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We have stabilized epitaxial oxide thin films of transparent, magnetic Ru-doped BaSnO3. Films were grown
by pulsed laser deposition and exhibited excellent epitaxy and crystallinity as determined by x-ray diffraction.
Epitaxial films of Ru doped BaSnO3 were grown with a ceramic target of nominally 4% Ru doping on the Sn
site but resulted in 3% Ru doping in the films. Paramagnetic behavior is observed in all films with a Curie
law dependence on temperature. The field dependence of the magnetization shows a paramagnetic moment
that saturates at a value consistent with low spin Ru. Films are also found to be transparent in the visible
regime. Together these results demonstrate the realization of highly crystalline, transparent, paramagnetic,
eptiaxial doped BaSnO3 films.

I. INTRODUCTION

Complex oxides exhibit a wide range of electronic,
magnetic and optical properties and have been identi-
fied as promising materials for an oxide-based electronics.
Among the complex oxides, doped barium stannates are
semiconductors that have sufficiently high mobility to be
integrated into and form the basis of an all-oxide elec-
tronics. In addition to high mobility they also exhibit
optical transparency in the visible wavelength regime,
making them candidates for applications in transpar-
ent electronics and opto-electronic devices. For exam-
ple, BaSnO3 has a wide band gap of 3.4 eV and can be
n-type doped on the Ba site to have high room temper-
ature mobilities, up to 180 cm2/Vs in thin films.1 Ad-
ditional magnetic functionality in such a high mobility
semiconductor would make doped stannates more ver-
satile. In fact there has been considerable research on
ferromagnetic semiconductors, such as GaMnAs, where
magnetic dopants have been incorporated into a semi-
conductor parent compound.2The discovery of new fer-
romagnetic semiconductors has the potential to enable
a new type of microelectronics – spintronics – that ex-
hibits non-volatility, added spin functionality and poten-
tial improvement in energy efficiency beyond the tradi-
tional charge-based microelectronics. This work explores
and characterizes magnetic Ru doping of BaSnO3, and
identifies Ru doping as a promising avenue for the real-
ization of spin polarization in the transparent conducting
oxide Ba1−xLaxSnO3.

There has already been some success in producing a
magnetic response in the stannates exploiting the dilute
magnetic semiconductor approach applied to III-V semi-
conductors as well as oxide semiconductors such as ZnO,
TiO2 and SnO2.3–5 One approach to realize magnetic
functionality in the BaSnO3 system has been to dope
the Ba site with rare earth elements such as Gd, Nd,
Pr.6–8 This has resulted in paramagnetic ordering with
moments localized to the donor dopant, but ferromag-
netism has not been achieved likely due to the weaker

exchange interactions among Ba (or A) site ions.

Other studies have incorporated 3d transition metal
ions, such as Fe, Mn, Cr and Co onto the Sn
4+ site to show evidence of room temperature
ferromagnetism.9–15The observed ferromagnetism has
been explained in terms of F center exchange interac-
tions, in which oxygen vacancy trapping of electrons gives
rise to the ferromagnetic ordering, but could also be ex-
plained in terms of dopant clustering or contamination.
Due to the multivalent nature of these 3d transition metal
ions, doping of the Sn site with 3d transition metals in-
evitably leads to aliovalent doping; such aliovalent doping
results in trapping of charge carriers and thus counters
any attempt to increase conductivity via La doping on
the Ba site. Therefore isovalent doping of the Sn site
with magnetic ions is a promising pathway to magneti-
cally dope stannates in combination with rare earth dop-
ing of the Ba site to provide high mobility conduction.

A promising approach to generating a ferromagnetic
response in BaSnO3 is to incorporate isovalent 4d tran-
sition metal Ru4+ doping on the Sn4+ site since in an
octahedral coordination Ru4+ has an ionic radius closer
to that of Sn4+ than the 3d transition metal ions de-
scribed above. While complete substitution of the Sn
with Ru results in a number of hexagonal phases of
BaRuO3,16–18 ferromagnetism has been known to be sta-
bilized in a cubic perovskite structure, under high pres-
sure synthesis.19–21 However with low Ru doping in the
cubic BaSnO3 lattice, magnetic functionality may be
generated while maintaining the cubic perovskite crys-
tal structure. There has been one bulk study attempting
Ru doping, but these authors have found Ru doping on
the Ba site with ferromagnetism attributed to oxygen va-
cancies and not with Ru doping.22 While low Ru doping
that retains the perovskite structure may not result in
long range magnetic order, the effect of Ru doping of the
Sn or B site has yet to be explored.

In this paper, we demonstrate the stabilization of epi-
taxial films of nominally 4%Ru doped BaSnO3 grown
on SrTiO3 single crystal substrates. X-ray diffraction
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measurements indicate excellent epitaxy and crystallinity
as determined from the small mosaic spread of the film
peaks. X-ray fluorescence enables us to estimate the
Ru doping level in our films to be 3%. Optical trans-
parency of these doped films are comparable to those of
the undoped films and the SrTiO3 substrates. Ru-doped
BaSnO3 films are insulating at room temperature, as is
expected without the addition of rare earth doping on
the Ba site. Our 3% Ru doped films exhibit paramag-
netic behavior down to 5K. The saturated paramagnetic
moment at 5K corresponds to low spin Ru4+ ions of 1.6
µB . While a ferromagnetic state was not stabilized at
3% Ru doping, the observation of a strong paramagnetic
response indicates that increased Ru concentration may
be a viable route towards a ferromagnetic ground state
that could be incorporated into a transparent conductor
through co-doping of isovalent Sn4+ with Ru4+ and rare
earth doping of Ba2+.

II. EXPERIMENTAL METHODS

Barium stannate thin films were grown by pulsed laser
deposition (PLD) on (001) oriented SrTiO3 (STO) sub-
strates. A 248nm eximer KrF laser was used with an
energy density of approximately 1.67 J/cm2 and a fre-
quency of 3Hz to ablate the sintered ceramic target with
a nominal composition of BaSn0.96Ru0.04O3 (Toshima
Manufacturing Company). Films were grown at 750°C
in an atmoshpere of 100 mTorr of O2 and subsequently
cooled to room temperature in 600 mTorr of O2.

Structural characterization was performed on a Pan-
alytical Empyrean x-ray diffractometer with a Cu Kα1

source in the triple axis geometry. 2θ/ω scans and ω-
rocking curves were taken to verify epitaxial growth and
crystalline quality. X-ray reflectivity (XRR) was per-
formed using a Panalytical X’Pert x-ray diffractometer
to deduce film roughness and thickness. Atomic Force
Microscopy (AFM) was performed on a Digital Instru-
ments Dimension 3100 AFM to quantify surface rough-
ness. Dopant incorporation was verified initially with
X-ray Photoelectron Specroscopy (XPS) on a PHI Versa-
Probe 3 XPS and composition was estimated with X-ray
fluorescence spectroscopy (XRF) on a Rigaku Primus II
Wavelength Dispersive XRF Instrument with a Rhodium
x-ray source. SQUID Magnetometry was performed in a
Quantum Design Evercool Magnetic Property Measure-
ment System (MPMS) using the reciprocating sample
option (RSO). The substrate for each sample was mea-
sured prior to growth to screen for paramagnetic impu-
rity signals and ensure an accurate background subtrac-
tion. Samples were field cooled at 7T and field dependent
magnetization measurements were taken in-plane, along
the {100} direction at 5K. The temperature dependence
of the magnetization was also measured between 5-300K
at 1000 Oe. Optical measurements of transmission were
performed on an Agilent Cary 6000i UV/Vis/NIR Spec-
trophotometer.

Figure 1. (a) X-ray diffraction spectra of 118 nm thick Ru:
BaSnO3 film and 56nm undoped BaSnO3 film; (b) x-ray re-
flectivity of the 118 nm Ru: BaSnO3 film and corresponding
fit.

III. RESULTS & DISCUSSION

A. Structure

Symmetric X-ray diffraction measurements confirm
high crystalline quality of BaSnO3 films grown in the
(001) orientation on SrTiO3. 2θ-θ measurements were
performed between 2θ=15-80° and the only features
present in spectra were attributed to the (00l) family
of peaks for the BaSnO3 films and SrTiO3 substrates.
Laue oscillations are visible in doped and undoped sam-
ples around the (002) peak of BaSnO3(Figure 1(a)).
The (002) peak is found at approximately 43.8° in Ru:
BaSnO3 films and corresponds to a c-axis lattice param-
eter of 4.1305Å, closely matching the bulk lattice pa-
rameter for BaSnO3 of 4.116 Å. The slight expansion of
the out-of-plane lattice parameter is consistent with the
in-plane compressive strain imposed by the smaller Sr-
TiO3 lattice. Omega rocking curve scans of comparable



3

Ru: BaSnO3 films have a characteristic FWHM ranging
between 0.03 - 0.04° indicating high crystalline quality.
XRR data of the samples were fit to determine thickness
and film roughness. Figure 1(b) shows an XRR scan
of the Ru: BaSnO3 sample in Figure 1(a), indicating a
film roughness of approximately 1nm and film thickness
of 118nm. This roughness is consistent with AFM mea-
surements that indicate typical rms roughness values of
1.1nm for films between 80-120 nm thick.

B. Composition

The nominal target composition is BaSn0.96Ru0.04O3,
but due to the volatility of Ru atoms during growth,
the resultant Ru concentration in the film is reduced
from the amount of Ru in the target. Thus composi-
tional measurements on the resultant films are required
to assess dopant transfer into the film. However low
Ru dopant concentration is difficult to assess. Due to
the low X-ray cross section of Ru, Ru content was veri-
fied in the films with XPS, but quantitative Ru concen-
tration values were only obtained using XRF. XRF of
our films indicates a 3% Ru concentration. The XRF
results were quantified with Fundamental Parameters
standard-less quantification software with an error of up
to 20% for trace elements, indicating a film composition
of BaSn0.97±0.002Ru0.03±0.002O3. The error in dopant
analysis makes quantifying the magnetic response par-
ticularly challenging.

Figure 2. Transmission spectra between 375nm-1200nm of
undoped BSO, Ru:BSO and an STO substrate.

C. Optical Properties

The optical transmission of doped and undoped
BaSnO3 samples as well as bare SrTiO3 substrates show
transparency in the visible and near infrared wavelength
regimes. The transmission spectra of doped and un-
doped BaSnO3 films are shown in Figure 2 between 375-
1200nm. The sharp drop off in transmission at 380nm

corresponds to the 3.25eV band gap of the SrTiO3 sub-
strate. The measurements are a function of the thick-
ness of the material and the transmissivity of the sub-
strate as well as the intrinsic film properties. The films
shown in Figure 2 are both approximately 100nm thick
and shows similar transmission behavior above 500nm or
so extending into the near infrared. However a number
of Ru doped samples show suppression of transmission in
the 400-600nm range, suggesting that Ru dopants facili-
tate absorption in the violet part of the visible spectrum.
However doping of the BaSnO3 films, in general, does not
affect the optical transparency significantly.

D. Magnetism

Magnetization measurements indicate a diamagnetic
response in the undoped BaSnO3 films, and a paramag-
netic response corresponding to the Ru4+ dopants in the
Ru:BaSnO3 films. We observe paramagnetic behavior in
these films down to 5K that saturates at approximately
1.6 µB/Ru atom. The magnetization data fit well to a
Brillouin function describing the magnetic response of
an ideal paramagnet. The temperature dependence of
the magnetic moment shows a magnetization that is in-
versely proportional to temperature. This behavior is
characteristic of a paramagnet obeying Curie’s law. The
inset of Figure 2 shows the typical behavior of our doped
films that were field cooled in 7T and then measured in
a field of 1000 Oe.

The Ru4+ ions are thought to substitute for the Sn ions
on the octahedrally coordinated B sites of the ABO3 per-
ovskite structure. This octahedral coordination results in
crystal field splitting of the Ru 4d orbitals into the t2g
and eg levels. Due to the magnitude of the crystal field
splitting, we expect a low spin state for Ru ions as is the
case for most 3d and 4d transition metal ions. A low
spin states translates into 2µB/Ru atom. We measure a
lower moment of 1.6 µB/Ru atom at 5K. This value is
lower than the theoretical maximum but is still higher
than the Ru moment deduced in itinerant ferromagnets,
such as in SrRuO3.23 Given the isolated nature of the Ru
dopants in our Ru:BaSnO3 films versus the itinerancy of
the magnetism in SrRuO3, it is not too surprising that
we observe a higher Ru moment in Ru:BaSnO3 compared
to SrRuO3.

For stabilization of long range magnetic order, it
is clear that significantly more Ru doping is required.
When the B site is entirely occupied by Ru ions in the
ruthenates (AE)RuO3 (AE=Ca, Sr, Ba), the magnetic
behavior depends on the alkaline earth ion choice.21,24

CaRuO3 stabilizes in the orthorhombic Pnma crystal
structure and behaves like a paramagnet down to very
low temperature. When the Ca is replaced with Sr,
the crystal structure maintains the orthorhombic Pnma
structure but with less RuO6 octahedral distortions.
SrRuO3 exhibits itinerant ferromagnetism with a Curie
temperature of about 160K.23,25 BaRuO3 can be sta-
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bilized in the cubic perovskite structure with Pm3̄m
space group under high pressure synthesis but also has
a number of different hexagonal 9R, 6H, and 4H poly-
morphs polytypes.19,21 The perovskite phase of BaRuO3

exhibits ferromagnetism with a Curie temperature of
about 60K.19 Structural distortions of the Ru-O-Ru
bonds toward a more cubic structure appear to be im-
portant in stabilizing long range magnetic order in the
ruthenates.19,24,26–28 Given the ferromagnetic properties
of cubic BaRuO3 (albeit only stable under high pressure
synthesis), it may be possible to stabilize a ferromagnetic
ground state in BaSnO3 at a higher Ru-doping level.

As expected, Ru-doping of BaSnO3 films did not
change the electronic properties from that of insulating
undoped BaSnO3 films. In any case, if isovalent Ru dop-
ing of the Sn site could provide magnetic functionality,
then it could be combined with rare earth doping of the
Ba site that has been shown to generate high mobility
in BaSnO3.1,7,15 Our attempts at co-doping of La and
Ru ions into BaSnO3 using pulsed laser deposition have
been unsuccessful, likely due to the cation disorder stem-
ming from multiple dopants on both cation sites and
lower crystalline quality. Although all of our co-doped
samples are non-magnetic and insulating, atomically ac-
curate placement of dopants via oxide molecular beam
epitaxy techniques may enable the realization of trans-
parency, magnetism and conductivity.

Figure 3. Magnetization of Ru doped BaSnO3 film at 5K after
field cooling at 7T after background subtraction. The fit to
the Brillouin function is shown in black. The corresponding
diamagnetic STO substrate before growth and a character-
istic undoped BSO film are shown at 10x amplification. In-
set shows temperature dependence of magnetization of Ru:
BaSnO3 films at a field of 1000 Oe, and the fit in black to
Curie’s Law with agreement.

IV. CONCLUSION

In summary, we have demonstrated the synthesis of 3%
Ru-doped BaSnO3 epitaxial thin films with good crys-
talline quality. The films show high optical transparency
in the visible and IR range. Bulk magnetometry mea-
surements show that these Ru:BaSnO3 films exhibit a
strong paramagnetic response, indicating that 3% Ru
doping is not sufficient to achieve ferromagnetic order-
ing in this system. Understanding the growth conditions
and magnetic behavior of Ru-doped BaSnO3 is an im-
portant step towards towards the realization of co-doped
multi-functional BaSnO3 films.
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