, and there is no
evidence from any of our studies suggesting the formation of
any impurity phases within the samples. Tiwari et al.?’ have
reported ferromagnetism in CeO, thin films grown on
LaAlO; (001) substrates using pulsed laser deposition
through Co doping, showing a giant magnetic moment of
6.1 ug/Co ion and a Curie temperature 7-=875 K for 3%
Co doping. No such giant magnetic moments were observed
in our Ce;_Ni,O, samples; however, the magnetic, struc-
tural, and optical properties and the Curie temperatures of
our samples depend strongly on the dopant concentration.

II. EXPERIMENTAL DETAILS

All Ce;_,Ni, O, samples were prepared in air at room tem-
perature by adding Ce(NOj);-6H,0 and Ni(NO3),-6H,0 to
de-ionized water to obtain a 0.01M solution with a molar
ratio of x=[Ni]/([Ni]+[Ce]), to which a 4M NH,OH solu-
tion was added until the pH level reached 9. The mixture was
stirred for 2 h at room temperature and subsequently filtered,
after which it was dried for 12 h at 50 °C. Annealing took
place in air at 450 °C for 3 h in a tube furnace to produce
the metal oxide nanoparticles. Differing amounts of
Ce(NO3)5-6H,0 and Ni(NOs),-6H,0 were used with target
ratios meant to obtain a systematic variation of x in the 0%-—
20% range. The pure CeO, sample (x=0) was produced
without adding any Ni(NO;),-6H,O for use as a reference.
Similarly, a pure nickel oxide sample (x=1) prepared under
identical conditions but without any Ce(NO;);-6H,O for
comparison to the doped samples was found to be antiferro-
magnetic NiO. A physical mixture to obtain [Ni]/([Ni]
+[Ce])=0.05, comparable to CeqsNij(s0,, was also pre-
pared using the samples of pure CeO, and NiO for compari-
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FIG. 1. PIXE data taken on Ce;_,Ni, O, samples showing actual
Ni concentrations.

son to the doped samples, accomplished by grinding mea-
sured amounts of the pure samples together in an agate
mortar.

Particle induced x-ray emission (PIXE) studies were con-
ducted at the accelerator facility at the Pacific Northwest
National Laboratory to determine the actual dopant
concentrations.!” Samples were irradiated with a 2.0 MeV
He* ion beam, and the x rays emitted during the deexcitation
process were analyzed with an x-ray spectrometer. Resulting
PIXE spectra after removing the background due to Brems-
strahlung are shown in Fig. 1, giving Ni concentrations of
0.64%, 2.76%, 4.34%, 7.79%, and 10.10% [% given as mo-
lar ratio of [Ni]/([Ni]+[Ce]) estimated from atomic percent-
ages]. Detailed characterization of samples was carried out
using x-ray diffraction (XRD), spectrophotometry, magne-
tometry, x-ray photoelectron spectroscopy (XPS), electron
diffraction (EDP), and high-resolution transmission electron
microscopy (HRTEM). XRD patterns were recorded at room
temperature using a Phillips X’Pert x-ray diffractometer in
Bragg-Brentano geometry with a Cu Ka source (A=1.5406
A). Powder samples were leveled in the sample holder and
placed on a horizontal mount. Diffuse reflectance data were
recorded at room temperature using a Cary 5000 spectropho-
tometer by loading small amounts of powder samples into a
horizontal sample holder and placing it inside the spectro-
photometer. Transmission electron microscopy (TEM) and
EDP experiments were done at the Pacific Northwest Na-
tional Laboratory on a JEOL JEM 2010 microscope with a
specified point-to-point resolution of 0.194 nm. The operat-
ing voltage of the microscope was 200 kV. All images were
digitally recorded with a slow scan charge coupled device
camera (image size of 1024 X 1024 pixels), and image pro-
cessing was carried out using the DIGITAL MICROGRAPH soft-
ware from Gatan (Pleasant, CA, USA). XPS measurements
were performed using a Physical Electronics Quantum 2000
Scanning ESCA microprobe. This system uses a focused
monochromatic Al Ka x-ray (1486.7 eV) source and a
spherical section analyzer. The x-ray beam used was a
100 W, 200 um diameter spot rastered over a 1.4
X 0.2 mm? area on the sample. The x-ray beam was incident
normal to the sample, and the photoelectron detector was at
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FIG. 2. XRD patterns recorded at room temperature for samples
prepared at 450 °C with varying dopant concentration, including a
pure NiO sample. Expected peak positions and intensities are
shown for CeO, and NiO along the x axis.

45° off normal. The binding energy scale is calibrated using
the Cu 2p5,, feature at 932.62+0.05 eV and Au 4f feature at
83.96+0.05 eV for known standards. The samples experi-
enced variable degrees of charging. Low energy electrons at
~1 eV, 20 A and low energy Ar" ions were used to mini-
mize this charging. Magnetic data were recorded using a
LakeShore model 7404 vibrating sample magnetometer
(VSM), which is also equipped with a high temperature
oven. For the room-temperature VSM data, powder samples
were tightly packed into a clear straw and mounted using a
fiberglass rod. 7 measurements were done by loading the
powder into a boron nitrite cup attached to the end of a
quartz rod mounted inside the VSM oven.

III. RESULTS AND DISCUSSION
A. X-ray diffraction studies

The effects of Ni doping on the particle size and lattice
structure of CeO, were investigated using XRD and TEM.
The x-ray diffraction patterns obtained from all the
Ce,_Ni O, samples with x=0-0.20, shown in Fig. 2,
showed strong cubic CeO, peaks. The XRD pattern of the
Ni-only sample synthesized under identical conditions as the
doped samples, but without using any cerium precursor (x
=1), also in Fig. 2, showed only cubic NiO, suggesting that
any unincorporated Ni, if present in the sample, will form the
antiferromagnetic NiO phase. The complete absence of even

165206-2



FERROMAGNETISM IN CHEMICALLY SYNTHESIZED CeO...

the strongest peaks of nickel oxide in any of the doped
samples indicates that no detectable amount of nickel oxide
was produced in the sol-gel process employed to synthesize
the Ce;_,Ni O,. All peaks in the doped Ce;_,Ni, O, samples
(x=<0.20) are accounted for with the expected cubic CeO,
reference lines. Peak positions and widths were determined
by fitting the experimental data with a modified Lorentzian
function given by

LW,

I=B+Bx+——1—0
T Wi+ (x-P)?

where B and B, define the baseline, [, is the peak intensity in
counts, W, is the half-width at half maximum, and P is the
peak position in 26". Peak position of the (111) plane was
used to estimate the lattice parameter a of the cubic system
as a function of x, and the observed variation is shown in
Fig. 3(a). The full widths at half maximum of the peaks
determined from this function were taken to be the measured
width B,,. The instrumental width B, was calculated using
data taken on the same XRD diffractometer of a pure silica
standard. The measured widths (,, were compared to the
widths B, of the nearest peaks from the silica sample to
determine the true width 8 by the equation 3= ,8,2,,— B?.
Once B was known, a plot of Bcos @ vs sin § was con-
structed and the data were fitted with a linear function. The
lattice strain 7 and particle size D were estimated using the
Scherrer relation:?*28

0.89),

Bcos 0= + 7 sin 6,

where \q=1.5406 A is the wavelength for the Cu Ko radia-
tion. The estimated average particle size D and lattice strain
7 are shown in Figs. 3(b) and 3(c), respectively. The average
particle size D decreases from ~9 nm in pure CeO, to
~5 nm in the sample with x=0.10, as shown in Fig. 3(b).
For higher doping concentration up to x=0.20, the particle
size decreases further to ~4.5 nm. This indicates that Ni
incorporation hinders crystallite growth as observed in other
TM-doped metal oxide systems.®?! The pure NiO nanopar-
ticles prepared under identical conditions, but without any
Ce precursor, were estimated from XRD to be ~20 nm,
much larger than the Ni doped CeO,. In recent studies,>*~2 it
has been shown that for CeO, nanoparticles, the lattice pa-
rameter increases dramatically with decreasing particle size.
Based on experimental data and first-principles calculations,
this rapid lattice expansion in the low (<10 nm) particle size
regime resulted from an increasing concentration of Ce**
ions replacing Ce** as well as an increasing number of oxy-
gen vacancies. However, in our Ce,_,Ni, O, samples, the par-
ticle size is decreasing with increasing x in this same regime
while the lattice parameter is decreasing. We attribute this
opposite effect to the large difference between Ni and Ce
ionic radii. The sizes of both Ce** and Ce** ions in all known
coordinations are close to twice the ionic size of Ni2*, Ni’*,
or Ni** ions irrespective of their coordination numbers.?’
Thus, the contraction of the lattice due to Ni ion incorpora-
tion overwhelms the reported nanoscale expansion effect.
The undoped CeO, nanoparticles are under significant lattice
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FIG. 3. (a) Lattice parameter for cubic CeO,, (b) particle size
from XRD and TEM, (c) strain estimated from analysis of XRD
patterns and band gap energies E, from diffuse reflectance, and (d)
saturation magnetization M, and remanent magnetization M, all
given as a function of x for the Ce;_,Ni, O, samples. Lines shown
are linear fits of data for visual aid.
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FIG. 4. HRTEM images and corresponding EDP data of
Ce,_,Ni, O, samples for (a) x=0.03, (b) x=0.04, and (c) x=0.08.

strain [Fig. 3(c)], in agreement with recent reports on nanos-
cale cerium oxide with similar particle size,° and the posi-
tive sign indicates that the lattice has undergone an expan-
sion. Such increased lattice strain observed in small
nanoparticles of CeO, has been shown to be the result of
increased Ce** ions and oxygen vacancies produced as a re-
sult of size reduction. Interestingly, the lattice strain shown
in Fig. 3(c) decreases with increasing Ni concentration for
x=<0.04; however, above this concentration, an opposite be-
havior is observed. In many TM-doped oxide semiconductor
systems, the dopants substitutionally occupy host sites at
lower concentrations, and above a certain limit, additional
interstitial incorporation of the dopant ions occurs.>?! We
believe that the observed drastic change in 7 for x>0.04 is
due to additional interstitial incorporation of Ni ions in the
CeO, host lattice.

B. Transmission electron microscopy studies

HRTEM images (Fig. 4) display well defined lattice
fringes indicating the crystallinity of the nanoparticles. The
TEM estimates of the average particle size of the samples are
also shown in Fig. 3(b) and agree well with the XRD esti-
mates. Analysis of the EDP patterns (see insets of Fig. 4)
matches with the reference data for bulk ceria, and all dif-
fraction rings are accounted for.

C. Optical spectroscopy studies

The optical data collected at room temperature showed
major changes in the overall diffuse reflectance and the ab-
sorption edge with even a small amount of doping (Fig. 5).
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FIG. 5. Optical data from Ce;_,Ni, O, showing room tempera-
ture diffuse reflectance taken in the UV-visible range.

The significance of this is more visible after applying the
Kubelka-Munk function,?! given as F(R)=(1-R)?/2R,
where R is the magnitude of reflectance, to estimate the di-
rect band gap energy [Fig. 3(c)]. The band gap energy E, for
x=0 of 3.80 eV is in close agreement with the direct band
gap for pure ceria of 3.78 eV.3! The band gap energy drops
to 3.23 eV for x=0.04 and then rises up to 3.99 eV for x
=0.10. The variation follows the strain data that were deter-
mined from analysis of the XRD patterns in a direct relation-
ship [see Fig. 3(c)], indicating that the observed variation in
E, is related to the structural changes resulting from Ni in-
corporation. The variation in band gap for x<0.04 is con-
trary to the reports of Zhang et al.?° that smaller particle size
causes an increase in the band gap energy of cerium oxide.
However, the observed E, variations with x in our
Ce,_,Ni,O, samples are similar to that recently reported in
Sn;_,Co,0,,>" in which a minimum in the band gap energy
was observed at x=0.01. In Sn;_Co,0,, the observed
changes for x>0.01 were attributed to the extensive struc-
tural changes caused due to interstitial Co incorporation. We
believe that in the Ce;_,Ni, O, system also, for x>0.04, the
band gap increases due to the combined effect of additional
interstitial Ni incorporation and the nanoparticle size effect.?

D. X-ray photoelectron spectroscopy studies

Figure 6(a) shows the Ni 2ps;, spectral region of a repre-
sentative set of the Ce;_,Ni, O, samples as well as the physi-
cal mixture of NiO and CeO,. The physical mixture exhibits
visible features at 854, 855.7, and 861 eV clearly. The pres-
ence of the 855.7 eV feature, which has been commonly at-
tributed to Ni** surface states in addition to the features due
to core Ni%*, agrees well with that reported for NiO.*-37 The
general features of the Ni2p;, core region of the
Ce_,Ni,O, samples and the observed peak position of
~855.1 eV are clearly different from that of NiO. This fur-
ther confirms that the Ni ions in the Ce;_,Ni O, samples are
not present as NiO and that the chemical environment of the
incorporated Ni ions in the doped samples is different from
that of the Ni ions in NiO. Representative XPS data of the
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FIG. 6. (a) XPS of the Ni2ps,, region with lines through 854,
855.7, and 861 eV and (b) the Ce 3d region for selected samples.

Ce 3ds;, core region of Ce;_,Ni,O, samples (with highest
and lowest x) are shown in Fig. 6(b). In addition to the ex-
pected signature peaks of Ce*t, weaker features correspond-
ing to ~15% of the cerium ions in the Ce** state were also
present. This is in agreement with similar reports on the pres-
ence of Ce* states in CeO, nanoparticles.>

E. Magnetic measurements

Hysteresis loops taken with a maximum field of £10 kOe,
shown in Fig. 7(a), display the FM properties of the
Ce_,Ni, O, samples. The magnetization M of the samples is
weak and the loops had small coercivities in the range from
40 to 120 Oe. There is also a linear paramagnetic component
X, for each sample, suggesting that not all of the dopant
atoms participate in the FM ordering.® Figure 7(b) shows a
plot of M—x,H displaying FM saturation, while Fig. 7(c)
shows the low-field region of the as-collected data displaying
the open hysteresis loops and illustrating the changes in co-
ercivity and remanence. Both the saturation magnetizations
M, obtained from the M—x,H vs H data of Fig. 7(b) and
remanent magnetizations M, estimated from the as-collected
M vs H data [Fig. 7(c)] show an increase as x increases to
0.04 and then a decrease for higher doping levels, as shown
in Fig. 3(d). The observed changes in the magnetic properties
with x mimic that observed in the lattice strain and band gap
[Fig. 3(c)], suggesting that all of these characteristics are
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FIG. 7. Room temperature magnetic data showing (a) full M vs
H hysteresis loops for all Ce;_Ni,O, samples, (b) M- x,H vs H for
x=0.01, 0.04, and 0.08, and (c) low-field region of the M vs H data
showing the coercivity and remanence for x=0.04 and 0.10 with the
inset showing the same for x=0.01 and 0.08.

related to the structural changes caused by the Ni ion incor-
poration in CeO,. M vs H data collected for the physical
mixture of NiO and CeO, (with x=0.05) is shown as Fig. 8,
along with the M vs H data obtained from Ce;_NiO,
samples for x=0, 0.15, and 0.20. The absence of the saturat-
ing component in the magnetization data in the physical mix-
ture helps rule out impurities as the cause of the observed
FM behavior in samples with 0.0l <x=0.10. Since the
physical mixture of NiO and CeO, does not show the FM
behavior, observed magnetism in the doped samples there-
fore cannot be attributed to small amounts of NiO nanopar-
ticle impurities formed during synthesis. The lack of a satu-
rating component in the samples with x=0, 0.15, and 0.20
also rules out unknown impurities, since any such phases
would result in spontaneous magnetization in all samples.
Furthermore, the observed FM behavior and its dependence
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FIG. 8. Room-temperature M vs H data collected for
Ce;_,Ni, O, for x=0, 0.15, and 0.20 and the same for the physical
mixture containing 5% NiO in CeO,.

on the Ni concentration are repeatable. The fact that these
results are fully reproducible rules out the possible role of
any random impurities.

Figure 9(a) displays high Curie temperatures (T) of 550
and 665 K for two of the Ce,_,Ni, O, samples with x=0.04
and 0.03, respectively. These T values are higher than the
Néel temperature for nickel oxide (7y=523 K) or the Curie
temperature of metallic Ni (627 K) (Ref. 34) and once again
illustrates that the observed magnetic behavior is not a result
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FIG. 9. (a) Plot of the normalized sample magnetization versus
temperature showing the Curie temperature 7' for x=0.03 and 0.04,
measured with an applied field of 3000 Oe. (b) Normalized M vs T
data taken on pure NiO and the physical mixture of 5% NiO and
CeO, with the same applied field for comparison.
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of the formation of small amounts of nanoscale NiO or Ni
particles, undetected in XRD. Figure 9(a) demonstrates that
differing dopant concentrations result in a variation in the
transition temperature, although the result may be somewhat
unexpected since the data imply a lowering of T from
665 to 550 K when the dopant concentration increased from
3% to 4%. Based on reports*®~*" demonstrating similar ir-
regular variation of 7~ with x in GaMnAs, we attribute this
result to differences in the defect concentrations,’® grain
size,3? and/or domain structures*” in the Ce,_,Ni, O, samples.
Also shown [Fig. 9(b)] is the normalized M vs T data col-
lected from the x=0.05 physical mixture of NiO and CeO,
and the same for the pure NiO powder, displaying a much
different behavior under these conditions than the doped
samples. To the best of our knowledge, no FM Ni-Ce-O
compound exists. Based on these reasons, we believe that the
observed RTFM in Ce;_,Ni,O,, albeit weak, is intrinsic.

F. Concluding remarks

Several recent studies’>3>33 have indicated that oxygen
vacancies, F centers, and defects in DMS systems play a
major role in the magnetic exchange mechanism. In a recent
paper, Coey et al.? proposed a model based on impurity-band
exchange and density-functional calculations that ferromag-
netism can be developed in oxides when the oxygen defect
induced donor concentration & is greater than the polaron
percolation threshold &, and the cation concentration x is
below the cation percolation limit Xp- For x>x , these stud-
ies have indicated antiferromagnetism or ferrimagnetism.
Our results showing an increasing FM behavior for x
=0.04 and an opposite trend for higher x qualitatively agree
with this picture. The substitutionally doped Ni** ions re-
placing Ce** or Ce®* ions of the host lattice will produce
oxygen vacancies for charge neutrality resulting in the FM
interactions at lower concentrations (x<0.04). In the F-cen-
ter-mediated mechanism,? the radius of the electron orbital is
a direct function of the dielectric constant. Since CeO, has a
high dielectric constant of 26, the radius of the F-center elec-
trons may be large enough to produce magnetic interactions
at low Ni concentrations. As x increases (>0.04), a fraction
of the Ni ions might enter into interstitial positions which
require excess oxygen ions for charge neutrality. The higher
concentration of the Ni ions and the lack of oxygen vacan-
cies form an excellent recipe to produce antiferromagnetic
interactions and to gradually destroy the FM behavior. How-
ever, more investigations to confirm the exact oxidation state
of Ni ions and their host locations and to determine the role
of oxygen stoichiometry are required to confirm these possi-
bilities.

It is the authors’ belief that the observed ferromagnetism
is not a result of impurity phases for the following reasons:
(i) Pure CeO, and heavily Ni doped samples do not show
FM behavior, and this has been verified in several samples. If
the FM was a result of a random impurity, then all samples
would have clearly shown FM properties, which they do not.
If the FM had been a result of Ni-based impurities, increas-
ing the dopant concentration should have increased the
strength of the observed FM, which again is not seen here.
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Furthermore, with large amounts of Ni introduced into the
system, the formation of Ni impurities should be visible in
XRD; however, no unaccounted peaks appear in the diffrac-
tion data. (ii) The saturation magnetization increases and
then decreases systematically with Ni doping, which would
also not occur had the FM been caused by a random impu-
rity. (iii) The lattice parameter changes indicate incorporation
of Ni into the lattice, and the corresponding changes in the
band gap energies and strain correlate well with the magne-
tization data. The observed variations are not likely to be due
to an unknown impurity, since this would cause very random
changes in data. (iv) The changes in Curie temperature with
different dopant concentrations indicate that the resulting FM
could not be from an unknown magnetic impurity, since this
would result in the same Curie temperature observed for the
different dopant concentrations used.

Thus, it has been shown that weak ferromagnetism can be
produced at room temperature in sol-gel synthesized CeO,
nanoparticles with nickel ion dopants. Ni doping has a strong
influence on the microstructural, optical, and magnetic prop-
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erties of CeO, nanoparticles. The magnetization of the ma-
terial increases initially with increasing dopant concentration
but drops considerably for levels above 4%. The sol-gel syn-
thesis inherently removes the possibility of forming metallic
nickel, and the experimental evidences rule out the presence
of NiO, suggesting that the observed ferromagnetism is in-
trinsic.
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