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ABSTRACT: Integration of functional oxides on Si substrates
could open a pathway to integrate diverse devices on Si-based
technology. Oxygen vacancies (Vo~) can strongly affect solid
state properties of oxides, including the room temperature
ferromagnetism (RTFM) in diluted magnetic oxides. Here, we
report a systematical study on the RTEM of oxygen vacancy
engineered (by Pr’* doping) CeO, epitaxial thin films on Si
substrates. High quality, mixed single crystalline Ce, ,Pr,O,_;
(x = 0—1) solid solution films were obtained. The Ce ions in
CeO, with a fluorite structure show a Ce*"-dominant valence
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state in all films. The local crystal structures of the films were analyzed in detail. Pr doping creates both Vo™ and PrOg-complex
defects in CeO, and their relative concentrations vary with the Pr-doping level. The RTEM properties of the films reveal a strong
dependence on the relative Vo concentration. The RTFM in the films initially increases with higher Pr-doping levels due to the
increase of the F* center (Vo™ with one occupied electron) concentration and completely disappears when x > 0.2, where the
magnetic polaron concentration is considered to decline below the percolation threshold, thus long-range FM order can no
longer be established. We thus demonstrate the possibility to directly grow RTFM Pr-doped CeO, films on Si substrates, which
can be an interesting candidate for potential magneto-optic or spintronic device applications.
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1. INTRODUCTION

The growth of functional (e.g., ferroelectric, ferromagnetic,
etc.) crystalline oxides on Si has attracted much interest in
recent years"” because it opens a pathway to monolithically
integrate various devices, such as nonvolatile memories,3’4
micro-electro-mechanical systems (MEMS),” modulators,’
spintronic devices,” etc, with mainstream semiconductor
technology. Ceria (CeQ,), which possesses a high dielectric
constant (¢ = 26) and rather small lattice mismatch with
respect to Si (—0.4%), has initially drawn much attention as a
possible high-k dielectric candidate® and as a buffer for other
functional (e.g., superconductive) oxides.” Furthermore, thanks
to its exceptional oxygen storage capability, CeO, is also well-
studied for other applications like catalysis,'® fuel cells,"!
oxygen sensors,"” etc. More recently, it is reported that doped
and/or pure CeO, can be ferromagnetic at room temper-
ature,>'®

Many oxides such as Zn0," Ti02,20 In203,21 A1203,22
HfO,,>** CeO,, etc. show room temperature ferromagnetism
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(RTFM) in their nanoparticle form or when doped with a small
amount of metals. These oxides are known as diluted magnetic
oxides (DMO) and the exploration of RTFM in DMO is at the
forefront of FM material research because its exchange
mechanism is expected to differ from our traditional under-
standing of FM. Although the origin of RTFM in DMO is still
under controversy, defects, particularly oxygen vacancies (Vo™)
in oxides, appear to play a critical role. Coey et al. proposed a
widely accepted model, the F-center exchange mechanism,
according to which an electron trapped in an F-center (..,
Vo") can act as a coupling agent between magnetic ions, thus
invoking long-ranged FM ordering.*®

Doping with metals of lower valence states is an effective way
to induce Vo~ in CeQ,. Intensive studies have been focused on
the 3d transition metals (TM, e.g, NiZ*?6 Co?**7%° )
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Cu*",*' Fe?*,*? etc.)-doped CeO, and the F-center model was
applied to explain observed RTFM in these systems. However,
it is suggested that problems of the secondary metallic phase
can usually exist in TM-doped oxides, ie, TM doping ions
probably do not incorporate into the oxide lattices but phase
segregate into TM oxide nanoparticles, which would contribute
to the total FM at certain particles sizes.””*® This argument
may thus weaken or deny the correlation between RTFM and
Vo". Such problems could be overcome in rare earth (RE)-
doped CeO,, in which RE ions in CeO, lead to solid solutions
in the form of Ce,_,RE,O,_5'”*** However, few results on
FM behavior of RE-doped CeO, have been reported and most
of them deal with polycrystalline oxide powders.'”*%”

In this work, we grow high quality, single crystalline Pr-
doped CeO, epitaxial films with a systematic stoichiometry
variation on Si(111) substrates and investigate their FM
characteristics at room temperature. While CeO, adopts a cubic
fluorite structure (Fm3m) with Ce showing a +4 valence state,
its neighboring RE oxide praseodymium oxide, which has a
complex phase diagram,>® shows a clear preference for the Pr**
valence state either in the form of a cubic bixbyite (Ia3) or
hexagonal (P3ml) structure. Bixbyite can be considered as an
intrinsic oxygen deficient fluorite in which the lattice parameter
is doubled by removing in a systematic way a quarter of the
oxygen atoms.*** We will show that real mixed Ce,_,Pr,0, 5
(x = 0—1) solid solution films have been obtained and doping
Pr** into CeO, lattice can effectively create Vo™ in CeO, films.
It will also be demonstrated that FM properties dramatically
depend on the Pr-doping level (thus relative Vo™ concen-
tration) in the films. The Ce,Pr;,0,_s film shows an optimal
relative Vo~ concentration and remarkable RTFM behavior
with a saturation magnetization M; ~ 1.8 emu/g. Our results
help to better understand the correlation between Vo' and
RTFM in oxides and demonstrate the possibility of directly
growing RTFM oxide thin films on Si for magneto-optic or
spintronic device applications.

2. EXPERIMENTAL SECTION

2.1. Film Growth. All the Ce,_,Pr,O,_s samples were fabricated by
an electron beam coevaporation method using a molecular beam
epitaxy (MBE) DCA 600 reactor. Prior to the introduction into the
ultrahigh vacuum (UHV) chamber (base pressure ~107'° mbar), 4 in.
p-Type Si(111) (p = S—15 Q) wafers were first cleaned by a standard
HF-etching procedure to form an H-terminated surface.’ An
annealing at 750 °C for 10 min under UHV was subsequently
performed to prepare high-quality (7 X 7) reconstructed surfaces (see
Figure S1, Supporting Information). The growth temperature was 625
°C and the typical O, partial pressure during the growth was 2 X 107¢
mbar. A ~2 nm Pr,O; passivation layer was grown before the
coevaporation in order to protect the Si surface from oxidizing at the
very beginning of the growth, thus ensuring high-quality films.** The
crystallinity of the films was in situ monitored by reflection high-
energy electron diffraction (RHEED). Ce,_,Pr,0, s films with
different Pr-doping levels of x = 0.1, 0.2, 0.3, 0.4, and 0.6 were
grown and pure CeO, and Pr,O; films were also fabricated as
references. A postdeposition annealing (PDA) at 400 °C under P, = 1

bar was performed for all the samples in order to avoid any hexagonal
Pr,0; phase.*

2.2. Characterization. The valence states of elements were ex situ
analyzed using an X-ray photoelectron spectroscopy (XPS) chamber
equipped with a Mg Ka X-ray source (Eeyitaion = 1253.6 €V) and the
stoichiometries were also determined by quantitative XPS analysis by
calculating the XPS peak areas below the curves. More details can be
found in ref 44.

Two X-ray diffraction (XRD) apparatus with different arrangements
were used to detect the crystalline quality of the samples: a Rigaku
DMAX 1500 (Cu Ka radiation) in a medium-resolution setup without
a crystal monochromator and a Rigaku SmartLab diffractometer (Cu
Ka, radiation, 1 = 1.5406 A) in a high-resolution setup with a Ge
(400) x2 crystal collimator. High-resolution transmission electron
microscopy (HRTEM) measurements were performed using a FEI
Tecnai Osiris machine operated at 200 kV. Samples for TEM were
prepared conventionally by grinding, polishing, and Argon ion milling.
X-ray reflectivity (XRR) was used to determine oxide film thicknesses,
and the typical film thickness was ~24 nm. Thicker samples of ~87
nm were fabricated for synchrotron-based X-ray absorption near edge
structure spectroscopy (XANES), which provides information on the
oxidation state and local coordination chemistry of Ce/Pr atoms. The
XANES measurements on films were performed in fluorescence mode
using the XAFS beamline of ELETTRA synchrotron center in Trieste,
Italy. Raman spectra of the samples were detected at room
temperature by a Renishaw inVia spectrometer with an unpolarized
He—Cd ultraviolet (UV) laser line (4 = 325 nm) as an excitation
source and a backscattering configuration. Magnetization measure-
ments have been performed using a magnetic property measurement
system (MPMS) utilizing a superconducting quantum interference
device (SQUID) from Quantum Design. Data has been obtained at
300 K. To ensure full saturation magnetization, H was set to +50 kOe
during hysteresis measurements.

3. RESULTS AND DISCUSSION

3.1. Single Crystalline Solid Solution Ce;_/Pr,0,_s
Films. Specular 6-20 X-ray diffraction (XRD) measurements
were performed to characterize the crystalline quality of the
epitaxial Ce,_,Pr,O,_; films, as shown in Figure 1. For all the

N
Pr,0 (444) §

Intensity (a.u.)

AT T I I

55 56 57 58 59 60 6
20 (°)

Figure 1. XRD specular 6-26 measurements of Ce,_,Pr,O, ; films

with x = 0, 0.1, 0.2, 0.3, 0.4, and 0.6. The peak positions of Si(222),
Pr,0;(444), and CeO,(444) are marked by dotted lines.

1 62 63 64 65

samples, a sharp, intense Si(222) Bragg peak arises at 20 =
58.88°. It is noted that the samples of x = 0—0.2 were
characterized by a medium-resolution diffractometer (DMAX
1500), thus their Si(222) peaks show a double-peak feature
related to Cu Ka; and Cu Ka, (222) reflections. For samples of
x = 0.3—0.6, only Cu Ka, reflection can be observed for the
Si(222) peak, thanks to the utilization of a high-resolution
diffractometer (Rigaku SmartLab) equipped with a crystal
monochromator. In addition to the Si reflection, all the films
demonstrate only one peak corresponding to the oxide. The
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Figure 2. XPS spectra after subtracting a Shirley background for Ce,_,Pr,0,_s films (x = 0, 0.2, 0.4, 0.6, and 1): (a) Ce 3d spectra with a pure Ce,O,
reference (blue curve) and the deconvolution of pure CeO, spectrum is shown; (b) Pr 3d spectra with a Pr,0; reference (red curve); (c) O 1s

spectra with fittings.

oxide spectra measured by a high-resolution diffractometer
display thickness-related interference fringes at the foot of the
main oxide peak, thus revealing a sharp interface structure
between epitaxial films and Si. Furthermore, the oxide peaks are
symmetric, unsplit, and their positions shift from the pure
Ce0,(222) position (20 = 59.28°, marked by dotted line) to
cubic Pr,05(444) (20 = 57.21°, marked by dotted line) with
the increase of the Pr-doping level. This indicates that real
mixed solid solutions were formed and with the increase of Pr
concentration the lattice parameter of the mixed film becomes
larger. For the metal-doped FM oxides, a significant question to
answer is whether there exists metal ion phase separation that
impacts FM properties.”> XRD results over a wide 26 range
(see Figure S2, Supporting Information and more details in ref
49) reveal that no extra diffractions from metal cluster
impurities or other oxide phases were detected and the Pr
dopant atoms are completely incorporated into the CeO,
lattice. A similar phenomenon was observed in other RE
mixed oxides such as (Pr,Y),0,* or (La,Lu),05,* in which the
stoichiometries can be precisely determined with extracted
lattice parameters by using Vegard’s law.*® In the case of the
Ce—Pr mixture, despite the possible presence of Pr*", which
can influence the calculation,*® the stoichiometries estimated
using Vegard’s law are also roughly consistent with those
estimated by quantitative X-ray photoelectron spectroscopy
(XPS).

3.2. Valence States of Ce and Pr. Figure 2a—c shows the
ex situ XPS spectra after subtracting a Shirley background of Ce
3d, Pr 3d, and O 1s, respectively, for Ce,_Pr,O,_; samples
with x = 0.2, 0.4, and 0.6. A detailed in situ XPS study on the
as-grown samples without breaking the ultrahigh vacuum
(UHV) ambiance has been reported in our prior study (ref
49), which pointed out that Pr** doping into CeO, films affects
the Ce ions valence state and higher Pr concentration results in
more Ce** in the films. In particular, the Cey,Pry50,_s film
contains only Ce® ion. Compared to in situ results, ex situ Ce
3d XPS spectra shown in Figure 2a demonstrate an entirely
different behavior. Although the signal intensity decreases along
with the increasing Pr concentration, all the mixture samples
show a completely similar spectrum shape as the nondoped
CeO, film (black curve). A spectrum of pure Ce*" (blue curve)
is given for comparison. This result indicates that original Ce®*
ions in UHV samples were further oxidized after exposure to air
due to the exceptional oxygen storage property of CeO, and all
the samples show the Ce* dominant feature not being
influenced by Pr doping. More information can be obtained
by fitting the spectra. The Ce 3d spectrum of CeO, was fitted
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using the Gaussian—Lorentzian profile, the deconvolution of
which presents three intense spin—orbit doublets (u/v, w,/v,,
and us/v;, green peaks) and two much weaker ones (u,/v, and
u,/v,, blue peaks), referring to Ce** and Ce® final states,
respectively.”>>' The u-series and v-series peaks represent Ce
3dy), and 3ds,, states, respectively. The relative Ce’*
concentration in the films can be determined by [Ce**]/
[Ce™ + Ce*] = (Ay + Ay + A + Ay)/(Ayg + Ay + Ay + Ay
+ A, + A + Ay + Ay + Ap + Ay), where A (A,) are the
spectral peak areas.”” The estimated Ce>* concentration is a
constant of ~5.4% for all the films including the pure CeO,
film. We attribute this phenomenon to the surface reduction of
CeO, due to the UHV characteristics of the XPS technique,
namely, CeO, probably loses oxygen to a certain degree near
the film surface in the UHV environment.*>>*

Figure 2b presents Pr 3d spectra. Besides the intensity
variation proportional to the Pr doping level, all the samples
show similar spectra as the Pr,O; reference sample (red curve),
which indicates that Pr ions in the films possess dominantly the
+3 valence state. In the spectra, two prominent spin—orbit
doublets denoted by a/a; and b/b; are observed, which are
induced respectively by core holes and valence band holes.
These peaks refer to Pr 3d;,, (a/b) and Pr 3dy/, (a,/b,) final
states, as marked in the figure. An additional weak peak labeled
by t, (black dash lines) appears at ~958 eV, which is related to
the multiplet effect.>® It is well-known that Pr oxides form
mixed valence oxides and Pr*" normally coexists with Pr**. The
doublet c/c, (946 €V/967 eV, marked by gray dash lines) is
suggested to be a signature for the pPr+ gresence. Nevertheless,
according to a meticulous XPS study®® on PrO, and Pr,0;,
even Pr 3d spectra of complete Pr** also show broad c/c;
peaks, which is rather similar to what we observed from the
reference spectrum. Therefore, different from Ce 3d spectra, no
reliable approach exists to quantitatively analyze Pr’*
concentration in the film. Even a qualitative judgment of Pr*"
presence in a Pr-oxide film is not straightforward by laboratory-
based XPS.>

The O 1s spectra of the films are also probed, as shown in
Figure 2c. O 1s spectrum of pure CeO, film shows a single peak
located at ~530 eV (gray peak), which corresponds to the O—
Ce bonds. With Pr doping into the film, the main peak does not
shift and an additional peak located at ~532.2 eV (blue peak)
appears, the relative intensity of which increases along with Pr
concentration. The O peak at a higher binding energy (Oygg) is
associated with the oxygen in form of OH group due to the
hygroscopic nature of Pr,0,°® Pr,O, tends to absorb
atmospheric water, thus yielding the Oypg peak in the mixed
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oxide films and the Opygp ratio increases with Pr,0;
concentration in the films.””%

As the Ce valence state is an important issue for subsequent
FM discussion, it is necessary to investigate if Ce*" exists in the
volume of the film, considering that XPS is only a surface
sensitive technique and the slight amount of Ce®" existing in

details of defects at a local level. Raman spectroscopy is a
powerful tool for this purpose thanks to its strong sensitivity to
the phonon characterization, reflecting deviations from the
ideal crystalline nature of the materials. Raman spectra
performed on our Ce; ,Pr,O, ;s films are shown in Figure 4a,

doped and pure CeO, films is due to the surface reduction O Vo complex |
effects under UHV ambiance in the XPS chamber. We (a) x=0.3 ! PregiV, |
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Figure 3. XANES spectra at Ce Ly; edge for CeO,, CeyoPry,0,_5 and
Ce4Pry0,_s films as well as a reference obtained from CeO, powder.
Two principal peaks are denoted as A and B.

realized in transmission mode) of crystalline CeO, powder,
which is considered to be stoichiometric and thus contains no
detectable Ce®" ions, is given as a reference. Apparently, all the
films present curves similar to the reference powder one. This
observation indicates that Ce shows only a +4 valence state in
oxide films and Pr** doping does not yield a detectable level of
trivalent Ce, which corroborates the XPS measurements. In
Figure 3, the spectra show two main peaks, A and B, both of
which correspond to Ce** final states. This multiple final states
teature orlglnates from the hybridization between O 2p and Ce
4f (5d) states.’" Peak A is associated with a core excited Ce**
final state of 2p4f°5d" whereas peak B corresponds to a Ce**
2p4f'Sd'v final state related to covalence between Ce 4f and O
2p, in which v represents a hole left by the excited electron
from the valence band (O 2p shell) to the Ce 4f shell.">** A
prior XANES study on CeO, nanoparticles pointed out that the
spectral component B would shift to a lower energy by ~3 eV
and its 1nten51ty would increase, when Ce®' is present in the
material.** None of these variations are observed in our mixed
films. The XPS combined with XANES results suggest that,
although CeO, in nanoparticles form could yield a reduction in
the valence of the Ce*" ions to Ce?*, doping with other trivalent
(or divalent) elements is probably the only effective way to
induce major Vo~ concentrations in CeO, films, owing to the
difficulty of Ce** formation in them. In other words, Vo' are
introduced by the substitution of Ce** by Pr’* in our systems
but all remaining Ce ions remain in the +4 valence state.

3.3. Oxygen Vacancy and Other Defects Detection.
When another element is doped into the CeO, lattice, defects
form due to different ion radii and valence states. To possibly
clarify the correlation between defects and functional properties
(e.g, RTFM) in the films, it is necessary to understand more
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Figure 4. (a) UV Raman spectra of Ce,_ Pr,0,_s/Si(111) samples (x
= 0—1) with fitted curves. Spectra of thicker films are shown in inset.
(b) Defect crystal structures of Vo™ and PrOg complexes.

with fitting curves represented by Lorentzian components. A
UV laser with 4 = 325 nm was selected as the excitation source
because, compared to visible lasers that have lower energy and
only provide strong signals from the substrate,” it has higher
energy thus allowing resonance Raman and permits for strong
enough cross section to obtain detectable signals from
nanometric-scaled thin films.

In Figure 4a, the most intense Raman peak for all samples
(~24 nm) appears at ~520 cm™, which corresponds to the
transverse optical mode of the Si substrate.®® Interestingly, this
Si-related signal strongly decreases but is still visible for the ~87
nm films spectra shown in the inset of Figure 4a, which
indicates that the detected spectra are still from the whole
volume of oxide films. Apart from the Si Raman mode, three
additional peaks arise from the oxide films. The Raman peak
located at ~460 cm™ (filled by green) refers to the triply
degenerate F,, Raman-active mode of CeO, crystallizing in a
fluorite lattice (space group O,°). It is known that the Raman
actlve modes of the fluorite lattice are represented by A, + E; +
Fzg Under our Raman spectroscopy conditions with an
unpolarized laser and backscattering configuration, only the F,,
mode can be detected, which can be viewed as a symmetric
breathing mode of the O atoms around each cation.** For the
Pr-doped CeO, films, there are two other Raman modes
positioned at ~570 cm™" (filled by blue) and ~600 cm™ (filled
by pink), respectively, both of which originate from defect
structures in the lattice. Accordmg to theoretical calculations
carried out by Nakajima et al.®® on Raman spectra of doped
CeO, crystals, the blue peak located at ~570 cm™" is assigned
to defect spaces including an oxygen vacancy, thus breaking the
O, symmetry of the fluorite lattice. The pink peak located at
~600 cm™" is assigned to a MOg-type complex without having
any Vo~ (in this case, only PrOg-type, considering the absence
of Ce** in our films), where a dopant cation is surrounded by
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eight nearest-neighbor O®” ions thus the O, symmetry is
maintained. A fairly weak defect-related peak appears as well in
pure CeO, spectrum. This can be attributed to the Ce*'—
Pr’’exchanging at the interface®® (thus defects related modes)
due to the ~2 nm Pr,Oj buffer layer that is deposited prior to
the CeO, film to ensure the high crystalline quality of CeO,
films (i.e., to suppress the interface reaction). Atomic
configuration details of the defects are illustrated in Figure
4b. 1t is also illustrated that there are two possibilities for the
Vo'-related complex at 570 cm™', namely, Prc.:Vo™ with one
dopant around Vo™ or 2Prc,.:Vo~ with two dopants around Vo'.
Furthermore, a detailed Raman study on CeysM,,0, s (M =
Zr, La, Pr, Lu, Y, Gd, Sm) nanoparticles70 shows that although
other dopants yield both Vo' and MOy peaks, Zr*"- and Pr*-
doped CeO, samples demonstrate almost only MOg and Vo~
peaks, respectively. Therefore, the MOg-type complex can be
mainly attributed to the ion radii differences between Ce and
the dopant (Zr** has the same valence state as Ce*") and Pr’*
can induce more Vo' compared to other RE dopants for the
same dopant concentration.

Increasing the Pr concentration gradually alters the lattice
structure and thus the defect population. Globally, the
intensities of all the Raman peaks of oxides are reduced with
the increase of the Pr content (x) and particularly, only the Si
peak can be observed in the spectrum of the pure Pr,O;
reference sample. This is related to two effects: (i) a structure
transition from fluorite to bixbyite as x increases. Pr’* doping
gradually destroys the fluorite (CeO,) symmetry and eventually
leads to a bixbyite structure (Pr,0,); (ii) the fluorescence effect
from Pr,0; that reduces the detectable Raman signal of oxide
films and this effect becomes stronger as x increases. Because
the band gap of Pr,0; is 3.9 eV, which is higher than 2.4 eV of
CeO,, more Pr doping probably leads to a stronger
fluorescence effect. Similar behavior has been reported for Pr-
or Tb-doped CeO, nanoparticles.**”" Figure Sa displays the
variation of the F,, mode as the Pr concentration increases, in
which the peak position (black plotting) progressively shifts to
a lower energy (from 460.1 cm™ for x = 0 to 453.0 cm™ for x
= 0.6) and the full width at half-maximum (fwhm, blue
plotting) undergoes a continuous enlargement (from 13.5 for x
= 0 to 84.6 for x = 0.6). Several factors can contribute to the
changes of F,, peak including phonon confinement, strain,
defects, etc.72’7% In this case, the systematic peak shift mainly
correlates to the lattice expansion, considering that lattice
constant of PryO3 ((1/2) - ap,,o, = 5.576 A) is larger than that

of CeO, (ac.o, = 5411 A) whereas the peak broadening is

related to Pr-doping induced defects, which also contribute to
the progressive reduction of F,, Raman mode intensity (local
symmetry break of CeQ, lattices). This result also reveals that
Pr dopants have incorporated into CeO, lattice and forms solid
solutions with ceria, which is in good agreement with XRD
measurements.

Figure 5b,c shows the changing of defect-related peaks as a
function of increasing Pr concentration. Figure Sb demonstrates
that the Vo™ peak shifts to higher energy, particularly in the
range of x = 0.2—0.4, which is related to the increase of the
2Pr¢,:Vo -complex concentration (compared to Prc.:Vo~
complexes).®® In principle, due to statistics and energy
considerations (strained local environments of Pr’* traps
Vo), this change in defect microstructure is to be expected.”*
We note here that this observation is important for subsequent
FM discussion based on the proposed F-center mechanism.
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Figure 5. Raman modes variation as a function of Pr concentration (a)
F,, peak shift and width changing; (b) Vo~ peak shift suggesting a
transition from Prc.:Vo™ to 2 Pr¢.:Vo'; (c) area ratio of defects/Fp,
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The ratio of defect areas compared to F,, peak area, (Ay, +
Apo,) /A, as a function of Pr content is plotted in Figure Sc by

the black curve, which suggests that more Pr doping introduces
more defects into the CeO, lattice. This result points again to a
CeO, crystal structure with heavily distorted local structure due
to intensive Pr-doping. The blue curve in Figure Sc plots the
variation of relative Vo ratio, ie., Ay, /Ap,o, When the Pr

concentration increases, it first experiences a robust increase
from x = 0.1 to x = 0.2 and reaches a maximum at x = 0.2. After
that, it progressively decreases and drops to a quite small value
for the film with x = 0.6. Therefore, x = 0.2 Pr-doping turns out
to be the most effective doping level to create Vo™ defects in
CeO, lattices. Further increase of the Pr concentration only
results in higher PrOg-complex concentration. Moreover, larger
Pr-doping concentration could also lead to phase transition
from fluorite to bixbyite and degrade thus the crystalline quality
of the mixed films.

To clarify this point, high-resolution transmission electron
microscopy (HRTEM) measurements were performed on the x
= 02 and x = 0.6 samples. Figure 6a shows a TEM cross-
sectional image of the CeygPry,0,_5/Si(111) heterostructure.
The oxide film demonstrates a high crystalline quality with
homogeneous color contrast. An amorphous layer can also be
seen at the interface corresponding to SiO, or silicate formed
during the growth by interface oxidation (for more interface
details, see Figure S3, Supporting Information). Figure 6b
displays a fast Fourier transformation (FFT) image on the
oxide film region, which is a typical diffraction pattern of
fluorite lattice along the (111) direction (marked by yellow
circles and spots; details are also given).*” A similar analysis was
carried out on the Pr-rich Ce(4Prys0,_5/Si(111) sample, which
shows inhomogeneous color contrast in the TEM image
(Figure 6c), thus lower crystalline quality and, in the FFT
pattern (Figure 6d), an extra series of diffraction spots (marked
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"Ce6;4Pr0_602_5

Figure 6. Cross-sectional TEM images of CegPry,0,_s/Si(111) (a)
and Ce(,Prys0,_5/Si(111) (c) heterostructures and corresponding
FFT patterns (b) and (d).

by dotted arrows) also appears, which indicates the presence of
a bixbyite lattice structure of the oxide film. The coexistence of
fluorite lattice and bixbyite lattice, as well as larger lattice
mismatch between Pr,0; and Si compared to CeO,/Si system,
is thus responsible for the degradation of the film quality and
the change in defect population.

3.4. FM Properties of Vo“-Engineered Pr-Doped CeO,
Thin Films. The FM properties of Ce,_,Pr,0, 5/Si(111) (x =
0.1, 0.2, 0.3, and 0.4) samples were investigated at RT by
SQUID. The samples were cut by a diamond scribe and always
handled using Teflon tweezers to avoid any iron contact
contamination, which would induce unwanted magnetization.75
Figure 7a shows the raw experimental data, in which x = 0.1
(blue) and x = 0.2 (orange) samples exhibit RTFM behavior
while the x = 0.3 (olive) and x = 0.4 (violet) samples seems to
be diamagnetic. A blank Si substrate was also measured (dashed
line in black) as a reference and it shows a diamagnetic feature.
The curves after subtracting the diamagnetic contribution from
the Si substrate are shown in Figure 7b. It can be observed that
the least Pr-doped CeO, sample with x = 0.1 shows a clear
RTFM behavior with an open M—H hysteretic loop (Figure 7b:
zoomed inset). The coercivity (H,) and saturation magnet-
ization (M) of this sample are ~20 Oe and 045 emu/g,
respectively. It is noted here that values of coercivity can be
impacted by the remnant field of superconducting magnets in
magnetometers. In our case, from measurements of the
nonmagnetic Pr-doped CeO, films, we estimate magnetic
field errors during SQUID measurements due to residual
currents in the magnet and/or flux pinning to be only ~10 Oe.
The FM is strongly enhanced when the Pr-concentration is
increased to x = 0.2. As shown in Figure 7b, the x = 0.2 sample
displays a well-defined hysteretic loop as well as a much larger
RTFM with the H, and M; being ~55 Oe and ~1.80 emu/g,
respectively. This is a notable result because the M, value is 2
orders of magnitude higher than the RTFM values found in
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Figure 7. Room temperature M—H curves of the samples with x = 0.1—-0.4: (a) raw experimental data in which the Si reference signal is shown by a
black dashed line; (b) data after subtracting the diamagnetic component of the Si substrate. Insets show the details of magnetic hysteresis loops. (c)
Temperature dependent field-cooling magnetic moment curve of x = 0.2 sample taken under a magnetic field of 600 Oe. (d) Variation of M
(extracted from (b), black curve) as a function of Pr concentration, compared with the variation of relative Vo ratio (blue curve) extracted from

Raman analysis in Figure Sc (area ratio of Vo'/PrOg).
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undoped/doped CeO, nanoparticles (M is generally in the
107 emu/g range.l6’17’32’33’3 7678y, Concerning CeO,-based
thin film systems, our results are comparable with the RTFM
with a giant magnetic moment reported by Tiwari et al. in Co-
doped CeO, epitaxial films on LaAlO;(001) substrates.”® The
temperature dependent field-cooling magnetic moment curve
of the CeygPry,0,_s/Si sample (x = 0.2) was collected under a
magnetic field of 600 Oe, as shown in Figure 7c. The magnetic
moment shows a rather slight modification above 50 K by
increasing the temperature, therefore indicating a Curie
temperature well above 300 K. The increase of the magnetic
moment below 55 K is probably related to paramagnetic
contributions, namely, the alignment of isolated magnetic
moments along with the applied magnetic field."* The x = 0.3
and 0.4 samples show that further increasing the Pr
concentration beyond x = 0.2 dramatically degrades the FM
behavior of the samples: the SQUID signals are strongly
disturbed by the diamagnetic Si substrate, as shown by Figure
7b and the corresponding inset.

Consider now the origin of the different magnetic properties
of samples with different Pr-doping concentrations. It is known
that stoichiometric CeO, is diamagnetic with Ce** ions in the
4f° electron configuration, which has no unpaired electron and
thus no net magnetic moment. Ce** ions (4f1) are para-
magnetic due to the one unpaired electron in a 4f orbital. It is
worth noting here that the XPS and XANES results point to the
absence of Ce** in Ce,_,Pr,0,_ s films. Meanwhile, Pr*" (4f,
being isoelectronic with Ce*") and Pr’* ions (4f, with two
unpaired electrons) both have net magnetic moments and Pr-
oxides are paramagnetic.79

Up to now, there is an incomplete understanding on the
origin of RTFM in doped CeO, as well as in other diluted
magnetic oxides. Although a lot of observations of RTFM in
these systems have been reported, some doubts were also raised
arguing that the RTFM could possibly stem from contami-
nations during sample handling or from the formation of
secondary metal phases or metal clusters in oxides. However, an
increasing number of experimental and theoretical results'®~>*
show that the RTFM is an intrinsic property of such materials
and strongly correlates to the defects in the oxides. In
particular, in a quite recent study, Prestgard et al. reported®
a comparison of different magnetic properties in CeO,-based
systems originated from homogeneous doping, a mixture of
doping and metal cluster formation, and purely from metal
clustering. It was concluded that RTFM property is intrinsic in
homogeneously doped CeO, system and is related to the
defects.**® For our Ce,_Pr,0,_; films, we note here that all
the samples were cut by a diamond scribe and were always
handled using Teflon tweezers to avoid any metal contami-
nation. Furthermore, Ce,_,Pr,0, 5 films form solid solu-
tions'>*** and neither second metallic phases nor metal
clusters can be observed from our XRD, Raman and HRTEM
results. Therefore, the observed RTEM in our Pr-doped CeO,
films is the intrinsic property and is related to the defects,
particularly to the oxygen vacancies (Vo~) in the oxides. We
plot the variation of the M; of different Ce,_,Pr,O,_s films (cf.
Figure 7b) as a function of Pr concentration x in Figure 7d
(black curve) and it is compared with the variation of relative
Vo ratio extracted by Raman analysis (blue curve, cf. Figure
Sc). Interestingly, they show a similar tendency, indicating the
RTFM in Ce,_,Pr,0,_; films is indeed related to Vo~ in the
oxides. The relationship between RTFM and Vo~ can be
clarified in more detail by using the F-center exchange
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mechanism (FCE) model. FCE has been successfully used to
explain the RTFM in many oxides in the form of nanoparticles
such as ZnO, TiO,, Sn0,, CeO,, Al,Os, etc.”> When an Vo~ is
formed, two electrons are left behind that can be trapped in
Vo". The FCE mechanism categorizes Vo~ (color center, i.e., F-
center) into three groups: (1) the F** center with no trapped
electrons; (2) the F* center with one trapped electron that can
mediate FM interaction; (3) F° center with two trapped
electrons that can only mediate weak antiferromagnetic (AFM)
interactions. For the F* center, the locally trapped electron is
confined in a hydrogenic orbital (radius ry = £(m/m*)a,, where
€ is the dielectric constant, m is the electron mass, m* is the
effective electron mass of the donor electrons, and g, is the
Bohr radius of 53 pm) around Vo~ and can possibly form
bound magnetic polarons (BMP) by ordering the dopant
electron spin neighboring the oxygen vacancies. As the Vo~
density increases, the hydrogenic orbitals associated with
randomly positioned Vo~ overlap and when the Vo density
exceeds a percolation threshold, long-range FM can be
established in the oxide.”

In undoped oxygen deficient CeO, nanoparticles, two main
Vo -related complexes can exist: Ce**—Vo'—Ce®* and Ce*'—
Vo '—Ce*". The former one forms an F* center because the two
electrons left by Vo' are trapped respectively on a Ce** ion and
on the Vo™ hydrogenic orbital. The Ce**—Vo '—Ce**complex,
however, forms a F>* center because both electrons are trapped
on Ce** ions. When Pr is doped into CeQ,, Paunovi¢ et al.*®
recently reported that the Pr-doping suppresses the inherent
RTEFM of CeO, nanocrystals induced by the Ce*'—Vo'—Ce®"
(F* center) complex. Such suppression of RTFM by Pr-doping
has been attributed to the formation of complexes like Pr**—
Vo'—Ce* and Pr’**—Vo'—Pr** (F** centers) that do not
mediate FM ordering. On the basis of this work,®® we clarify
different F centers in our Ce,_,Pr,O,_; epitaxial films. Different
from its nanocrystal counterpart,®® our Pr-doped CeO, thin
films do not contain Ce> ions; hence, two Vo -related
complexes, Ce*'—Vo'—Pr** and Pr’*—Vo —Pr**, yield an F*
center and F** center, respectively, as shown in Figure 8. The
ry in this case can be estimated as 46 A, using m*/m = 0.3 for
CeO, with a fluorite structure.”®

When the Pr’* concentration is quite low, the magnetic
moments are far apart and cannot be coupled by F* centers. As
the Pr content x increases, according to our detailed Raman
study (Figure Sc), the relative Vo~ concentration also increases
when x < 0.2 and, in this range, the Ce*"—Vo '—Pr’* complex
(F* center) is dominant (Figure Sb). Provided that F* center

1 Original electron T Electron left by Vo**

Figure 8. Illustration of F* and F** centers in the films, which mediate
and do not mediate FM ordering, respectively.
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density exceeds the magnetic percolation threshold value ny,,
the F* centers overlap, leading to the spin polarization of the
majority of Pr ions. The critical value 7y, can be estimated by
P (ny,/ny) ~ 4.3, where y = e(m/m*) and ny = 5 X 102 m™> is
the oxygen density in Ce0,,> thus ny,” ~ 3 X 10* m™>. We
postulate that our x = 0.1 sample already reaches this condition,
thus showing the RTFM behavior (Figure 7b). In the x = 0.2
sample, F* center density is augmented, hence it shows strongly
enhanced RTFM properties with higher saturation magnet-
ization. The effective magnetic moment y 4 per Pr ion can be
calculated using the equation: p.g = M,/N, where M, is the
saturation magnetization and N is the number of Pr atoms per
cubic meter. Considering that the number of Ce atoms in
nondoped CeO, oxides is 2.5 X 10** m™3, the Np, values in x =
0.1 and x = 0.2 samples are 2.5 X 10” m™> and 5 X 10 m~3,
respectively. Therefore, the y ¢ values per Pr ion in the x = 0.1
and x = 0.2 samples are 0.07 py and 0.15 py, respectively (up =
9.27 X 107** A-m?).

Furthermore, compared to the RTFM found in CeO,
nanoparticles, the M; value of the x = 0.2 sample is rather
giant. We attribute this to the higher capability of creating Vo~
(thus F* center) in CeO, by Pr’*-doping instead of forming
Ce* ions by oxygen depletion in the CeO, surface areas of the
nanoparticles. A Raman study on the undoped CeO,
nanoparticles® demonstrates that Ce® ions are preferably
located in MOg-type (here M = Ce*") complexes rather than
Vo' complexes. However, further increasing the Pr concen-
tration (x > 0.2) in doped CeO, films could create F>* and F°
centers, thus dramatically decreasing the F* center density in
several ways: (i) more Pr’*—Vo —Pr**complexes form and
become dominant (Figure Sb), (ii) PrOg-type complex defects
increase (Figure Sc), and (iii) gradual structure phase transition
from fluorite lattices to more distorted bixbyite lattices (Figure
6). F>* and F° centers cannot mediate the FM interaction, and
their formation causes the decreasing of F* center density
below the percolation threshold; consequently, samples with x
> 0.2 show a sudden disappearance of RTFM properties. In
addition, another effect that could possibly suppress FM
ordering in the case of higher Pr concentrations is the
superexchange interaction between nearest-neighbor Pr ions via
oxygen anions, which is antiferromagnetic, thus hindering the
establishment of long-range FM order.

4. Conclusions. In conclusion, we demonstrate the growth
of Pr-doped ceria epitaxial thin films showing RTFM on silicon
substrates. Pr’* dopants are incorporated into ceria lattices, thus
forming solid solutions and do not affect the +4 valence state of
Ce ions in ambient conditions. Raman spectroscopy turns out
to be a powerful tool to explore the microscopic mechanism of
defects formation in the Ce, ,Pr,O, ; films. Pr doping
effectively creates oxygen vacancies (Vo) in CeO, lattices,
despite the introduction at the same time of other defects like
PrOg-type complexes. Elevated Pr-concentration causes fluo-
rite-to-bixbyite phase transition and degrades the crystalline
quality of the films. The FM properties of the films strongly
correlate to the relative Vo~ concentration (in particular, Vo~
with one nearest-neighbor Pr**) and this behavior can be well
explained by the F-center exchange mechanism. These films
initially show enhanced RTFM as the Vo™ amount increases but
experience sudden disappearance of RTFM due to the
increasing importance of alternative defect formation mecha-
nism which probably leads to the decreasing of F* center
density below the percolation threshold value. The
CegPry,0,_5 film turns out to contain the highest F* center

density, thus showing RTFM with a saturation magnetization
M, ~ 1.8 emu/g. These results can not only facilitate the
understanding of the origin of RTFM in diluted magnetic
oxides but also highlight the possibility to develop future
monolithic magnetic-optic or spintronic devices using crystal-
line oxide thin film systems on Si substrates.
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