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Herewith, we are reporting the magnetic properties of phase-separated Co-doped CeO, films (with
a Ce:Co atomic-ratio of 0.97:0.03) grown on single-crystal SrTiO5 (001) substrates. A comparison
of the magnetic characteristics of these films with those of homogenously doped CeO,:Co films of
the same composition illustrates the significant differences in their magnetic behavior. These
behavioral characteristics provide a model for determining if the magnetic behavior observed in
this, as well as in other diluted magnetic dielectric systems, is due to homogeneous doping, a
mixture of doping and transition metal cluster formation, or exists purely as a result of transition
metal clustering. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4820145]

The miniaturization of devices is the main driving force
for the development of the electronics industry and occurs
with predictable regularity in accordance with Moore’s
law."? This miniaturization, however, is approaching a limit;
one defined by the fact that the efficiency of current devices
is physically constrained by material properties at such sizes.
In order to overcome this hurdle, alternative facets of techno-
logical improvement other than miniaturization must be con-
sidered. One such area is spintronics, which allows the
utilization of an electron’s spin in addition to its charge.*®

Spintronic devices can be classified in two groups,
active devices and passive devices. Though passive spin-
tronics have been quite successful in their various applica-
tions, such as magnetic read-heads, magnetic RAM, etc.,
active spintronic devices are essential for this technology to
advance further.>* Realization of active spintronics requires
the injection and manipulation of electrons’ spins in semi-
conductors. Initial spin injection attempts showed serious
limitations in efficiency, as material mismatches existed
between the metallic ferromagnet used to inject the electrons
and the semiconductor used as the base of the device.”
Diluted magnetic semiconductors (DMS) have likewise been
attempted for spin injection; however, overall low Curie
temperatures have once again resulted in limited success.”'"
Another potential route for injecting spin polarized carriers
into semiconductors is by using ferromagnetic tunnel bar-
riers, which can act as a spin filter and allow only one kind
of spin to tunnel into the semiconductor.''™"> The feasibility
of spin dependent tunneling has been demonstrated using eu-
ropium chalcogenides (EuX, X: O, S, Se).lﬁ’17 However, eu-
ropium chalcogenides exhibit a T, that is much lower than
room temperature, making them useless for practical device
applications. In order to be useful in real applications, the
spin filter material needs to be ferromagnetic at room
temperature.

Recent reports of the observation of room temperature
ferromagnetism (RTF) in dilute magnetically doped dielec-
trics (DMD) have created a lot of excitement in the
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field."*° Cobalt doped CeOs, is one of the most widely stud-
ied members of this family. It has been shown that when a
small amount (~3 at. %) of cobalt replaces Ce in CeO,, the
material exhibits RTF. Although the above reports have gen-
erated a lot of enthusiasm among spintronic researchers, they
also raised some doubts about whether the observed behavior
is an intrinsic property of the material or due to some kind of
precipitates. To clarify this aspect, more studies utilizing
state-of-the-art techniques of elemental determination are
needed. In this paper, we are reporting the growth, character-
ization, and magnetic properties of phase-separated cobalt-
doped CeO, films in order to better understand the behav-
ioral differences between this and the homogeneously doped
CeO, films.

The phase separated CeO,:Co films (with a Ce:Co
atomic-ratio of 0.97:0.03) were prepared using a pulsed laser
deposition (PLD) system. A traditional sol-gel technique was
used to prepare CeO,:Co powder. This was followed by sub-
sequent sintering and iso-static pressing to generate a highly
dense ceramic pellet for laser ablation. A Lambda Physik
Compex Pro KrF excimer laser (4 =248 nm and pulse width
of 25ns) was used to ablate the dense ceramic target at a
pulse repetition rate of 10 Hz. The deposition was performed
under an oxygen deficient environment (base vacuum of
10~ mbar) to deliberately induce cobalt precipitation in the
system. The ablated material was deposited on single crystal
STO (001), which was heated to 650 °C during the deposi-
tion. The deposition rate, as determined using a P-10 Tencor
profilometer, was found to be approximately 0.47 A/shot,
thus, 11000 laser pulses resulted in a film of thickness of
approximately 520 nm.

A Philips X Pert X-ray Diffractometer (Cu Ko radiation)
was used for X-ray diffraction (XRD) measurements. X-ray
photoelectron spectroscopy (XPS) was performed using a
Kratos Axis Ultra DLD. A Quantum Design superconducting
quantum interference device (SQUID) was used to perform
magnetic property measurements at temperatures between
10K and 350 K. Synchrotron X-ray absorption spectroscopy
(XAS) measurements were performed at the SBM-D beam-
line of the DND-CAT at Sector 5 of the Advanced Photon

© 2013 AIP Publishing LLC
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Source (Argonne, IL). The Co K edge XAS measurements of
the film samples were carried out in fluorescence mode by
collecting the Co Ko emission intensity using a 4-element
Si-drift solid state detector (SII NanoTechnology). The film
sample was mounted vertically on a spinner with its surface
normal bisecting the 90° angle between the X-ray incidence
and photon detecting directions. The film sample spins dur-
ing data collection to minimize Bragg diffraction from the
substrate. A double crystal Si (111) monochromator was
used for energy selection. The incident X-ray intensity was
detuned by 65% for harmonic rejection. Bulk reference data
were collected in transmission mode on metal Co foil and
powder CoO and Co,03. Fine CoO and Co,0O5 powders were
uniformly spread on long Scotch tape (3M Corp) which were
then folded to produce adequate absorption. The Athena and
Artemis software packages were used for XAS data
analyses.

Figure 1 shows the XRD pattern for a CeO,:Co thin film
along with that for a pure STO substrate. Only the peaks cor-
responding to the (200) and (400) orientations of the parent
CeO, could be observed, indicating c-axis oriented growth.
This result is consistent with the growth mechanism previ-
ously reported for CeO, based systems.'®*' The presence of
cobalt could not be definitively determined by XRD, as the
amount of doping was very small, and moreover, the antici-
pated cobalt peaks overlap the STO peaks, specifically those
near 41.7° and 47.6°. In order to evaluate the state of cobalt
in the film, further characterization was performed using an
XAS technique.

Figure 2 shows XAS results for CeO,:Co thin films. The
experimentally observed XAS spectra are shown in Figure
2(a), while Figures 2(b) and 2(c) show the k-space and the
R-space Fourier transformation, respectively. We have also
shown the data collected for Co metal, Co,O5, and CoO in
the above figures. These standards were all used in a linear
combination fit (LCF) model, using Athena.”? The LCF
modeled the Co K-edge data from the doped sample as a
combination of pure cobalt and cobalt of varying oxidation
states (pure cobalt—Co®, CoO—Co”", and C0203—C03+).
The best fit of these three models indicated that of the 3%
cobalt dopant, 85.7% (*=0.7%) was in metallic precipitate
form, 12.6% (+0.9%) was in Co>" form, and 1.7% (+0.5%)
was in Co® .
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FIG. 1. X-ray diffraction patterns for the CeO,:Co film and the STO sub-
strate. The S peaks correspond to substrate, whereas the C peaks correspond
to CeO,. No cobalt peaks could be detected.
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FIG. 2. (a) X-ray absorption spectroscopy data for the Co K-edge of
Ce0,:Co film deposited on STO (blue curve). Also shown is a fit to LCF
model (purple curve) along with the standard data for CoO, Co,05, and Co
metal, (b) K-space and (c) R-space Fourier transform for each of the above
data.

XAS studies were supplemented by the XPS. Figure 3
shows the 2p;/, spectra of cobalt recorded from a CeO,:Co
film. De-convolution of this spectrum showed the presence
of two sets of peaks, one at 778.3eV and the other centered
at around 780.4 eV. The peak at 778.3 corresponds to metal-
lic Co while the peak around 780.4 eV corresponds to a mix-
ture of Co>" and Co”*.?*** Quantitative analysis of the XPS
data showed that about 85% (*£1%) of the cobalt exists as
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FIG. 3. XPS data for the CeO,:Co film. The leftmost peak indicates a satel-
lite peak. The peak at about 780.4 eV corresponds to 2ps/, peak of the Co*/
Co*>". The peak at 778.3 eV corresponds to 2p;,, peak of the metallic cobalt.

clusters, and the remaining 15% (*=1%) is a mixture of the
2+ and 3+ valence states.

In Figures 4(a)—4(e), we have shown the magnetization
vs. field (M vs. H) data for the CeO,:Co films at different
temperatures over the range of 10K to 300K. The M vs. H
data show clearly visible hysteretic behavior at 10 K. A coer-
cive field of ~850 Oe was observed at this temperature. The
coercivity of the films dropped as the temperature was
increased and almost vanished at 300 K. However, the M vs.
H data still exhibited a saturation effect. Figure 4(f) shows
the field-cooled (FC) and zero-field-cooled (ZFC) magnet-
ization vs. temperature (M vs. T) data. The ZFC/FC M vs. T
data show bifurcation at about 250 K. The observed behavior
is a characteristic of a superparamagnetic system. A material
exhibits superparamagnetism when it is comprised nanoscale
magnetic clusters embedded in a nonmagnetic matrix.”
So the magnetic results are consistent with the conclusions
of XAS and XPS which unambiguously indicated the
presence of magnetic clusters. An estimate of the size of
superparamagnetic clusters was made using the relation®’
KV =25kgTp, where K is the bulk anisotropy energy, V is
the volume of the magnetic cluster, kg is the Boltzmann’s
constant, and Ty is the blocking temperature where ZFC and
FC shows bifurcation. Using the anisotropy energy (K) of Co
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(Ref. 26) as 4 x 10° erg/cm3 and the experimentally deter-
mined value of Ty as 250K, the approximate diameters of
the precipitates was found to be ~7.4 nm.

Quantitative analysis of the data revealed that the mag-
netic response of the system is much more complex than
expected from a simple system comprising magnetic clusters
embedded in a non-magnetic matrix. Specifically, the
observed saturation magnetization of the films is signifi-
cantly higher than that expected for metallic cobalt. The
films showed a saturation magnetization of 2.4 ug/Co at 10K
which is 41% higher than the value expected for metallic
cobalt (1.7 up/Co).?” This indicates that apart from forming
clusters, some cobalt is also substituting for Ce in the CeO,
matrix. Furthermore, our results indicated that the cobalt
ions which substitute Ce in the CeO, matrix result in much
higher magnetization as compared to the cobalt clusters.

In order to understand the above aspect, we will have to
revisit the earlier work reported for homogeneously doped
Ce0,:Co system.18 Specifically, in the above report, it was
found that in the homogeneously doped CeO,:Co system, the
orbital angular momentum of the Co remains unquenched.
Because of this, the orbital angular momentum and spin
angular momentum add up, giving rise to a net angular mo-
mentum, J=L+S=4, which results in a spontaneous
magnetic moment of M~ 6.7 ug per cobalt ion [M =g up
JJ+1); g=3/2, T=4]."%*® By assigning a moment of
1.7 ug/Co to metallic cobalt precipitates and a moment of
6.7 ug/Co to cobalt ions substituting Ce in CeO, matrix, we
estimated a net magnetization of 2.45 ug/Co (*£0.05) for the
phase separated CeO,:Co films based on the XPS and XAS
results. This estimated value matches very well with the
experimentally determined value of 2.4 uz/Co.

In summary, we have shown that when CeO,:Co films
are deposited under low oxygen pressure using a PLD system,
it results in a phase-separated system, as shown by XAS and
XPS. These techniques revealed that in this phase-separated
system, approximately 85% of the cobalt exists as clusters,
while the rest substitutes into the CeO, lattice. Phase-
separated CeO,:Co shows very unusual magnetic properties,
which are very different from homogenously doped films as
well as from a conventional superparamagnetic system. This
variation in the anticipated behavior is due to there being two
distinct contributions to magnetic moment; first, from the
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FIG. 4. M vs. H data for the phase
separated CeO,:Co films at (a) 10K,
(b) 50K, (c) 100K, (d) 200K, and (d)
300K. The figure (e) shows the ZFC
(f) and FC M vs. T data for the same film
measured at H= 6000 Oe.
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cobalt clusters present, and second due to the substitution of
cobalt for cerium in the lattice. Detailed quantitative analysis
of our results showed that the 60% of the total moment of the
film originates from the 85% of the cobalt atoms that precipi-
tate as metallic clusters while the remaining 40% of the total
moment comes from just 15% of the cobalt that enters substi-
tutionally in the CeO, matrix.
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