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Magnetic behaviors of cerium oxide-based
thin films deposited using electrochemical method*
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Zn and Co multi-doped CeO; thin films have been prepared using an anodic electrochemical method. The structures
and magnetic behaviors are characterized by several techniques, in which the oxygen states in the lattice and the absorp-
tive oxygen bonds at the surface are carefully examined. The absorptive oxygen bond is about 50% of the total oxygen
bond by using a semi-quantitative method. The value of actual stoichiometry &' is close to 2. The experimental results
indicate that the thin films are of a cerium oxide-based solid solution with few oxygen vacancies in the lattice and many
absorptive oxygen bonds at the surface. Week ferromagnetic behaviors were evidenced by observed M—H hysteresis loops
at room temperature. Furthermore, an evidence of relative ferromagnetic contributions was revealed by the temperature
dependence of magnetization. It is believed that the ferromagnetic contributions exhibited in the M—H loops originate from
the absorptive oxygen on the surface rather than the oxygen vacancies in the lattice.
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1. Introduction

In the last few years, since the discovery of room-
temperature ferromagnetism (RTFM) in transparent transition
metal-doped titanium dioxide, the diluted magnetic oxides
(DMOs)-based materials have attracted much scientific atten-
tion. As both charge and spin degrees of freedom can be ma-
nipulated in DMOs-based materials, it is believed that such
materials have potential applications in the spintronics and
magneto—optics fields. Concerning the RTFM, many experi-
mental results have been reported, such as ZnO, TiO;, SnO;,
In; O3, and CeO;-based materials, particularly of the doping
effect when they were doped with 3d transition metal (TM)
ions.[!! As one of such promising candidates, ceria crystals
doped with TM ions are of interest.!>"8) RTFM in single crys-
tal Ce;_,Co,0; (x < 0.05) films deposited on a LaAlO3 (001)
substrate by a pulsed laser deposition technique,!*! as first re-
ported by Tiwari et al., the films exhibited a very high Curie
temperature about 740-875 K with a giant magnetic moment;
the ferromagnetic property is intrinsic for the CeO; system,
rather than a result of any secondary magnetic phase or cluster
formation. Later, there are other experiments conducted with
similar results. For example, Ce;_,Fe,0,_s/LaAlO3 (001)
thin films (x = 0.01 and 0.03) have been prepared by the pulsed
laser deposition method.®! RTFM is confirmed by the isother-
mal hysteresis as well as temperature-dependent magnetiza-
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tion measurements, which clearly show it has a ferromag-
netic Curie temperature of at least more than 350 K. Mean-
while paramagnetic and superferromagnetic behaviors were
also reported.[%!%1 In these reports, the materials could exhibit
different magnetic behaviors even with a similar chemical sto-
ichiometry. It seems that there are different explanations of
the experimental results. Particularly, there is no consensus on
the origin of the magnetism. Concerning the magnetic mecha-
nism, one tends to think that the origin of magnetism in these
samples is related to the oxygen vacancies and the formation
of fluorite crystal structures, ”!!) which could be examined by
multi-doped technologies.!!?! In order to study the role of oxy-
gen vacancies, Zn and Co multi-doped CeO, DMO particles
were prepared using the hydrothermal method in Ref. [13] and
many oxygen vacancies can be produced in the host lattice,
so that the correlations of the oxygen vacancies and magnetic
behaviors can be tested. However, the results clearly show
that the oxygen vacancies alone are unable to induce ferro-
magnetic behaviors. Therefore, in this paper, our concerns are
the magnetic behaviors of such materials with a similar con-
centration and a few or no oxygen vacancies. It is known that
electrochemical synthesis is an attractive method for making
ceramic oxide films and powders because it offers the advan-
tages of low temperature processing, low cost, high purity and
controlled microstructure. '] Particularly, ceria materials pre-
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pared by the anodic electrochemical method are considered
to have less oxygen vacancies and less defects in the lattice
compared with other fabrication methods.!'>! Up to now, few
works are found to investigate such ceria-based materials by
the anodic electrochemical method. Motivated by this idea,
we apply the anodic electrochemical method to study the mag-
netic mechanism by investigating oxygen vacancies. To this
end, we first prepare Zn and Co multi-doped ceria-based ma-
terials, then test the mole ratio of oxygen and differentiate be-
tween oxygen state in the lattice and at the surface, finally an-
alyze the magnetic behaviors.

2. Experiments

Cerium oxides thin films doped with zinc and cobalt were
prepared by using the anodic electrochemical method using a

galvanostatic mode at 90 °C, 20 wA/cm? for 1 h. The working
electrodes were single-sided polished n-type Si (001) wafers.
The Si surface was cleaned by chemical HF-ething prior to
the electrochemical experiment. Epoxy resin was used on the
rear of the Si wafer. Cerium (III) nitrate hexahydrate, zinc ni-
trate hexahydrate, cobalt nitrate, and ammonium acetate were
used as starting materials to prepare the electrolyte. The ratio
of the sum of cation ions to ammonium acetate is 1:4, where
the zinc concentration is 0.10, and the cobalt concentration is
0.10, 0.20, and 0.30 corresponding to specimens A, B, and C,
respectively, as shown in the left column in Table 1. An ac-
cess amount of saturated sodium hydraoxide solution (NaOH,
Yongda Chemical AR) is introduced in the solution to adjust

the pH value to about 8 before the electrochemical processing.

Table 1. Mole ratios of the ions by EDS results for the cerium oxide-based thin films with different Co concentrations and their

assigned nominal concentrations.

Specimen Mole ratio of Zn Mole ratio of Co Mole ratio of O Assigned nominal
(Ce(Zn,Co)Og) Ceq_,Zng.1Co,0,

A 0.08 0.04 o0=17 x=0.04

B 0.08 0.11 6=6 x=0.11

C 0.09 0.23 5=18 x=0.23

The crystal structures of the specimens were identified by
X-ray diffraction (XRD, DX-2500/2600) using Cu Ko radi-
ation (A = 0.15406 nm). Microstructures of the thin films
were characterized by high-resolution transition electron mi-
croscopy (HRTEM, Tecnai G2 F30).
tested by energy dispersive X-ray spectroscopy (EDS) to con-
firm the expected stoichiometry. Furthermore, X-ray photo-
electron spectroscopy (XPS, ESCALAB 250) was used to as-
sess the chemical state of the thin films. All XPS spectra were

The specimens were

corrected using the C 1s line at 284.6 eV. A vibrating sam-
ple magnetometer of a PPMS (physical property measurement
system) with the model 6000 from the Quantum Design Cor-
poration was applied to characterize the magnetic behaviors.

3. Results and discussion

Figure 1 shows the X-ray diffraction patterns of the thin
films prepared by the anodic electrochemical method. The
scanning range is set from 20° to 65° in order to escape the
strong diffraction peak from the Si (001) substrate. For each
pattern in Fig. 1, there are five peaks presented in the curve.
These diffraction peaks in the pattern can be assigned to a face-
centered cubic-phase cerium oxide (JCPDS 34-0394), which
correspond to (111), (200), (220), (311), and (222) of cerium
oxide with the lattice constant parameters around 0.5440 nm.
The value is similar to the reported value for CeO,. From the
XRD results, the peaks from other phases were not observed,
which reflected that a cerium oxide-based solid solution was

successfully prepared. Though the XRD patterns for specimen
A and B were similar, the intensity of the peak (111) for spec-
imen C with a higher Co concentration decreased compared
with specimen A and B, revealing more severe distortion of
the host lattice in this case. Under our experimental condi-
tions, specimen B is the one with the appropriate Co concen-

tration.
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Fig. 1. (color online) X-ray diffraction patterns of the thin films with

different Co concentrations prepared by the anodic electrochemical
method.

Figures 2(a) and 2(b) show HRTEM images of the spec-
imen B. The clear lattice reveals that a high quality lattice
structure with few defects can be observed. The HRTEM
cross-section image of the thin film at the interface is shown in
Fig. 2(b). The interface between the film and the substrate was
found to be smooth and clear. The corresponding diffraction
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pattern is shown in Fig. 2(c). It shows clear diffraction dots,
which can be assigned to a face-centered cubic-phase cerium
oxide. These results suggested that no obvious precipitates
were detected for this specimen. Figure 2(d) shows the EDS
pattern of specimen B. It can be seen that the elements of O,
Ce, and Zn and Co were observed. The experimental results
suggest that cerium oxides-based thin films are successfully
prepared. Furthermore, the mole ratio of ions can be calcu-
lated for different specimens in terms of the EDS results, as
shown in Table 1. The calculated Zn ratio roughly agrees with

331 (15)

000)  (420)

that in the staring solutions, while the calculated Co ratio is
different from the value in the starting materials. Note that the
mole ratio of oxygen to the total cation ions & are much larger
than 2 (the stoichiometric ratio). Based on the experimental
results, there are few oxygen vacancies in the lattice. We need
to know that EDS is semi-quantitative and not a precise deter-
mination method of the element concentrations. However, the
semi-quantitative results can be used to compare the quality of

the materials prepared by using different methods.
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keV

Fig. 2. (color online) HRTEM images of specimen B: (a) the film; (b) the film and substrate at the interface; (c) the corresponding

diffraction pattern of the film; (d) EDS pattern of specimen B.
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Fig. 3. (color online) XPS Co 2p spectra for the different specimens.

In order to investigate the valence state of the elements
and the concentrations for the thin films in detail, we per-
formed XPS characterizations. Figure 3 shows the Co 2p spec-
tra for the cerium oxides doped with Zn and Co with different
Co concentrations. It can be seen that for all the spectra, the
Co 2p3/, peaks appeared at 780 eV, indicating the presence
of Co-O bonding in the films.!"®! Even for specimen C, the
peak locating at 778 eV was not clear, indicating the absence
of Co—Co bond.!®!

More detailed investigations were carried out for the spec-
imen B. Figure 4(a) reveals the XPS spectrum Co 2p. The
Co 2p3, peak can be observed clearly, while the peak around
795.9 eV which can be assigned to Co 2p;/, core level peak

097503-3



Chin. Phys. B Vol. 23, No. 9 (2014) 097503

was shaded from an Auger peak Ce MNN nearby. By fit-
ting the Co 2p3, peak with Gaussians (some components of
Lorentzian), the spectrum can be resolved into four peaks. The
peaks located at 780.1 eV and 781.6 eV correspond to the
binding energy of the Co—O bond (nominated to A), as shown
in the Fig. 4(a). The presence of two peaks around 780 eV
indicates that there are some differences of binding energies
for the Co—O bond. It can be explained by the influence of the
different Ce—O bonds, i.e., the Ce3T and Ce** sites. Hence
it verifies that Co>* incorporates into the face centered cubic
phase cerium oxide lattice at different chemical states. The dif-
ference between the peaks for Co 2ps3 ; and Co 2p 5 is close
to 15.8 eV-14.3 eV, which correspond to the value of cobalt in
oxides (around 15.2 eV).!'%] The peaks around 785.6 eV and
789.5 eV (nominated to S1 and S2, respectively) correspond
to the satellite structures. Under our experimental conditions,
the satellite peaks are related to the d-band metal Co, which
arise from the interaction between the core hole and the va-
lence electrons O 2p.!'") The satellite peaks reflect the excita-
tion of a valance-band electron from an occupied state to an
unoccupied state. Furthermore, the satellite peaks reveal the
fact that the substituted Co ions are in the 2+ oxidation states,
and there exist the interactions between cobalt and oxygen.

Figure 4(b) presents the O 1s spectrum and its fitting
curves with Gaussians (some components of Lorentzian). The
lower energy peak Ojaice 1S attributed to the oxide ions in the
lattice. While, the peak of the higher energy Ogyrface » Which
locates at 531.3 eV and is believed to be related to the Ce3*
ions, 3191 is due to the effect of O—H.['%1 Apparently, the lat-
ter is related to the absorptive oxygen bond at the surface, and
the absorptive oxygen bond is about 50% of the total oxy-
gen bond by comparing the corresponding peak areas. Even
though this is just a semi-quantitative result, it can be applied
to explain the reason of the mole ratio of oxygen larger than
2, as illustrated in Table 1. At least from the semi-quantitative
analysis, we can know that there are many absorptive oxygen
bonds at the surface.

The Ce 3d spectrum can be resolved into many com-
ponents, as shown in Fig. 4(c), two of which correspond to
Ce’* and others correspond to Ce**. The Ce 3ds, and Ce
3ds/, peaks are located with the energy difference of 18.4 eV,
which is larger than the corresponding value of Ce in CeQ,.[!6]
It is due to the effect of Zn and Co in the CeO, host lat-
tice. As there is much oxygen in the absorptive state, the
actual stoichiomety 6’ = [Ojyyice]/[cations] (not the nominal
stoichiomety & = [O]/[cations]) can be calculated from the
XPS integrated areas of the related elements.!??! After ex-
tracting the effect of O—H bonds from the O 1s spectrum, the
actual stoichiometry 6’ = [Ojyyice]/[cation(Ce, Co,Zn)] is de-
termined from the XPS integrated areas of the O 1s, Ce 3d,
Co 2p, and Zn 2p peaks. The corresponding formula can be

written as

B anion (Oragice )
cation(Cesq + Coop + Znyp)

— Aolz\ttice /SO
ACe/SCe +AC0/SC0 +AZn/SZn ’

where Ao,,..» Aces Aco, Azn are the XPS integrated ar-
eas of the Opyyice peaks of O 1s, Ce 3d, Co 2p, Zn 2p,
and So, Sce, Sco, Szn are sensitivity factors of O, Ce,
Co, and Zn atoms with the values of 8.808, 0.780,
3.59, and 5.589, respectively.
&' is determined to be about 2, which is close to the

<2
|

The actual stoichiometry
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Fig. 4. (color online) XPS spectra of the specimen B with Gaussian fit-
tings in thinner lines: (a) Co 2p XPS spectrum; (b) O 1s XPS spectrum;
(c) Ce 3d XPS spectrum.
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value of the stoichiometric ratio. In terms of our experimental
results, it is reasonable to assign the nominal concentrations
Ce_,Zng.1Co,O; to the thin films with different Co concen-
trations x = 0.04, 0.14, and 0.23, respectively, as shown in
Table 1.

Figures 5(a)-5(c) show the M—H curves measured at
300 K for the Ce;_,Zng ;Co,0O5 thin films with different Co
concentrations. As shown in Fig. 5(a), the saturation magneti-
zation for specimen A is around 4 x 107> emu/cm?. For all the
curves, hysteresis loops were observed even in the presence of
some noise due to weak signals. It reveals that the M—H loops
are open around the low magnetic field region, as shown in the
insets of Fig. 5. It displayed the FM-like behaviors, albeit in
somewhat weak magnetization.
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Fig. 5. Magnetization hysteresis loops measured at 300 K for the thin
films Cej_,Zng ;Co,O, with different Co concentrations: (a) Co 0.04;
(b) 0.11; (c) 0.23. Inset: enlarged view of the low field region to show
the presence of hysteresis and remanence.

= 10
o
ps (a) Cei—;Zng.1Co,0
3
9 5 r=0.04
2~
¢ g
= O
E
2 ”
£E5 0 "
[ =
g1 :
g2 -5 $E
O S~ g S
b= w7 5
A =2 0 200 400
A 10 “ < Temperature/K
~ 10
3
% (b) x=0.11
Se 05
9 g
50
< = -
Sz 0 e ]
— o
8
gl
e= =5
O S~
g
a
—10

[
o

Difference magnetization
/10~% emu-cm—2
o

(¢) ©=0.23

t

|
[}

0 100 200 300
Temperature/K

|
—
S

400

Fig. 6. (color online) Temperature dependence of the different
magnetizations between FC and ZFC measured at 100 Oe for the
Cey_Zng 1 Co,O; thin films with Co concentrations x = 0.04 (a), 0.11
(b), and 0.23 (c), respectively; inset of panel (a) shows the ZFC (dark)
and FC (red) curves for the thin film Ce|_,Zng 1 Co,O; (x = 0.04) mea-
sured at 100 Oe.

To investigate the magnetic behaviors of thin films, we
measured the temperature-dependent curves of the magneti-
zation. The specimens were placed in an applied field paral-
lel to the specimen plane at a temperature ranging from 5 K
to 380 K. A zero-field-cooled (ZFC) and a field-cooled (FC)
method were applied. In our studies, for the FC measure-
ment, measurements of the magnetic moment at each interme-
diate temperature were carried out at constant applied fields
of 100 Oe and 1000 QOe, respectively. The inset of Fig. 6(a)
shows the ZFC (dark) and FC (red) curves for the thin film
Ce_,Zny.1Co, Oy (x = 0.04) measured at 100 Oe. Here it is
noted that pink can be observed around 50 K. It is well-known
that surface absorptive oxygen, which is present on many sam-
ples, gives a magnetic anomaly near 50 K associated with an-
tiferromagnetic ordering. In our case, such a large peak near
50 K claims that there is an absorptive oxygen layer. Though
there is some noise, it is still obvious that ZFC and FC curves
exhibit almost identical features of the temperature-dependent
magnetization. From the FC curve, we can see that the mag-
netization decreases with temperature, especially at low tem-
perature. The curve obtained in a magnetic field of 100 Oe
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shows approximately a zero magnetization up to room tem-
perature, which is in accordance with the M—H curve with a
very weak ferromagnetism. ZFC shows a similar magnetic be-
havior to that of FC. Furthermore, in terms of the ZFC and FC
curves, we can obtain the difference D between FC and ZFC.
Figures 6(a)-6(c) reveal the temperature-dependence of the D
values for thin films Ce;_,Zng {Co,0, with different Co con-
centrations. Apparently, the values of difference D keep a low
level. That means that there exists a small ferromagnetic con-
tribution in thin films. Moreover, we will further analyze the
temperature-dependent behaviors of the magnetization mea-
sured at 1000 Oe. In order to avoid the possible effect of Co
precipitates, we choose the results of the specimen with the
low Co concentration.

10 T T
exp FC 1000 Oe
st (a) 4 theoretical fitting line
X = Xo+C(T+96)
Xo = 7.9%X10-6
6 C=1.3x10"3
0 =19.9

Magnetization/10~5 emu-cm—2

4t diff FC/ZFC
2 -
0 -
0 1(I)0 2(I)0 3(I)0 400
Temperature/K

Fig. 7. (color online) Temperature variation of the magnetic mag-
netization in the FC case measured at 1000 Oe for the thin film
Cej_,Zng.1Co,0O7 (x = 0.04). The scattered point line is the theoretical
fitting curve using the modified Curie—Weiss law in terms of the equa-
tion ¥ = xo+C/(T + 0) after getting rid of the peak circled. The lower
line shows the different magnetization between FC and ZFC measured
at 1000 Oe.

Figure 7 shows the temperature variation of the magne-
tization in FC and ZFC cases measured at 1000 Oe for the
thin film Ce;_,Zng.1Co,O; (x = 0.04). It is obvious that the
magnetization decreases with the temperature, similar to the
feature of metallic behavior. The curve obtained in a magnetic
field of 1000 Oe shows a near zero magnetization up to room
temperature. ZFC shows a similar magnetic behavior to that of
FC, exhibiting a typical outwardly concave shape. Such tem-
perature dependence of magnetization exhibits a Curie-type
paramagnetic behavior in these samples, which can be fitted
using the modified Curie-Weiss law.!?>>*l The experimental
data of FC curves at 1000 Oe is fitted to y = o+ C/(T + 6),
where ) is the non-paramagnetic contribution, C is the Curie
constant, and 0 is the Curie—Weiss temperature. As shown in
Fig. 7, %0 = 7.9 x 107, which is roughly the same order of
saturation magnetization for the thin films, indicating that fer-
romagnetic contributions exist. The positive 8 means the ex-
istence of an AF interaction, though strong AF behaviors were
not observed under the current experimental conditions. The

lower line shows the difference D of the magnetizations be-
tween FC and ZFC cases. It can be seen that the value D keeps
slowly increasing with decreasing temperature, especially at
the low temperature range. It approaches zero when the tem-
perature is close to room temperature. This is accordance with
the M—H loops with the weak ferromagnetic feature.

It is worth comparing the above experimental results with
the results obtained in Ref. [13]. In Ref. [13], cerium oxide-
based nanoparticles with similar concentrations were prepared
using the hydrothermal method, the mole ratio of oxygen to
the total cation ions & is much less than 2, and the percent-
age of the absorptive oxygen bond is low. Many oxygen va-
cancies are involved in the host lattice and the M—H mag-
netic loops exhibit the paramagnetic behaviors for the cerium
oxide-based nanoparticles. Differently, in this paper, the ceria-
based thin films were prepared by the anodic electrochemical
method. Especially, there are many absorptive oxygen bonds
on the surface and few oxygen vacancies in the lattice. It is
interesting that weak ferromagnetic behaviors were evidenced
by observed M—H hysteresis loops at room temperature. In
terms of these analyses, therefore, the ferromagnetism behav-
iors of the M—H loops originate from the absorptive oxygen
on the surface rather than the oxygen vacancies in the lattice.
The oxygen vacancies alone cannot induce the ferromagnetic
properties.[!31 We suppose that the magnetic behaviors are re-
lated to the absorptive oxygen bond at the surface under our
experimental conditions.

4. Conclusion

Zn and Co multi-doped CeO,-based DMO thin films have
been prepared using the anodic electrochemical method. The
XRD, HRTEM, and XPS results demonstrate that Zn and Co
have been incorporated into the cerium oxides lattice with
the face-centered cubic phase inducing two different chem-
ical states of Ce, i.e., Ce3T and Ce** sites. At the same
time, there are many absorptive oxygen bonds at the surface
and few oxygen vacancies in the lattice. The absorptive oxy-
gen bond is about 50% of the total oxygen bond by a semi-
quantitative method. The value of the actual stoichiomety
0’ = [Oyattice] /[cation(Ce, Co,Zn)] is close to 2, which is dif-
ferent from the nominal stoichiomety 6 = [O]/[cations]. The
M-H hysteresis loops were observed, exhibiting week ferro-
magnetism contributions. Furthermore, evidence of relative
ferromagnetic contributions was revealed by the temperature
dependence of magnetization. It is believed that the ferromag-
netic contributions as exhibited in the M—H loops originate
from the absorptive oxygen at the surface rather than the oxy-
gen vacancies in the lattice. In this case, we suppose that the
magnetic behaviors are related to the absorptive oxygen at the
surface under our experimental conditions.
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