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Abstract

Effect of additional Zn** dopant on the ferromagnetism (FM) of Co doped CeO, nanoparticles was studied. The Zn and
Co co-doped CeO, nanoparticles (Ceg ¢7_,Zn,Co, 130,: where x=0, 0.01, 0.03, 0.05) were prepared by sol-gel technique.
The crystal structure, morphology, and magnetic properties were analyzed by X-ray diffraction (XRD), scanning electron
microscopy (SEM), Raman spectroscopy (Raman) and physical property measurement system (PPMS). XRD and Raman
studied showed that certain amount of Zn>* can readily be incorporated into the lattice of Co doped CeO, with single-phase
of CeO, original cubic fluorite crystal structure, and no ferromagnetic secondary phase was observed. SEM images show Zn
and Co co-doped CeO, nanoparticles were spherical and uniform size. The PPMS studied indicate that the room-temperature
FM of Co doped CeO, nanoparticles increase with additional Zn** dopant. This result is helpful in understanding the origin
of FM in diluted magnetic oxides (DMO) as well as improving the magnetic property of DMO.

1 Introduction

Physical properties and potential applications of semicon-
ductor nanomaterials have been studied intensively [1-3].
Diluted magnetic semiconductors (DMS) have attracted the
attention of the scientific community because of their poten-
tial for combining semiconductor and magnetic properties
that are possible to use electronic charge and spin at the same
time in a material. Room temperature ferromagnetism (FM)
of the DMS by transition metal doped oxide semiconductor
or insulator (TM-DMO) is the focus of today’s research.
The TM-DMO material combines the spin and charge of
carriers, thus the implementation of spintronic devices is
possible by using TM-DMO materials [4]. The discov-
ery of more suitable doped elements and the development
of various TM-DMO materials are the main tasks of the
present [5—7]. The origin of room temperature FM in TM-
DMO materials is another focus of the investigation. The
reports in the literature are different, some even contrary,
but it is generally believed that the ferromagnetic exchange
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in TM-DMO is mainly due to defects, electron transfer and
oxygen vacancy (Vo) [7-9]. Among many oxides, rare earth
oxide of cerium oxide (CeO,) has attracted special attention.
CeO, is widely used in luminescence, polishing, UV absorp-
tion, automobile exhaust purification, solid oxide fuel cells,
optical coatings and oxygen sensors. In addition, CeO, is a
typical wide band gap oxide semiconductor. The structure
of CeO, belongs to cubic fluorite type, with lattice constant
matching well with Si. Therefore, it is considered as a poten-
tial replacement for Si semiconductor. Recent studies have
found room temperature FM in undoped CeO, and doped
CeO, samples. These findings stimulate interest in the study
of CeO, systems [8—10]. This is because the Ce ions in CeO,
based diluted magnetic oxides (DMO) can have a variety of
ionic states (42, + 3, and +4), Therefore, defects in CeO,
based DMO are easy to manipulate. This is convenient to
verify the mechanism of FM induced by defects. Second, the
cubic structure of CeO, can accommodate a large number
of oxygen vacancies, thus Vo in CeO, based DMO can be
controlled. It is easy to verify the ferromagnetic coupling
mechanism based on Vo by experiment. Third, CeO, based
DMO are easy to integrate with semiconductor materials,
this makes preparation of dilute magnetic/semiconductor
superlattice structures easy. Therefore, new type of spin
functional device can be developed. For understanding the
origin of room temperature FM, a systematic study on doped
CeO2 is demanded.
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In the present work, Zn%* was chosen as additional
dopants for Co doped CeO, DMO systems. The Zn and
Co co-doped CeO, nanoparticles (Ce g7_,Zn,C0¢ (30,:
where x=0, 0.01, 0.03, 0.05) were synthesized by sol-gel
technique. The crystal structure, morphology, and mag-
netic properties were analyzed by X-ray diffraction (XRD),
scanning electron microscopy (SEM), Raman spectros-
copy and physical property measurement system (PPMS).
Effect of additional Zn** dopant on the FM of Co doped
CeO, nanoparticles has been discussed.

2 Experiments

Preparation of Zn and Co co-doped CeO, samples
(Ceq g7_,Zn,Coy 30,: where x=0, 0.01, 0.03, 0.05)
was done by sol-gel technique. The precursor solu-
tions were prepared as follows. Stoichiometric amount
of Ce(IlII) nitrate hexahydrate (Ce(NO;);-6H,0), cobal-
tous nitrate (Co(NO;),-6H,0) and zinc acetate dihy-
drate (Zn(CH;COO),-2H,0) was used to obtain desired
compositions. These solutes were completely dis-
solved in 2-methoxyethanol with stirring for 1 h at
65 °C, and then 3 h at room temperature. Acetylacetone
(CH;COCH,COCH;) was added to the solution as a sta-
bilizer. According to previous reported results [5, 7-12],
the optimal FM was obtained from Co-doped CeO, DMO
system with the nominal Co content of 3 at.%. So here we
kept Co doping concentration as a constant of 3 at.% with
the variation of Zn>* doping content from 0 to 5 at.%. Zn
doping was achieved by the introduction of appropriate
amount of Zn(CH;COO),-2H,0. These precursor solu-
tions were put in a furnace for 24 h at 100 °C to eliminate
excess water and form the xerogel. Then, the xerogel was
calcined at 700 °C for 2 h to eliminate organic materials
and form a powder.

The crystal structure of Ce o;_,Zn Co 30, powders
were characterized by using RIGAKU D-MAX 2200
VPC X-ray diffractometer (XRD) equipped with a Cu-Ka
(A=1.54 10\) source. The Raman spectroscopy of these pow-
ders was analyzed by a Confocal Micro-Raman Spectrom-
eter (inVia Reflex, Renishaw) with 514 nm excitation source
under air ambient condition. The morphology of the samples
was observed by a thermal field SEM (Quanta 400F, FEI/
OXFORD/HKL). Energy dispersive spectroscopy (EDS)
was used to determine the amount of doping in the pow-
der. Magnetic properties were investigated by a commercial
physical property measurement system (PPMS, QUANTUM
DESIGN, MOOEL 6000). In Table 1, some properties of
Cey 97_,Zn,Coy (30, powders, such as Zn content determined
by EDS (xgpg), particle size (D), saturation moment (M),
and coercivity (H) are shown.

Table 1 Some properties of Ce ¢;_,Zn,Coy 430, powders: Zn content
determined by EDS (xgpg), particle size (D), saturation moment (M),
and coercivity (H)

Zn content x XEDS D (nm) M (emu/g) H¢ (Oe)
0.00 0.00 16.7 0.0018 305.28
0.01 0.009 14.6 0.0022 480.03
0.03 0.032 14.2 0.0031 508.83
0.05 0.054 11.9 0.0040 567.62
Ceg.97.xZnxCo,,,0;
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Fig. 1 The XRD patterns of the Ce ¢;_,Zn,Coy (3O, powders

3 Results and discussion

The XRD patterns of the Cejg;_,Zn,Coq (30, (Where
x=0, 0.01, 0.03, 0.05) powders are depicted in Fig. 1.
The obtained XRD patterns matched the powder diffrac-
tion data for CeO, obtained using JCPDF 34-0394, which
suggests a cubic symmetry belonging to the Fm-3m space
group. Within the XRD detection limit, no extra diffrac-
tion peak related to the second phases of Co or Zn, which
confirms the complete solubility of Zn and Co ions in the
ceria crystal structure. This indicates that Zn and Co sub-
stituted for Ce in CeO, host without changing the fluorite
crystal structure. From Fig. 1, it is seen that all diffraction
peaks were broadened, which indicated the fine nature
of the small particles. By using Debye Scherrer formal-
ism D = 0.894/f cos 8, where S is the full-width at half-
maximum in radians, 6 is the Bragg’s angle in degrees,
and A is the wavelength of X-rays (1.54 A for Cu-Ko),
the average particle size of Ce ¢;_,Zn,Co, (30, powders
has been determined from the peak (111) broadening in
the XRD patterns. The calculated particle size was 16.7,
14.6, 14.2 and 11.9 nm for x values of 0, 0.01, 0.03, and
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0.05, respectively. The particle size and the peak inten-
sity decrease with the increase of the amount of Zn>* (see
Table 1).

Figure 2 shows the SEM images of Ce o;_,Zn Co (30,
powders with x=0, 0.03. The particles were spherical, uni-
form size, and good dispersion. The particle size was about
20 nm for Ce ¢7_,Zn Co, (30, powders with x=0, 0.03,
which agree well with the results calculated from Scher-
rer equation. The EDS spectrum (data not shown), which
was collected from different parts of the samples, indicted
that the Ce ¢7_,Zn,Co 130, powders consist of Ce, Co, Zn
and O only. A semi-quantitative analysis confirmed that the
Co and Zn content in the samples were consistent with the
design of our experiments (see Table 1).

The structure of the Ce4;_,Zn Coy 130, nanoparti-
cles was further studied by Raman spectroscopy. Figure 3
shows the Raman spectrum of the Ce4;_,Zn Co (30,
(where x=0, 0.01, 0.03, 0.05) nanoparticles, measured
in the 200-700 cm™! range. A strong band at 462.5 cm™!
was observed for all nanoparticles. This band belongs to
the lattice mode (Fa) of the cubic fluorite metal dioxides.
It related to a first-order symmetrical stretching mode of
the Ce—Oyg vibrational unit. This band (462.5 cm™') is sen-
sitive to any disorder in the oxygen sublattice [13]. The
F,, mode shifts to the lower frequencies with additional
Zn>* dopant. This shift indicates the increase in the ten-
sile stress of the crystal lattice caused by defects, such as
vacancies generated when Co and Zn substitutes for Ce in
the CeO, matrix [14]. A weak band at 545 cm~! was also
observed for Zn and Co co-doped CeO, nanoparticles. This
band is attributed to the oxygen hole absorption peak [15],
which indicates Vo was generated due to charge compensa-
tion in the Zn and Co co-doped CeO, nanoparticles. The
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Fig.3 Raman spectra of the Ce g;_,Zn,Co, 130, nanoparticles

peak intensity of the Raman modes was found to decrease
by increasing the Zn doping concentrations. We think that
the increased Zn concentrations lead to shrinkage in unit
cell volume. This increases the optical absorption. Thus
the intensity of the Raman peaks decreases. Therefore, the
observed decrease in the intensity of Raman active mode
is the result of additional Zn doping induced structural
modification in Co-doping CeO, nanoparticles. Further-
more, we have not observed any Raman active modes of
Zn- or Co-related oxide in this study. Hence, the Raman
studies strengthened the XRD data and help us to conclude
that: (i) all the samples are in nanocrystalline form; (ii) the
Vo maybe present in the samples, and Vo concentration is
varied with additional Zn doping; and (iii) no secondary

Fig.2 The SEM images of Ce ¢;_,Zn,Co 330, powders with x=0 (a) and x=0.03 (b)
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phases could be detected, indicative of substitutional dop-
ing of Zn and Co.

Magnetic properties of the Ce ¢;_,Zn Co, (30, (where
x=0, 0.01, 0.03, 0.05) nanoparticles were studied by using
the commercial physical property measurement system
(PPMS, QUANTUM DESIGN, MOOEL 6000). Figure 4
dislpays magnetization (M) versus field (H) curves of
Ceg97_,Zn,Co, (30, nanoparticles measured at 300 K. It
can be seen from the M (H) curves that Ce; g;_,Zn Co 30,
nanoparticles show the magnetic hysteresis loop, which
gives the indication of ferromagnetic ordering at 300 K.
The coercive field (H) values calculated from hysteresis
loops were in the range from 300 to 550 Oe for different
Zn** concentration (shown in the Table 1). The saturation
magnetization (M,) for x=0, 0.01, 0.03, and 0.05 are 0.0018,
0.0022, 0.0031, and 0.004 emu/g, respectively. It is found
that the M, increases as the additional Zn** dopant content
increases (see Table 1).

Combining with the analysis of XRD and Raman spec-
tra, it could be concluded that the room temperature FM
observed in the Ce ;_,Zn,Co, (3O, nanoparticles may be
intrinsic because it is very easy to rule out any impurity
for the magnetic signal in Ce o;_,Zn Coy (30, nanoparti-
cles. Effect of additional Zn** dopant on the room tempera-
ture FM of Co doped CeO, nanoparticles possibly results
from Vo or defects. In fact, the Vo appear to increase with
increases in the Zn** content according to the Raman inves-
tigation before. The enhancement of room temperature FM
in Ce; o;_,Zn,Coy (30, nanoparticles could be attributed to
interactions between the Zn** and uncompensated acceptor
defects that are incorporated inside the CeO, crystal lat-
tice during the calcination of the samples. As well known
that, Zn>* substitution of Ce** will produce more Vo due
to charge compensation, and the formation of V increases
with the increase of the amount of Zn**. The formation of

Ce Cog 30
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Fig.4 M (H) measurements at 300 K of the Ce o;_,Zn Co (3O, nan-
oparticles

V,, is confirmed by our Raman spectra before. On the basis
of F-center mediated ferromagnetic coupling mechanism
used in insulated DMO [16-19], more Vo will provide more
coupling centers thus induce larger M. The increase in Zn
doping concentration favored ferromagnetic interactions
because most of the V are formed. Therefore, the M| is
enhanced with additional Zn>* dopant. Defects have also
been reported as one of the possible reason for the FM origi-
nation [20]. Owing to the quite close ionic radius, doped
Zn>* would preferably substitute the crystal Ce*" rather
than locate at interstice. The substitution of Ce** by Zn>*
will also produce the lattice distortion or form some other
defects, because the ionic radius of Zn** (0.09 nm) is smaller
than that of Ce** (0.097 nm). Basing on the FM mechanism
of the defects/V, through the F-center exchange interaction,
it is readily to expect the M, enhancement by additional Zn>*
dopant.

4 Conclusions

In summary, the Zn and Co co-doped CeO, nanoparticles
(Cep 97_,Zn,Coy 430,: where x=0, 0.01, 0.03, 0.05) were
synthesized by sol-gel technique. The XRD and Raman
results indicated that all the samples had a face-centered
cubic structure and that no secondary phase was detected.
The influence of additional Zn** dopant on the FM of Co-
doped CeO, nanoparticles was studied. Results indicate that
the FM of Co-doped CeO, nanoparticles was enhanced with
additional Zn** dopant. The FM behavior can be attributed
to the presence of dopant ions mediated by Vo. We conclude
that Zn" is a good candidate to be incorporated into the
lattice of CeO, with the substitution of Ce**, which would
enhance the FM of Co-doped CeO, nanoparticles.
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