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ABSTRACT: The structure and magnetic properties of epitaxial
(CexSr1−x)(Ti0.6Fe0.4)O3−δ (x = 0, 0.1, 0.2 and 0.3) and (LaxSr1−x)-
(Ti0.6Fe0.4)O3−δ (x = 0, 0.1, 0.2, 0.3 and 0.4) perovskite-structure thin
films deposited by pulsed laser deposition on (LaAlO3)0.3(Sr2AlTaO6)0.7
(LSAT) substrates are reported. Both La and Ce ions showed a dominant
3+ valence state and acted as donors on the Sr2+ site (A site) in the
perovskite lattice. The optical band gap widened, and the Fermi level
moved toward the vacuum level with increased Ce or La content;
meanwhile the Ti and particularly the Fe ions were driven to a lower
valence state, resulting in a higher Fe2+ concentration. The materials were
magnetic at room temperature with up to 0.8 μB/Fe and a magnetoelastic
out-of-plane anisotropy. Ce and La lowered the coercivity while raising
both the Faraday rotation at 1550 nm and the optical absorption at near-
infrared wavelengths.

I. INTRODUCTION

Room temperature ferrimagnetic oxides such as iron garnets,
spinels and hexaferrites are widely used in nonreciprocal optical
and microwave devices. Despite their success in commercial
bulk devices, these materials do not have a good lattice and
thermal match with semiconductor substrates, such as Si or
GaAs,1,2 and it can be difficult to integrate them directly on a
semiconductor platform. Perovskite-structured oxides can be
epitaxially deposited on silicon coated with oxide buffer layers,
and magnetic substitution can lead to intrinsic ferromagnetism,
high resistivity and significant magneto-optical effects at near-
infrared wavelengths, which makes them promising candidates
for integrated optical devices. Room temperature ferromagnet-
ism has been reported in various perovskite systems, such as
Ba(Ti1−xFex)O3,

3−5 Ba(Zr1−xFex)O3,
6 Sr(Ti1−xFex)O3,

7

La0.35Sr0.65(Ti1−xFex)O3,
8 Sr(Ti1−xCox)O3

9 and Ba(Sn1−xFex)-
O3.

10

Among these materials, Sr(Ti1−xFex)O3 (STF) films show
high Faraday rotation as well as moderate optical absorption at
near-infrared wavelengths.7 A figure of merit (Faraday rotation
divided by optical absorption) of 1.1 deg/dB was measured for
a Sr(Ti0.6Fe0.4)O3 film at 1550 nm, exceeding that of Fe3O4 but
smaller than that of garnets. In order to improve the figure of
merit further, one needs to either increase the Faraday rotation
or decrease the optical absorption. We showed earlier that B-
site substitution of Ga3+ for Ti4+ in STF raised the average
valence state of Fe and improved the figure of merit by
lowering optical absorption, though it also lowered the
magnetization.11 It is well-known that Bi3+ or Ce3+ doping in

the dodecahedral site of Y3Fe5O12 (YIG, yttrium iron garnet)
significantly increases the material’s figure of merit, so it is
interesting to examine the effects of these and other
substituents on the optical and magnetic properties of STF.
In this article, we describe the magnetic and magneto-optical
properties and the electronic structure of (CexSr1−x)-
(Ti0.6Fe0.4)O3−δ (CeSTF) and (LaxSr1−x)(Ti0.6Fe0.4)O3−δ
(LaSTF) films as a function of Ce and La concentration.
With increasing Ce and La concentration, the material showed
higher saturation magnetization, Faraday rotation and optical
absorption and lower coercivity, and these effects are discussed
in terms of changes in the Fe valence states.

II. EXPERIMENTAL METHODS
(CexSr1−x)Ti0.6Fe0.4O3 (x = 0, 0.1, 0.2 and 0.3, identified as STF40,
Ce10, Ce20 and Ce30) and (LaxSr1−x)(Ti0.6Fe0.4)O3 (x = 0, 0.1, 0.2,
0.3, and 0.4 identified as STF40, La10, La20, La30 and La40) targets
were prepared by pressing La2O3, TiO2, Fe2O3, CeO2 and SrCO3
powders after calcination at 1350 °C for 3 h. Pulsed laser deposition
(PLD) was carried out using a Coherent COMPexPro 205 KrF (248
nm) excimer laser at 10 Hz and 2 J/cm2

fluence on (LaAlO3)0.3-
(Sr2AlTaO6)0.7 (LSAT) (001) substrates held at 750 °C. LSAT
substrates were selected to provide a good quality single crystal
substrate on which epitaxial growth could occur, while being
sufficiently transparent to allow optical transmittance and Faraday
rotation measurements to be performed. Our prior work has shown
generally similar properties of STF grown on Si buffered with yttria-
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stabilized zirconia/ceria compared to films on STO.12−14 The
deposition took place in vacuum with a pressure of 2.0 × 10−6 Torr
at a rate of 5−6 nm/min. After deposition, the substrate was cooled
down to room temperature in vacuum at a rate of 5 °C/min.
The thickness of the films was ∼250 nm measured on a

profilometer. Phase identification and texture analysis was carried
out using X-ray diffraction. Conventional ω−2θ Bragg diffraction scans
were collected on a Rigaku RU300 diffractometer. X-ray reciprocal
space mapping (RSM) was done on a Bruker HRXRD system with
Ge(022)×4 monochromator. X-ray photoelectron spectroscopy (XPS)
was performed on a Kratos Axis Ultra spectrometer with a
monochromated Al Kα source and a hemispherical analyzer. The
high resolution spectrum at the Co K-edge was measured with a pass
energy of 20 eV and an energy resolution of 0.3 eV.
Room temperature magnetic hysteresis loops were characterized by

vibrating sample magnetometry (VSM) using an ADE Technologies
VSM model 1660. The low temperature magnetic properties were
measured using a superconducting quantum interference device
magnetometer (SQUID, Quantum Design), at temperatures of 5 to
300 K and in fields up to 50 kOe. Faraday rotation hysteresis loops
were measured at 1550 nm on a custom-built apparatus at room
temperature, with the field and light propagation directions
perpendicular to the film.4 Optical transmission spectra were recorded
on a Cary 500i UV−vis−NIR dual-beam spectrophotometer at 200−
2000 nm wavelength. The electrical transport properties were
characterized by surface resistivity measurements using the Van der
Pauw method at room temperature.
Stoichiometry was measured by wavelength dispersive spectroscopy

(WDS). The films were deficient in Ce, La and Fe compared to the
targets, and had measured compositions of Sr(Ti0.67Fe0.33)O3−δ for the
sample from target STF40, (Ce0.06Sr0.94)(Ti0.67Fe0.33)O3−δ for Ce10,
(Ce0.17Sr0.83)(Ti0.66Fe0.34)O3−δ for Ce20, (Ce0.28Sr0.72)(Ti0.66Fe0.34)-
O3−δ for Ce30, (La0.06Sr0.95)(Ti0.67Fe0.33)O3−δ for La10, (La0.15Sr0.85)-
(Ti0.66Fe0.34)O3−δ for La20, (La0.25Sr0.75)(Ti0.66Fe0.34)O3−δ for La30
and (La0.35Sr0.65)(Ti0.66Fe0.34)O3−δ for La40. δ represents the oxygen

deficiency in vacuum-deposited films. Samples for transmission
electron microscopy (TEM) were prepared using a focused ion
beam (FEI-600) and then observed on a FEI G2 F30 transmission
electron microscope at 300 kV. The composition of the Ce30 sample
was analyzed by high angle annular dark-field scanning transmission
electron microscope (HAADF-STEM).

III. RESULTS AND DISCUSSION

A. Crystal Structure of Films. One dimensional X-ray
diffraction data from the films are shown in Figure 1a for
STF40, Figure 1b for the CeSTF series and Figure 1c for the
LaSTF series. F(00l) and S(00l) indicate the diffraction peaks
from the (00l) planes of the film and substrate respectively. All
the films crystallized into a perovskite phase, and no secondary
phase diffraction peaks were observed. This is consistent with
previous reports that A-site doping elements Ce and La are
fully soluble in the perovskite structure.15,16 Compared with the
ionic radii17 of B-site ions Ti3+(VI) (0.67 Å), Ti4+(VI) (0.605
Å), Fe2+ (hs,VI) (0.770 Å) and Fe3+ (hs,VI) (0.645 Å), Ce4+

(VIII) (0.97 Å), Ce3+ (XII) (1.29 Å) and La3+ (XII) (1.32 Å)
ions are larger and are more likely to substitute for Sr2+ (XII)
(1.44 Å) ions in the A sites. A “cube-on-cube” orientation
relationship is expected between the film and the substrate. In
Figure 1b and Figure 1c, which show the magnified (001)
diffraction peaks for Ce- and La-substituted STF40, respec-
tively, the (001) peaks consistently shifted to lower 2θ angles
with increasing Ce or La concentration, indicating an expansion
in the out of plane lattice constants. The film (00l) diffraction
peaks for the CeSTF series split into two peaks, but those of the
LaSTF did not. The out-of-plane (c-axis) lattice parameters are
shown in Figure 1d.

Figure 1. X-ray diffraction patterns of Sr(Ti0.6Fe0.4)O3−δ, (CexSr1−x)(Ti0.6Fe0.4)O3−δ and (LaxSr1−x)(Ti0.6Fe0.4)O3−δ films. (a) ω−2θ X-ray diffraction
patterns of STF40; the inset shows typical ABO3 pervoskite structure. F(00l) and S(00l) indicate the (00l) diffraction peaks from the film and
substrate respectively. (b) (001) diffraction peak of the CeSTF films. (c) (001) peak of the LaSTF films. (d) The out-of-plane lattice parameter of
CeSTF and LaSTF films.
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To understand the film strain and XRD peak splitting
quantitatively, an X-ray reciprocal space map (RSM) was
measured on the (103) peaks of the Ce20 film, Figure 2. Both

the substrate and the film show spotlike diffraction patterns,
suggesting that the film was epitaxial on the substrate. The film
diffraction pattern consisted of two spots, one of which showed
the same in-plane lattice constant compared with the substrate,
and the other showed a broader diffraction spot with a larger in-
plane lattice constant. This suggests that the film consisted of
two layers with different strain states. We propose that, during

deposition, initially the film grew coherently on the substrate
with a compressively strained state. When the film thickness
exceeded a critical value, the strain was partially relaxed by a
mechanism such as dislocation or defect generation, composi-
tional inhomogeneity, twinning or some other process. The
broadening of the diffraction spot corresponds to a higher
defectivity in the relaxed regions. To confirm this hypothesis,
50 vol % H3PO4 was used to remove the surface layers of the
film. With increasing etch time, one of the double diffraction
peaks in the ω−2θ X-ray patterns diminished. After 7 min etch,
only the diffraction peak with larger out-of-plane lattice
parameter was present, confirming that the more highly
strained layer was deposited first and the more relaxed layer
formed after the film had reached a certain thickness.
The in-plane and out-of-plane lattice parameters of the Ce20

film and substrate were calculated from the RSM peak
positions. The substrate was cubic with a lattice parameter of
3.87 ± 0.004 Å. The highly strained film layer had an in-plane
lattice parameter of 3.87 ± 0.004 Å and out-of-plane lattice
parameter of 4.08 ± 0.004 Å, i.e., c/a = 1.054 ± 0.002; while
the partly relaxed layer had an in-plane lattice parameter of 3.91
± 0.004 Å and out-of-plane lattice parameter of 4.05 ± 0.004 Å,
i.e., c/a = 1.036 ± 0.002. The unit cell volumes were V = 61.11
± 0.02 Å3 (highly strained layer) and 61.91 ± 0.02 Å3 (partly
relaxed layer), i.e., the pseudocubic lattice parameters V1/3 were
3.938 Å and 3.956 Å. The highly strained layer was coherent
with the substrate, i.e., strained in-plane by about 2%.

B. Transmission Electron Microscopy and Composi-
tional Homogeneity. The TEM and HADDF-STEM images
of the Ce30 film and the LSAT substrate are shown in Figure 3.
The thickness is about 150 nm, and the interface between the
LSAT substrate and the Ce30 film is clear. The Ce30 film
shows columnar growth, Figure 3a. Comparing the diffraction
patterns, the orientation of the crystal structure in the film is

Figure 2. X-ray reciprocal space map of the (103) diffraction peak of
the Ce20 film and the LSAT substrate. The color scale is a log scale of
peak intensity (in arbitrary units). Q represents the scattering vector.

Figure 3. Transmission electron microscopy (TEM) and high angle annular dark-field scanning transmission electron microscope (HAADF-STEM)
images of the Ce30 film and the LSAT substrate. (a) Bright field TEM image and diffraction patterns (S, substrate; F, film); (b) HRTEM image of
the film; (c) HAADF-STEM images of the Ce30 film and the LSAT substrate showing signals from several elements.
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the same as that in the substrate, while the lattice parameters
are slightly different, which is in accord with the X-ray
diffraction patterns of Ce20. A high resolution TEM image of
the film is shown in Figure 3b, with no indications of clustering.
The HAADF-STEM images of the Ce30 film and the LSAT
substrate are shown in Figure 3c. The Ce, Fe and Ti are only
present in the film, and their distributions are homogeneous.
The Al, La and Ta are only present in the substrate. O appears
homogeneous in both the substrate and film. The content of Sr
in the film is slightly greater than that in the substrate. The
interpretation is that there is no significant interdiffusion
between the film and substrate, and that the film has no
compositional inhomogeneity detectable by this technique.
C. Conductivity and Electronic Structure. All the films

were insulators at room temperature. For STF40, Ce10, Ce20
and all the LaSTF40 samples, the film resistivity was estimated
to be higher than 1010 Ω/cm2 for films ∼250 nm thick, and

they were too insulating to enable sufficient current injection
for carrier concentration measurements. For Ce30, the film
resistivity was 3.30 × 108 Ω/cm2, giving a resistivity of 6.39 ×
103 Ω cm. Hall measurement indicated that the film was an n-
type conductor with a carrier concentration of 2.59 × 1014 cm−3

and carrier mobility of 3.79 cm2 V−1 s−1. These results suggest
that the Ce acted as a donor in the perovskite lattice.
The electronic structure of selected films was characterized

by XPS. Figure 4a−d shows the XPS core level spectra of O 1s,
Sr 3d, Ti 2p, Fe 2p in the STF40, Ce30 and La40 samples. The
binding energies (BE) were corrected by offsetting the spectra
using the surface contamination C 1s peak at 285.0 eV as a
reference (not shown). Although the C 1s peak shape and
position for all samples was very similar, a clear chemical shift
of the BE was observed for the other elements. Compared with
STF40, the O 1s, Sr 3d and Ti 2p peaks shifted 0.45 eV, 0.45
eV, 0.40 eV for La40, and 0.50 eV, 0.50 eV, 0.45 eV for Ce30

Figure 4. XPS spectra of STF40, Ce30 and La40 samples showing the core level spectra of (a) O 1s, (b) Sr 3d, (c) Ti 2p and (d) Fe 2p; (e) the core
level spectra of La 3d for La40; (f) the core level spectra of Ce 3d for Ce10 and Ce30 samples.
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respectively toward higher BE; whereas the Fe 2p peaks only
shifted upward by around 0.10 eV for La40 and 0.15 eV for
Ce30. (The weaker O 1s peak observed around 531.5 eV
originated from surface-adsorbed OH species and remained at
almost the same position.18)
For the La40 film, the La ions only had 3+ valence state. The

La core level 3d peaks were situated at 834.4 eV, 838.5 eV,
851.2 eV and 855.4 eV shown in Figure 4e, which was
consistent with another report in which the C-contamination 1s
peak was also at 285.0 eV.19 By comparing the shape and peak
positions of the Ce 3d peaks of Figure 4f, the valence state of
Ce ions appeared to be different in the Ce10 and Ce30
samples.20 In Ce10, Ce was in a mixed-valence state of Ce4+

and Ce3+. This was deduced from both the Ce3+-like spectrum
shape and the two Ce4+ 3d peaks at around 890 and 897 eV.
However, in Ce30 the two Ce4+ 3d peaks weakened or
disappeared, and the Ce was mostly in the 3+ valence state.
The Ti 2p core level peaks are at 458.3 ± 0.1 eV for Ti4+ and

456.3 ± 0.1 eV for Ti3+.15 From Figure 4c, the Ti in the La40
and Ce30 samples was almost completely Ti4+, but in the
STF40 sample it was present as mixed-valence Ti3+ and Ti4+.
Figure 4d shows the Fe 2p line. The peak position is

expected to be around 719.2 eV for Fe3+ and 715.2 eV for
Fe2+.21,22 The peak binding energy of the first 2p peak
measured for Fe2O3 is at 710.8 ± 0.1 eV.23,24 The XPS
measurements revealed that the Fe in the three samples was
present as mixed-valence Fe2+ and Fe3+. The presence of Fe
with valence below 4+ in the STF40 occurs as a result of the
oxygen deficiency, since Fe adopts lower valence states more
readily than does Ti. Substituting Ce or La on the A sites drives
a further reduction in the Fe valence because the Ce and La
ions have a higher valence state than the Sr2+ which they
replace. For samples with La or Ce, the first 2p peaks are at
710.5−710.65 eV, which is slightly lower than for Fe2O3
powders, suggesting Fe3+ was the dominant valence in all
samples.
These variations of the XPS spectra and electronic transport

properties provide insight into the evolution of the electronic
structure caused by Ce or La substitution. Since Ce is mostly in
the 3+ valence state in the Ce30 sample, the n-type
conductivity is consistent with Ce substituting on the Sr2+ A
site. In the XPS data, the chemical shift of the binding energy
ΔE of a core level can be expressed as ΔE = Δμ + KΔQ+ ΔVM
+ ΔER,

25,26 where Δμ is the Fermi energy shift, ΔQ is the
valence electron variation on the atom considered, K is the
Coulomb interaction coupling constant between the valence
and the core electrons and ΔVM is the change in the potential
energy of the photoionized atom in the crystal lattice, which
can be simplified to a Madelung type energy in these insulating
films. ΔER is the change of relaxation energy of the other
electrons caused by creating a photoelectron in the atom, which
is due to changes in the screening effect from metallic
conduction electrons and polarizable surrounding ions of the
core hole potential.19 The binding energy shift of the ions in
the samples can originate from one or more of these terms.
Considering that Sr and O remain in 2+ and 2− valence states
respectively, there is little contribution of ΔQ to ΔE from these
two ions. Also ΔER is negligible since the films were highly
insulating with a maximum carrier concentration in the Ce30
sample of ∼1014 cm−3 electrons/cm−3.27 The chemical shift of
Sr 3d and O 1s peaks was similar for La30 and Ce30 (0.45 eV
for La30 and 0.50 eV for Ce30), which ruled out an observable
contribution from the ΔVM term. This is because, by

introducing Ce or La in the lattice, the average charge of the
Sr/Ce or Sr/La sites and O sites would be (2 + x)+ and 2−
respectively if all the Ce or La were in the 3+ valence state. Due
to different dependences of the Madelung energy of the Sr/Ce
or Sr/La site and O site on the Ce or La concentration x, if
ΔVM had a significant contribution to ΔE, the chemical shift of
Sr 3d and O 1s peaks should have been different, which was not
observed. The quenching of ΔVM is possibly due to
redistribution of electric charges.27 Therefore from the above
analysis, we can conclude that the Fermi energy shift was the
main reason for the chemical shift of the Sr 3d and O 1s peaks.
By increasing the Ce or La concentration, the Fermi level
shifted 0.50 eV/0.45 eV toward the vacuum level in Ce30/La40
respectively compared to STF40. Unlike Sr and O, Ti and Fe
showed smaller chemical shifts in both La40 and Ce30 samples.
Since ΔER and ΔVM are negligible, this difference is attributed
to the valence electron variation ΔQ of the two ions, i.e., the
valence states. Since Δμ is identical for all ions, the KΔQ term
in both La40 and Ce30 samples was calculated to be −0.10 eV
and −0.35 eV for Ti and Fe respectively. Both values are
negative, indicating that both ions were reduced to a lower
valence state by Ce or La doping. This is consistent with the
donor behavior of Ce from electronic transport measurements.

D. Magnetic Measurements. Room temperature ferro-
magnetic hysteresis was observed in all samples. Figure 5a

shows the out-of-plane and in-plane magnetic hysteresis loops
of Ce10 and Ce30 films measured by VSM at room
temperature, while the data for STF40 is in Figure 5b. Similar
to other STF films fabricated in vacuum,7 the films here all
showed an out-of-plane easy axis, with in-plane saturation fields
exceeding 5−6 kOe. The saturation magnetization of the films

Figure 5. Room temperature out-of-plane and in-plane hysteresis
loops of films characterized by VSM. The insets show the coercivity
and saturation magnetization of the out-of-plane magnetic hysteresis
loops as a function of the Ce or La concentration. (a) Ce10 and Ce30
films and (b) STF40 and La30 films. Atomic force microscopy (AFM)
of the Ce or La doped STF40 films. (a-I) Ce10 film, (a-II) Ce30 film,
(b-I) STF40 film and (b-II) La30 film.
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increased slightly with Ce concentration, with a larger increase
in Ms observed in the Ce30 sample, and the out-of-plane
coercivity decreased with Ce content.
Figure 5b shows the hysteresis loops for La30 at room

temperature. All the LaSTF films showed an out-of-plane
magnetic anisotropy, and in-plane saturation occurred well
above 5 kOe. Other compositions gave similar loops to those of
La30, though the coercivity decreased and saturation moment
increased with La content, similar to the case of CeSTF.
The coercivity of STF, CeSTF and LaSTF in this study is

lower than that reported previously for STF films.7,11 Figures
5a-I, 5a-II, 5b-I and 5b-II show atomic force microscopy
(AFM) of Ce10, Ce30, STF40 and La30 films, respectively.
Despite being epitaxial the films show some surface roughness,
on a length scale of 20 to 25 nm. The roughness shows little
variation between the samples, which suggests that the
systematic decrease in Hc is not an extrinsic effect from
changes in domain wall pinning by surface roughness. It may
represent changes in the net anisotropy or the exchange
strength which affect the domain wall energy.
The out-of-plane easy axis is consistent with magnetoelastic

anisotropy caused by the compressive strain state of the films,
as discussed elsewhere for STF and similar materials,7,9,11,12,25

and for epitaxial manganate thin films such as (La,Sr)MnO3
28,29

and (La,Ca)MnO3
30,31 in which magnetoelasticity arises from

the Mn3+ ions.12,30,31 In (001) STF films, magnetoelastic Fe2+

or Fe4+ promotes an out-of-plane easy magnetic axis under an
in-plane compressive strain,12,32−36 which corresponds to a
positive magnetostriction coefficient λ001. Orientation-depend-
ent measurements of anisotropy of epitaxial SrTi0.65Fe0.35O3−δ
films on SrTiO3 gave a value for λ001 ∼ 0.6 × 10−6

(corresponding to a magnetoelastic coefficient B1 = −6.7 ×
106 erg/cm3) and showed that magnetocrystalline and shape
anisotropies are small compared with magnetoelastic aniso-
tropy.37 Although the magnetostriction is modest, the large
epitaxial mismatch strains lead to high magnetoelastic
anisotropy. In the present samples, for the Ce30 the anisotropy
field HK ∼ 5 kOe. Taking HK = 2K/Ms, where the major
contribution to anisotropy K is the magnetoelastic anisotropy
B1(εxx − εzz) with εxx the in-plane and εzz the out-of-plane
strain taken as those of the unrelaxed layer, yields B1 ∼ −2 ×
107 erg/cm3, about three times larger than that of the STF35 of
ref 37. The Ce30 in-plane loop shows a distinct slope change,
and it is possible this may reflect two different anisotropies
from the strained and partly relaxed layers.
The magnetoelastic anisotropy appeared to increase as Ce

and La were substituted, although the in-plane saturation fields
cannot be determined accurately from the slow approach to
saturation of the in-plane loops. An increase in magnetoelastic
anisotropy would be expected from the increasing film strain as
the lattice parameter expands, but changes in the relative
amounts of Fe ions are also important in determining the
anisotropy. An increase in Fe2+/Fe3+ ratio driven by La and Ce
substitution would enhance the magnetoelasticity since Fe3+ is
not a magnetoelastic ion.12

E. Magneto-Optical and Optical Properties. Figure 6
shows the out-of-plane room temperature Faraday rotation
(FR) hysteresis loops of the films at 1550 nm wavelength. The
magneto-optical hysteresis loops resembled the magnetic loops,
although the loop coercivity HcF was larger in all samples, which
is similar to our previous report for STF films.7 The saturation
FR, ΘF, increased for La and for the highest Ce and La
concentration, and HcF decreased with La and Ce, following the

trends seen in the MH loops. However, the changes in ΘF and
HcF were more dramatic than those in the MH loops. The ΘF
reached ∼1800 deg/cm for La40, double that of the STF40,
and 1500 deg/cm for Ce30, about 1.5 times that of STF40.
These results can be compared with magnetic garnets, where
Ce contributes dramatically to the FR in the near-IR so that
CeYIG has more than 10 times greater FR than YIG.38,39 In our
perovskites, although Ce raises ΘF, La has a similar effect so the
change in ΘF is not related to the presence of Ce per se. The
increases in ΘF may just be caused by the increase in lower-
valence Fe. Fe2+ in the octahedral site of yttrium iron garnet
shows a characteristic transition at near-infrared wavelengths
contributing both to FR and to optical absorption,40,41 and a
similar mechanism may be at play in the CeSTF and LaSTF.
The optical transmittance spectra of CeSTF and LaSTF films

are shown in Figure 7a,b, where the inset provides detail near
the optical band gap. Increasing Ce and La concentration
increased the band gap. The optical band gap of STF40, Ce10,
Ce20 and Ce30 films was estimated to be 3.69 eV, 3.73 eV, 3.83
and 3.90 eV, and 3.73, 3.76, 3.84, and 3.90 eV for La10, La20,
La30 and La40 films respectively (shown in insets of Figure
7c,d). The transmission spectra showed interference oscil-
lations due to film thickness, but there was also a consistent
drop in transmittance around 600 nm wavelength for films
containing Ce and La. This absorption peak has been observed
in Ce3+-doped SrTiO3 and was attributed to an interatomic
electronic transition between Ce3+ and Ti4+ ions.42 Finally, in
the near-infrared, the optical transmittance decreased with
increasing Ce and La concentration. This is not due to free
carrier absorption considering that the samples are highly
insulating, and instead is attributed to the reduction of the
average valence state of Fe ions and the consequent optical
absorption from Fe2+ ions. This result may be compared with
Ga-substituted STF, where Ga3+ substituted for Ti4+ raised the
average Fe valence state and lowered optical absorption.11

Figure 6. Room temperature Faraday rotation of films. The insets
show the coercivity and saturation Faraday rotation at 10 kOe as a
function of the Ce or La concentration. (a) CeSTF films and (b)
LaSTF films.
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The transmittance loss at 1550 nm wavelength is hard to
obtain from UV−vis curves due to the optical interference. It is
necessary to know the refractive index n and absorption
coefficient α of the films. The films' refractive index n was
calculated by eq 1,43

= + −n N N s[ ( ) ]2 2 1/2 1/2
(1)

where s is the substrate refractive index and N is found from eq
2,

=
−

+ +
N s

T T
T T

s
2

1
2

M m

M m

2

(2)

where TM is the maximum transmittance of the interference
fringes and Tm is the minimum of the interference fringes which
could be fitted as in ref 43.
The absorbance x of the films is given by eq 3,43

=
− − − −

− −
x

E E n n s
n n s
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2
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The absorption coefficient α of the films was calculated by eq
5,43

α= −x dexp( ) (5)

where d is the film thickness.
For La40 and Ce30 films, the extreme of interference fringes

TM and Tm fitted by nonlinear curves as ref 43 is shown in
Figure 7c,d. The maximum TM and minimum Tm of the

interference fringes at 1550 nm wavelength were 0.725 and
0.707 for Ce30 and 0.648 and 0.622 for La40 respectively. The
substrate LSAT refractive index s is ∼2.0.44 Therefore, the films’
refractive index n and absorbance x at 1550 nm wavelength
were 2.089 and 0.909 for Ce30 and 2.158 and 0.818 for La40
respectively. Meanwhile, the absorption coefficient α was 3790
cm−1 for Ce30 and 8036 cm−1 for La40 respectively. To relate
α to absorption loss αdB [dB/cm] eq 6 applies:

α

α

α

− · =

=

= −

= −

α−

d x

d

d

10 log

10 log (e )

10 log e

4.34

d

dB 10

10

10

(6)

So αdB = 4.34α was obtained.45 The figure of merit for the
film was then estimated as FOM = ΘF/4.34α, and the values
could be obtained as 0.092 deg/dB for Ce30 and 0.052 deg/dB
for La40. Though ΘF increased with La or Ce, the rapidly
increasing transmittance loss caused the FOM to fall with
increasing La or Ce content.

F. Low Temperature Magnetic Properties. Low temper-
ature magnetic properties were characterized for the LaSTF
films. Analysis of the CeSTF is complicated by the 4f1

magnetism from the Ce3+ ions. Figure 8a shows in-plane
magnetic hysteresis loops measured at 5 K for La30 and STF40.
The La30 had a higher moment, and required a higher field, of
order 20 kOe, to saturate it at 5 K than at room temperature,
and had a saturation magnetization of 1.7 μB/Fe, which is
almost twice that of the STF40 sample. The coercivity of La30
was 1000 Oe, also larger than the coercivity of the STF40
sample. The magnetoelastic effects are assumed to persist since

Figure 7. Optical transmittance spectrum of films measured by UV−vis−NIR spectrophotometer at room temperature. (a) (CexSr1−x)(Ti0.6Fe0.4)-
O3−δ films and (b) (LaxSr1−x)(Ti0.6Fe0.4)O3−δ films. The insets show the magnified spectrum near the optical band gap; the extreme of interference
fringes TM and Tm fitted by nonliner curves. (c) (CexSr1−x)(Ti0.6Fe0.4)O3−δ films and (d) (LaxSr1−x)(Ti0.6Fe0.4)O3−δ films. The insets show the
optical band gap as a function of the Ce or La concentration.
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the films maintain an out-of-plane anisotropy at low temper-
ature.
Low temperature zero-field-cooled and field-cooled (ZFC-

FC) magnetization curves of La30 and STF40 films measured
at 100 and 1000 Oe are shown in Figure 8b. At 100 Oe applied
field, a divergence of the FC and ZFC curves was observed for
the La30 and for the STF40, while at 1000 Oe, the La30 ZFC
curve did not show a maximum. Low field FC/ZFC divergence
was seen previously for single crystal STF films at 100 Oe7,21

and attributed to spin-glass behavior from competing
interactions between mixed-valence Fe. Figure 8c shows
temperature dependence of the magnetization for STF40 and
La30 films with an applied field of 8 kOe perpendicular to the
plane. These curves did not follow the Brillouin function
expected from magnetic materials dominated by exchange, and

the more gradual decrease in magnetization with temperature
has been interpreted for similar STF films using a
magnetoelastic model.9 The magnetization vanished at TC =
∼900 K for La30, and even higher for STF40, which can be
compared to STF40/LaAlO3, which had a TC near 1000 K.7

IV. CONCLUSIONS
Perovskite-structured (CexSr1−x)(Ti0.6Fe0.4)O3−δ (x = 0, 0.1, 0.2
and 0.3) and (LaxSr1−x)(Ti0.6Fe0.4)O3−δ (x = 0,0.1,0.2,0.3 and
0.4) films grown epitaxially on LSAT substrates show room
temperature ferromagnetism of 0.6−0.8 μB/Fe, an out-of-plane
anisotropy attributed to magnetoelasticity and a Faraday
rotation of 900−1800 deg/cm at 1.55 μm wavelength. The
films were under in-plane compression, and the Ce-substituted
films showed a layer of partial strain relaxation. There was no
evidence for compositional inhomogeneity or clustering. Ce
(mainly Ce3+) and La substituted for Sr2+ and acted as donors,
and at 30% Ce the film exhibited n-type conductivity. With
increasing Ce and La concentration, the optical band gap
widened, the Fermi level shifted toward the vacuum level and
Fe was driven to a lower valence state. La and Ce substitutions
above about 30% increased the saturation magnetization by
∼20% and the Faraday rotation by up to 100%, but also
increased the optical absorption in the near-IR, lowering the
magneto-optical figure of merit. These results are discussed in
terms of an increase in the population of low-valence Fe ions
with Ce and La A-site substitution.
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