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ABSTRACT: Combinatorial pulsed laser deposition (CPLD) using two targets was used to produce a range of transition metal-
substituted perovskite-structured Sr(Ti1−xMx)O3−δ films on buffered silicon substrates, where M = Fe, Cr, Ni and Mn and x =
0.05−0.5. CPLD produced samples whose composition vs distance fitted a linear combination of the compositions of the two
targets. Sr(Ti1−xFex)O3−δ films produced from a pair of perovskite targets (SrTiO3 and SrFeO3 or SrTiO3 and
SrTi00.575Fe0.425O3) had properties similar to those of films produced from single targets, showing a single phase microstructure,
a saturation magnetization of 0.5 μB/Fe, and a strong out-of-plane magnetoelastic anisotropy at room temperature. Films
produced from an SrTiO3 and a metal oxide target consisted of majority perovskite phases with additional metal oxide (or metal
in the case of Ni) phases. Films made from SrTiO3 and Fe2O3 targets retained the high magnetic anisotropy of Sr(Ti1−xFex)O3−δ,
but had a much higher saturation magnetization than single-target films, reaching for example an out-of-plane coercivity of >2
kOe and a saturation magnetization of 125 emu/cm3 at 24%Fe. This was attributed to the presence of maghemite or magnetite
exchange-coupled to the Sr(Ti1−xFex)O3−δ. Films of Sr(Ti1−xCrx)O3−δ and Sr(Ti1−xMnx)O3−δ showed no room temperature
ferromagnetism, but Sr(Ti1−xNix)O3−δ did show a high anisotropy and magnetization attributed mainly to the perovskite phase.
Combinatorial synthesis is shown to be an efficient process for enabling evaluation of the properties of epitaxial substituted
perovskite films as well as multiphase films which have potential for a wide range of electronic, magnetic, optical, and catalytic
applications.
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■ INTRODUCTION
The perovskite oxides with formula ABO3 have been studied
extensively for applications in electronics such as microelectro-
mechanical systems, actuators, and ferroelectric random access
memory devices, and as sensors for magnetic fields or various
gases.1−3 These materials can be easily modified by substitution
of a wide range of ions of various sizes and valence states
because the perovskite structure can accommodate various
substituents by distortion or rotation of the oxygen
coordination octahedra. Among the many perovskite oxides,
SrTiO3, a wide band gap semiconductor (Eg = 3.2 eV at 0 K), is
particularly well studied. SrTiO3 has ferroelectricity, piezo-
electricity at low temperature, transparency, and tunability
which can be adjusted by applying strain or by doping. Doped

SrTiO3 has technologically important properties and is widely
used in optical and electronic devices.4,5 For device fabrication
it is useful to grow perovskite films onto Si to take advantage of
the existing Si process infrastructure, but in general, perovskite
films are polycrystalline when grown directly onto Si,6 so to
obtain epitaxial films, a buffer layer is employed.7−9 A range of
transition metals, including Fe, Co, Ni, and Cr, have been
substituted on the B sites, and in certain cases this leads to a
material with room temperature ferromagnetic and magneto-
optical properties,10−13 which may be useful in optical or
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spintronic devices. A comparison of magnetic properties of a
variety of transition metal-substituted SrTiO3 materials is given
in the Supporting Information.
Pulsed laser deposition (PLD) is a convenient method for

synthesizing films of complex oxides, including the ability to
make nonequilibrium structures with controlled lattice strain.14

Exploration of a wide composition space is considerably
simplified by the use of combinatorial synthesis methods, in
which a spread of compositions is formed simultaneously
during one deposition. This avoids the need to make a large
number of targets of different compositions, and ensures that
all samples are made under comparable conditions of
temperature, pressure, and other process variables. Combina-
torial PLD (CPLD) has been employed to make a wide range
of materials systems, including transparent conducting oxides
and complex transition metal oxides such as high-k, colossal
magnetoresistance, thermoelectric, magnetic, or multiferroic
materials.15−18 Composition variation is usually carried out
using complicated instrumentation including shutters, moving
masks, or dual laser beams. A simpler method is to arrange the
target geometry to create a thickness gradient by offsetting the
positions of the target and substrate. Deposition is carried out
from two targets sequentially, producing submonolayer films
from each target to ensure intermixing of the film. However,
there has been little work reported on this process and on

comparing the properties of films grown by CPLD with those
made from single targets.
In this work, we use CPLD to synthesize films of SrTiO3

containing Fe, Mn, Ni, and Cr on CeO2/YSZ buffered Si. The
Sr(Ti1−xFex)O3−δ (STF) system, which shows a continuous
solid solution between the SrTiO3 and SrFeO3 end members,
has been the focus of intense interest since first being
synthesized by Clevenger.19 At a low Fe content, the Fe acts
as an acceptor and makes STF a good electronic conductor. At
higher Fe content, STF is an ionic conductor.20,21 Substitution
of Fe for Ti results in a systematic decrease in band gap and an
increase in electron, hole, and oxygen vacancy concentration.22

We have shown that STF films with <50% Fe deposited in
vacuum epitaxially on buffered Si substrates exhibit room-
temperature ferromagnetism with a strong out-of-plane
magnetic anisotropy that results from the presence of
magnetoelastic Fe2+ and Fe4+ ions and the compressive in-
plane lattice strain.10,13

Similarly to Fe, Cr and other transition metals can be
introduced onto the B-sites of STO. We found that
Sr(Ti1−xCox)O3−δ (STC) films also exhibit room temperature
ferromagnetism and a magnetoelastic anisotropy, while Sr-
(Ti1−xCrx)O3−δ (STCr) is not ferromagnetic. The predominant
Cr3+ ions present in STCr deposited in high vacuum are not
magnetoelastic, so there is no magnetoelastic stabilization of
the magnetism in STCr at room temperature. Although there

Figure 1. Schmatic diagram illustrating the preparation process of Sr(Ti1−xFex)O3−δ thin films by combinatorial pulsed laser deposition. (a)
Deposition of SrTiO3−δ thin film, (b) deposition of SrFeO3−δ thin film after rotating the substrate. (c) Fe contents expressed as Fe/(Ti + Fe) as a
function of substrate position from the STO-rich to the STF42.5 or SFO-rich ends of the substrate. (d) Metal composition as a function of substrate
position from the STO-rich to the metal oxide-rich ends of the films. Compositions at each position were determined by WDS.
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has been some examination of ferromagnetism in Mn- or Ni-
substituted STO12,23,24 (STM and STN), the relation between
the magnetism and the structure and valence states of the ions
is still incomplete. This article describes the microstructure,
phases present, and magnetic properties of epitaxial STF, STM,
STCr, and STN on buffered Si as a function of film
composition which is determined by the end-member targets
used in the CPLD synthesis. We show that films made from
perovskite targets are single phase perovskite, but films made
from a STO target and a binary oxide target can also contain
nonperovskite phases. Single phase perovskite films have
properties similar to those made from a single target, while
the two-phase films can show interesting properties such as an
enhanced moment and anisotropy.

■ EXPERIMENTAL PROCEDURES

Disk-shaped 2.5 cm diameter SrTiO3 (STO), SrFeO3 (SFO),
and Sr(Ti1−xFex)O3 (x = 0.05, 0.1, 0.2, 0.35, 0.4, 0.425, 0.45,
and 0.5, described respectively as STF5, STF10, STF20, STF35,
STF40, STF42.5, STF45, and STF50) targets were prepared by
a conventional mixed oxide method. The mixtures of powders
were calcined at 1250 °C for 3 h and sintered at 1400 °C for 5
h. Fe2O3, Cr2O3, MnO, and NiO targets were purchased from
Plasmaterials (CA). The Si (100) substrates were ultrasonically
cleaned sequentially in trichloroethylene, acetone, and iso-
propyl alcohol to remove organic materials and rinsed with
deionized water. To obtain high quality perovskite thin films on
Si, yttria-stabilized zirconia (YSZ) and CeO2 bilayers were used

as a buffer layer. The YSZ and CeO2 layers were deposited by
PLD using a KrF excimer laser of 248 nm of wavelength under
oxygen pressure of 0.4 mTorr and 5 mTorr, respectively at 800
°C substrate temperature, a fluence of 2.5 J/cm2, and 5.5 cm
distance between target and substrate.
STF thin films were deposited by combinatorial PLD on

CeO2/YSZ buffered Si substrates as shown in Figure 1 (a) and
(b). The STF thin films are formed by repeated alternating
deposition of the first layer (STO in Figure 1) at 0° and the
second layer (e.g., SFO) at 180° substrate rotation position.
This sequence is repeated until the desired thickness is
obtained. The rotation axis of the substrate is offset compared
to the target center to obtain a thickness gradient and a
compositionally graded thin film. First, each target was ablated
without substrate rotation to calculate the deposition rate. The
deposition rates of STO, STF42.5, and SFO thin films were
almost the same (40 nm per 10,000 laser pulses at the thickest
part of the film). The targets were ablated with 100 pulses
during each of 100 cycles to obtain approximately one unit cell
of each material directly above the target on each cycle. Films
were deposited to a total thickness of approximately 80 nm
along the length of the sample (25 or 35 mm). The deposition
rate of Fe2O3, Cr2O3, MnO, and NiO was lower than that of
STO. The thicknesses from 20,000 pulses were 80, 44, 36, 25,
and 45 nm for STO, Fe2O3, Cr2O3, MnO, and NiO,
respectively. In CPLD growth involving these targets, the
films were built up using cycles consisting of 100 pulses on each

Figure 2. (a) θ-2 θ scan of CeO2 (120 nm)/YSZ (120 nm) buffer layer on Si substrate. The inset is the two-dimensional XRD spectrum of CeO2
(120 nm)/YSZ (120 nm) buffer layer on Si substrate. (b) Optical microscope image of 180 nm CeO2/180 nm YSZ with 500× magnification. (c)
Tilted SEM image of 180 nm CeO2/180 nm YSZ thin films on Si substrate. (d) XRD pattern of 180 nm CeO2/180 nm YSZ on Si substrate.
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target. This leads to a lower content of Fe, Cr, Mn, or Ni and
higher Ti content compared to the STO/STF CPLD case.
X-ray diffraction (XRD: Rigaku D/MAX-R, λ=1.5406 Å) and

two-dimensional XRD (2DXRD: Bruker D8 with General Area
Detector Diffraction System) were used to identify the phases
present and to measure lattice parameters. Magnetic properties
were measured by vibrating sample magnetometer (VSM: ADE
model 1660) at room temperature. Film composition was
probed using wavelength dispersive X-ray spectroscopy (WDS).
Microstructure was analyzed by scanning electron microscopy
(SEM: Helios Nanolab 600). The valence state of the elements
was investigated by X-ray photoelectron spectroscopy (XPS)
using a Kratos AXIS Ultra imaging spectrometer with a
monochromatic Al Kα radiation source. Surface morphologies
were measured using an atomic force microscope (AFM:
Veeco/Digital Instruments Nanoscope IIIa controller with
Dimension 3000 Scanning Probe Microscope). The ferromag-
netic domain structures were investigated on out-of-plane
alternating current (a.c.)-demagnetized samples using magnetic
force microscopy (MFM: Veeco/Digital Instruments Nano-
scope) using a cobalt/chromium coated tip over an area of 2
μm × 2 μm.

■ RESULTS AND DISCUSSION

1. CeO2/YSZ Buffer Layers. A YSZ/CeO2 bilayer buffer
layer was used to enable integration of the CPLD perovskite
films onto silicon substrates. The buffer layers were grown by
conventional PLD from single targets. Buffer layers with 120
nm of CeO2/120 nm of YSZ grew epitaxially as shown in
Figure 2(a). Only two peaks corresponding to the (200) peaks
of CeO2 and YSZ were observed around 33.1° and 34.9°,
respectively, consistent with a high quality epitaxial film
structure. There were no peaks other than (h00), nor peaks
from secondary phases. The full width at half-maximum
(fwhm) of the CeO2 (200) diffraction peak produced from
the θ-rocking curve was 0.735 ± 0.005°. The out-of-plane
lattice parameter of CeO2 (120 nm) and YSZ (120 nm) films
was 5.398 Å and 5.143 Å, respectively, similar to the bulk value
(5.41 Å for CeO2 and 5.14 Å for YSZ).25

Two dimensional XRD (inset) showed spot-like diffraction
patterns indicating that CeO2/YSZ formed epitaxial layers with
respect to the (100) Si substrate. As the thickness of the buffer
layers increased the out-of-plane lattice parameter of YSZ
increased. The out-of plane lattice parameter of YSZ for 30 nm
CeO2/30 nm YSZ, 60 nm CeO2/60 nm YSZ, and 120 nm
CeO2/120 nm YSZ stacks was 5.114 Å, 5.135 Å, and 5.143 Å
(close to bulk), respectively. We observed rectangular cracks in
the 180 nm CeO2 /180 nm YSZ film, seen in Figure 2 (b).

Figure 3. (a) XRD patterns of STF thin films deposited by CPLD from STO and STF42.5 targets. (b) Schematic configuration of STF thin films on
a CeO2 layer showing growth of STF (110) (left) and STF (100) (right). (c) XRD patterns of CPLD STF thin films from STO and SFO targets. (d)
Out-of-plane lattice parameter as a function of Fe content.
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When the YSZ thickness exceeded a critical thickness, thermal
cracks developed because of the thermal expansion difference
between Si (αSi = 4.5 × 10−6 K−1 at 1100 K) and YSZ (αYSZ =
10.9 × 10−6 K−1 at 1100 K).26,27 The YSZ film developed a
thermal tensile stress during cooling and cracked along both
[100] and [010] directions, with the cracks propagating into
the CeO2 layer, Figure 2(c).
In the CeO2 layer, the out-of-plane lattice parameter

increased with increasing thickness, having values of 5.374 Å,
5.382 Å, and 5.398 Å for 30 nm CeO2/30 nm YSZ, 60 nm
CeO2/60 nm YSZ, and 120 nm CeO2/120 nm YSZ stacks,
respectively, indicating increasing in-plane compressive lattice
strain. The thermal expansion is αCeO2 = 13.5 × 10−6 K−1 at
1100 K, similar to YSZ. Above a critical thickness the (200)
peak of CeO2 split, as illustrated in Figure 2 (d) for 180 nm
CeO2 /180 nm YSZ on Si, indicating partial strain relaxation.28

On the basis of these results, a buffer layer thickness of 120 nm
CeO2 and 120 nm YSZ was selected, which does not exhibit
cracking or peak splitting.
2. STF Films from STO and STF Targets. Eighty

nanometer thick films of STF were grown by CPLD from
two target pairs: STO/SFO and STO/STF42.5. The substrate
temperature was 650 °C, laser fluence of 1.3 J/cm2, distance
between target and substrate 8 cm, and pressure was 2 × 10−6

Torr. For comparison, STF thin films were deposited from
single targets under the same conditions. Each CPLD sample

was cut into 5 mm ×5 mm pieces for analysis. The 25 mm long
STO/SFO sample was cut into five samples of average
composition Sr(Ti0.78Fe0.22)O3−δ, Sr(Ti0.73Fe0.27)O3−δ, Sr-
(Ti0.67Fe0.33)O3−δ, Sr(Ti0.62Fe0.38)O3−δ, and Sr(Ti0.55Fe0.45)O3−δ,
while the 35 mm long STO/STF42.5 yielded compositions of
Sr(Ti0.92Fe0.08)O3−δ, Sr(Ti0.90Fe0.10)O3−δ, Sr(Ti0.87Fe0.13)O3−δ,
Sr(Ti0.86Fe0.14)O3−δ, Sr(Ti0.84Fe0.16)O3−δ, Sr(Ti0.81Fe0.19)O3−δ,
and Sr(Ti0.79Fe0.21)O3−δ, where δ represents the oxygen
deficiency (not measured). The relation between Fe content
calculated as Fe/(Ti + Fe) × 100 at. % and substrate position d
is shown in Figure 1 (c). In these systems, Fe substitutes into
the Ti sites and the Fe content increased linearly along the
sample. The relation between composition and distance was
fitted by

= × + × +C C C d0.22 (120 1)f 1 2

where Cf is the Fe content in the film, C1 and C2 are the Fe
contents of films deposited from the two targets (C1 = 0 for the
STO target, C2 = 36 at.% for STF42.5, and 100 at.% for SFO),
and d is the distance from the center of the first sample in mm.
The extrapolated x-axis intercept values are almost the same for
both series, −19.2 and −19.4 mm for STO/STF42.5 and STO/
SFO, respectively. The slopes of the composition vs d for STO/
STF42.5 and STO/SFO were 0.413 and 1.145, respectively,
equal to (C1 + C2) × 0.01145. This result indicates that the film

Figure 4. (a) Out-of-plane magnetic hysteresis of STF thin films deposited by CPLD from STO and STF42.5 targets. (b) Out-of-plane magnetic
hysteresis of STF thin films from STO and SFO targets. (c) Saturation magnetic moment of STF thin films prepared by CPLD and from single
targets as a function of Fe content. (d) The coercivity of STF thin films as a function of Fe content.
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composition can be modeled as a linear combination of the end
members.
Figure 3a shows the XRD patterns of STF thin films

fabricated from STO/STF42.5. Only perovskite peaks were
present. In this range of Fe content, the films grew either as
single crystal films with (100) orientation, or as “double
epitaxial” films which consist of (110)-oriented nanopillars in a
(100) matrix as shown in our prior work.29 STF films of low Fe
content had a large (110) diffraction peak and the intensity of
the (110) peak decreased with Fe content. At x = 21% the
(110) peak disappeared indicating a transition to single-crystal
growth. This result is similar to that of films deposited from a
single target. The double-epitaxial growth is believed to form to
relieve strain, and its growth was influenced by the surface
energy of the (110) facet with respect to (100). Although the
(110) plane of STO had a larger lattice mismatch with the
substrate compared to the (100) plane, the (110) growth was

promoted on the polar CeO2 surface at low Fe content because
the [110] direction consisted of charged layers of (SrTiO)4+/
(O2)

4− (left panel of Figure 3b). However, as the Fe content
increased, the films deposited under reducing conditions (2 ×
10−6 Torr in this study) contained many oxygen vacancies
which reduced the polarity of the (110) plane, so (100) was
favored (right panel of Figure 3b). Films deposited from STO/
SFO targets lacked a (110) peak, Figure 3c, and the (200) peak
became broader and less intense as the Fe content increased to
45%.
The STF (200) peaks shifted to lower angles with increasing

Fe content indicating an increase in out of plane lattice
parameter with Fe content (Figure 3d). According to XPS
analysis, Fe ions in the STF films were present in Fe2+, Fe3+,
and Fe4+ valence states to compensate for the oxygen vacancies
which resulted from deposition under reducing conditions. The
low valence state ions had a larger ionic radius than the Ti4+

Figure 5. (a) XRD pattern of STO films on CeO2/YSZ buffered Si substrate deposited at 650 °C and 2 × 10−6 Torr. (b) XRD pattern of Fe2O3 films
on CeO2/YSZ buffered Si substrate deposited at the same condtions. (c) Magnetic hysteresis curve of Fe2O3 films measured at room temperature.
(d), (e), and (f) are XRD patterns of the second (Fe = 17%), fourth (Fe = 24%), and sixth (Fe = 31%) films starting from STO-rich end of the
CPLD sample fabricated from STO and Fe2O3 targets. (g), (h), and (i) show the surface morphology of each film with an area of 2 × 2 μm2. The
insets in (g) and (i) are top view SEM images of the same films fabricated from STO and Fe2O3 targets with the same scale as the AFM image.
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which they replaced (Fe2+ 0.780 Å, Fe3+ 0.645 Å, Ti4+ 0.605 Å),
increasing the in-plane compressive lattice strain in the films.
The in-plane lattice parameters of STF thin films measured by
high resolution XRD reciprocal space mapping were almost the
same as the spacing of the (220) planes of the CeO2. For
comparison, the lattice parameters of thin films deposited from
single targets are shown in Figure 3d. The out-of-plane lattice
parameters of thin films from single targets also increased as Fe
content increases but were generally slightly smaller than those
of the films made by CPLD. This may indicate a difference in
average Fe valence state for films of the same composition
made by single-target vs combinatorial PLD, which could come
from differences in the plume or incidence angle of the arriving
species. The lattice parameters showed the most difference at
compositions of 45%. This is attributed to the formation of a
Fe2O3 peak in films deposited from a single target, whereas
there was no Fe2O3 peak in the film deposited by the
combinatorial method.
Figure 4a and b show the out-of-plane magnetic hysteresis

loops of STF films deposited from STO/STF42.5 targets
(Figure 4a) and STO/SFO targets (Figure 4b). All the films in

the range 0.08 ≤ x ≤ 0.38 had an out-of plane easy axis and
showed a similar saturation magnetic moment (Ms) of ∼0.5 μB/
Fe, except for STF45 which has a lower Ms of ∼0.2 μB/Fe,
Figure 4c. (For reference, 0.5 μB/Fe corresponds to a
magnetization of 27 emu/cm3 at 33% Fe.) The abrupt decrease
of Ms and anisotropy at x = 0.45 was also seen for the STF45
film deposited from a single target. The coercivity Hc was high,
reaching 3000 Oe, but also dropped abruptly at 45% Fe (Figure
4d). The high anisotropy and out-of-plane easy axis are
attributed to magnetoelastic effects, as reported earlier for films
deposited from single targets.13 The decrease in anisotropy and
magnetization at high Fe content are assumed to result from a
decrease in film strain as the film relaxed, and also to the
development of antiferromagnetic exchange coupling at high Fe
doping content because the probability of nearest-neighbor Fe
ions increased with Fe content. The coercivity Hc was
dominated by magnetoelastic anisotropy and followed the
strain state, decreasing at 45% Fe along with Ms and magnetic
anisotropy. The strain-relaxed film was easier to switch, in
agreement with Gan et al.30

Figure 6. In-plane and out-of-plane magnetic hysteresis curves of the second (a, Fe = 17%), fourth (b, Fe = 24%), and sixth (c, Fe = 31%) films from
STO and Fe2O3 targets. (d), (e), and (f) are the MFM images of each film. (g), (h), and (i) are Fe 2p XPS spectra of the same films.
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3. STF Films from STO and Fe2O3 Target. The prior
section described samples fabricated from perovskite targets to
make a single-phase stoichiometric perovskite film. However, it
is also possible to fabricate transition metal-substituted STO
thin films with CPLD using targets of different crystal structure.
Figure 1d shows the composition of films made from STO/
Fe2O3, STO/Cr2O3, STO/MnO, and STO/NiO targets. The
transition metal (TM) content calculated as (TM/TM + Ti)
increased linearly with distance along the sample, though with a
smaller gradient compared to the STO/STF series.
Figure 5 shows the XRD patterns of the STO/Fe2O3

combinatorial and end-member films on CeO2/YSZ buffer
layers. Figure 5a shows data from a film made just from the
STO target (without substrate rotation), which was a
polycrystalline perovskite film with out-of-plane lattice
parameter 3.936 Å based on the (100) and (200) peaks, and
3.907 Å based on the (110) and (111) peaks, larger than bulk
3.905 Å presumably because of the presence of oxygen
vacancies. Figure 5b shows data from a film made from the
Fe2O3 target in vacuum, containing mixed phases of rocksalt-
structure FeO (wustite) and spinel-structure γ-Fe2O3 (maghe-
mite) or Fe3O4 (magnetite). Figure 5c shows its magnetic
hysteresis loop, which exhibited an in-plane easy axis as seen
earlier in γ-Fe2O3 films.31 The relatively low saturation
magnetization (20 emu/cm3, about 5% of that of maghemite)
is due to the predominance of antiferromagnetic FeO, and the
in-plane anisotropy is due to the shape of the film. Hematite
(α-Fe2O3) was not observed; prior work showed that growth in
a vacuum favors formation of maghemite over hematite, while
hematite is promoted in ambient oxygen.32

Figure 5 panels d, e, and f show the XRD patterns of the
second, fourth, and sixth pieces cut from the STO/Fe2O3

CPLD sample, with average compositions of 17%, 24% and

31% Fe, along with AFM images with an area of 2 μm × 2 μm,
Figure 5 panels g, h, and i. The insets in Figure 5 panels g and h
are SEM images of the films with 17% and 31% Fe, respectively.
These films were predominantly perovskite structure
(100)+(110) oriented STF with spinel (labeled as γ-Fe2O3)
peaks present in an amount that increased with Fe content. The
two-phase film grew because the ratio of Sr/(Ti + Fe) in the
arriving flux was smaller than the ratio of 1:1 required to form
pure STF, and occupancy of the A sites of the perovskite is
disfavored by the small size of the Fe ions. As Fe content
increased the intensity of the (h00) peaks increased while the
(110) peaks decreased. The lower Fe content films, with
smallest iron oxide peaks, had a low roughness (Rrms = 1.5 nm)
whereas the 31% Fe sample was significantly rougher (Rrms =
15.5 nm). Spinel peaks appeared first at low Fe contents,
thereafter, FeO peaks appeared as the Fe content increased, but
it was difficult to determine the exact proportions of STF, γ-
Fe2O3, or Fe3O4, and FeO phases from the XRD data.
The appearance of FeO was associated with abrupt

roughening of the surface morphology and a decrease in the
STF out-of-plane lattice parameter, from 3.919 Å to 3.910 Å as
Fe content changed from 13% to 35%. The in-plane lattice
parameters extracted from the (112) peaks measured using 2D-
XRD increased from 3.877 Å to 3.896 Å as the Fe content
changed from 13% to 35%. All the films were therefore
tetragonally distorted, that is, the c/a ratio was larger than 1,
where c is the out-of-plane and a is in-plane lattice parameter.
However, the tetragonality (c/a = 1.011 for 13% Fe and 1.003
for 35%Fe) was less than that of films deposited from a single
target. The difference is attributed to strain relaxation enabled
by the growth of γ-Fe2O3 and FeO. At 35% Fe content film the
strain was almost fully relaxed.

Figure 7. XRD patterns of films made by CPLD from STO/Cr2O3 targets ((a), (b), and (c)) and from STO/MnO targets ((d), (e), and (f)).
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Figure 6 panels a, b, and c show the in-plane and out-of-plane
magnetic hysteresis of the three samples. Those with 17% and
24% had hysteresis loops which resembled those of single-
phase STF films, with an out-of-plane anisotropy due to
magnetoelastic effects from the tetragonal distortion of the unit
cell. The decrease in out-of-plane anisotropy followed the
decrease in the c/a ratio of the films, and the film with x = 31%
was almost anisotropic, corresponding to its c/a ratio of 1.003.
The anisotropy was therefore consistent with the magnetoe-
lastic effects seen in STF films grown from perovskite targets,
and inconsistent with the existence of metallic Fe clusters which
would have little or no anisotropy.
The saturation magnetization of the films was notably higher

than what was found in single-phase STF films of the same
composition by a factor of about 7 in the composition range
13% to 28% Fe. For example, the dual-phase film with average
24% Fe had Ms = 125 emu/cm3 whereas single-phase STF with
24% Fe had Ms = 20.5 emu/cm3. This high magnetization is
attributed to the spinel component of the films, whose bulk
magnetization is 420 emu/cm3 for maghemite or 480 emu/cm3

for magnetite. Although these phases are typically magnetically
soft, the hysteresis loops show that the two-phase films reversed
collectively, without any low-field steps. This may be indicative
of an exchange-spring behavior33,34 whereby the softer, higher-
moment spinel component reversed cooperatively with the
higher-anisotropy STF because of exchange coupling between
the phases. The result is interesting in enabling the high
anisotropy of the STF to be maintained while increasing the net
magnetization of the film. Figure 6 panels d, e, and f show
magnetic force microscope (MFM) images of each sample after
a.c.-demagnetization. The images show out of plane magnetic
domains ∼100 nm across, but their locations did not
correspond to the peaks of the film topography.

XPS analysis was carried out to investigate the Fe valence
state (Figure 6 panels g, h, and i). The Fe 2p 2/3 and 2p 1/2
doublets marked with a dash occurred at 711.2 and 725.3 eV,
respectively, for the 17% thin film and moved to slightly lower
energies as Fe content increased. These peaks were located at a
high binding energy compared to Fe3+ in Fe2O3 marked by the
red line (710.7 and 724.3 eV for Fe 2p 2/3 and 2p 1/2,
respectively).35 The peak shift indicates the existence of Fe4+

ions.36,37 Though it was difficult to quantify the proportions of
each Fe valence state, the Fe2+ peak was relatively stronger at x
= 17%, but the 719 eV Fe3+ satellite increased with x, showing
that the proportion of Fe3+ increased as the Fe content
increased. The dominance of Fe3+ at x = 35% also contributed
to the lower magnetic anisotropy because Fe3+ in an octahedral
site is not a magnetoelastic ion.

4. STCr and STM Films from STO and Cr2O3 or MnO
Targets. Figure 7 panels a, b, and c exhibit the XRD patterns
of three samples fabricated by CPLD using STO and Cr2O3
targets, that is, the second (Cr 18%), fourth (Cr 24%), and
sixth (Cr 30%) samples counting from the STO-rich end of the
substrate. All the films had perovskite structures with small
proportions of various chromium oxide phases. Cr2O3 and
Cr3O8 peaks were present around 24.5 and 30.4° in films with
low Cr contents, and a CrO3 peak around 49.4° appeared at
higher Cr content. Contrary to the results seen in the Fe-
containing films, the intensity of the CeO2 buffer layer peak
decreased significantly for films with higher Cr contents in spite
of using the same CeO2/YSZ buffer layer across the substrate.
It appears that the Cr reduced the CeO2 buffer layer during film
growth. According to Ellingham−Richardson diagrams, CeO2 is
more stable than MnO and Cr2O3, which are themselves more
stable than FeO, CoO, and NiO,38 so one might expect CeO2
to remain stable in contact with Cr. Other factors related to the

Figure 8. XRD patterns of CPLD thin films from STO/NiO targets having Ni contents of 33% (a), 39% (b), and 46% (c). (d), and (e) show in-
plane and out-of-plane magnetic hysteresis curves of the 33 and 46% Ni samples, respectively. (f) Magnetization and coercivity of the films as a
function of Ni content.
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interfacial free energy, the strain energy, and the non-
equilibrium deposition process therefore need to be considered
to explain the oxygen transfer from CeO2 to Cr2O3. In STCr
deposited from a single target,13 reduction of the CeO2 was not
observed, presumably because there was no excess Cr present.
The films all showed strong STCr (110) and (200) peaks

characteristic of double-epitaxial films. As the Cr content
increased, the (100):(110) peak ratio decreased and the peaks
shifted toward lower angles, corresponding to an increase in the
out-of-plane lattice parameters of the STCr films. The out-of-
plane lattice parameter increased gradually from 3.922 Å to
3.972 Å as the Cr content increased from 15% to 30%,
consistent with the replacement of Ti4+ with Cr with mixed
valence, similar to the behavior of STCr deposited from single
targets.13

The decrease of CeO2 peak intensity also occurred in films
prepared by CPLD from STO and MnO targets (Figure 7
panels d, e, and f). The Mn content was relatively low, and the
films consisted primarily of perovskite structure STM with
additional Mn oxide peaks increasing with the Mn content of
the film. Unlike the STO/Cr2O3 case, the STM (h00) peaks
shifted to higher angles with increasing Mn content. The out-
of-plane lattice parameter decreased slightly from 3.910 Å to
3.901 Å as the Mn content increased from 3% to 19%. The out-
of-plane lattice parameters were similar to bulk STO and much
smaller than those of STF or STCr thin films which suggested
that the STM films were not in a highly strained state.
None of the films made from STO/Cr2O3 and STO/MnO

targets had room temperature ferromagnetism. We previously
reported that Cr3+ and Cr6+ ions are present in vacuum-
deposited STCr films, which are not magnetoelastic13 so
provide no mechanism for stabilizing the magnetization in
strained films. For the samples with Mn, Mn2+ (high spin) and
Mn4+ ions in octahedral sites are also not magnetoelastic,
although Mn2+ (low spin) and Mn3+ ions are, so the presence of
magnetoelastic anisotropy in STM depends on both the strain
state and the valence and placement of the Mn ions. In the case
of Mn ions in SrTiO3, Mn2+ (ionic radius 0.83 Å) and Mn4+

ions substitute in the Sr2+ (1.18 Å) and Ti4+ sites, respectively,
in materials made in a reducing atmosphere.39,40 The
opportunities for distribution of Mn on different sites could
explain why the films grown here were not in highly strained
states, which would preclude significant anisotropy even if
magnetoelastic ions were present.
5. STN Films from STO and NiO Targets. We finally turn

to the case of Ni grown by CPLD using STO and NiO targets.
Films grown from the NiO target alone on the same buffer
layer and under the same deposition condition of 650 °C and
high vacuum showed NiO and metallic Ni peaks. The nickel
oxide film had a weak isotropic magnetic hysteresis (not
shown) with a coercivity of 100 Oe and a saturation
magnetization of ∼10 emu/cm3. This magnetic response is
attributed to metallic Ni nanoparticles or to defects in the NiO,
which is antiferromagnetic in bulk.41,42

The CPLD films were 70−85 nm thick and had roughness
below 1 nm. Small Ni and Ni2O3 peaks appeared in addition to
the majority STN perovskite peaks (Figure 8 panels a, b, and
c). The peak around 44.4° corresponding to metallic Ni (111)
appeared for films with 39% Ni and increased as the Ni content
increased, while the STN (h00) peaks decreased and shifted to
higher angles. The out-of-plane lattice parameter calculated
from the (100) peak of STN decreased linearly from 3.924 Å to
3.917 Å as the Ni content changed from 30% to 49%. The out-

of-plane lattice parameters were larger than those of bulk
material12 which is consistent with the STN films being under
in-plane compressive strain.
The CPLD films showed qualitatively different magnetic

hysteresis compared to the film from the NiO target, with an
out-of-plane anisotropy and a higher magnetization, Figure 8
panels d and e. Figure 8 f shows the out-of-plane saturation
magnetization and the coercivity as a function of Ni content.
The coercivity increased from 30 Oe at 30% Ni to 800 Oe at
49% Ni, and the magnetization increased from 45 emu/cm3 to
130 emu/cm3 over the same range.
In this system, metallic Ni is unlikely to account entirely for

the ferromagnetism and anisotropy. From its bulk magnet-
ization (485 emu/cm3), the samples would need to contain
12−20% volume fraction of metallic Ni to provide the
magnetization observed in the films, but the XRD peaks for
metallic Ni suggest a much smaller fraction. In addition, Ni
nanoparticles would not provide the strong anisotropy
observed in the films. Measurements of field cooled/zero
field cooled magnetization vs temperature showed no peak
characteristic of a blocking temperature for superparamagnetic
nanoparticles, as seen in other systems such as Ni-implanted
ZnO.43 It seems likely, therefore, that the magnetism originated
from the STN phase, with a possible contribution from metallic
Ni particles. Ni4+ (high spin) or Ni3+ in the STN are
magnetoelastic and could provide the source of the room
temperature magnetism.

■ CONCLUSIONS
CPLD based on the sequential ablation of submonolayer
ceramic targets was successful in synthesizing a range of
transition metal substituted epitaxial perovskite-structured films
on Si substrates. The composition of the film as a function of
distance along the substrate fits well to a linear combination of
the compositions of the targets. In the STF system, films made
combinatorially from pairs of perovskite targets (STO/SFO or
STO/STF42.5) formed perovskite-structured STF films with
similar microstructure and lattice parameter to STF made from
single targets, except at the highest Fe content where the use of
CPLD suppressed the formation of spinel phases seen in single-
target deposition. In both CPLD and single-target deposition,
STF films showed a room temperature ferromagnetism with a
strong out-of-plane anisotropy attributed to magnetoelastic
effects. This shows that CPLD is a good process for making
oxide films with a composition gradient which have comparable
structural and magnetic properties to those of films made from
a single target.
CPLD was also used to make films from STO/transition

metal oxide target pairs, in which the amount of transition
metal is greater than the amount in stoichiometric substituted
STO. This led to the formation of multiphase films consisting
of epitaxial substituted STO films with additional phases of γ-
Fe2O3 or Fe3O4 and FeO, Cr oxides, Mn oxides, and Ni metal
and Ni oxide in the cases of Fe, Cr, Mn, and Ni oxide targets,
respectively. The Fe case is particularly interesting because the
STF + γ-Fe2O3 films preserve the strong anisotropy of the STF
phase while having a much increased saturation magnetization
compared to single-phase STF. The Cr- and Mn-containing
films are not ferromagnetic at room temperature, but the Ni-
containing films have a strong out-of-plane anisotropy which is
attributed mainly to a STN perovskite phase. CPLD is therefore
shown to be a convenient process for synthesis of complex
oxide perovskite films or of multiphase oxide films which may
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have useful magnetic and potentially ferroelectric and multi-
ferroic properties and which can be integrated on Si substrates
for device applications.
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