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We have synthesized transparent, conducting, paramagnetic stannate thin films via rare-earth dop-

ing of BaSnO3. Gd3þ (4f7) substitution on the Ba2þ site results in optical transparency in the visible

regime, low resistivities, and high electron mobilities, along with a significant magnetic moment.

Pulsed laser deposition was used to stabilize epitaxial Ba0.96Gd0.04SnO3 thin films on (001) SrTiO3

substrates, and compared with Ba0.96La0.04SnO3 and undoped BaSnO3 thin films. Gd as well as La

doping schemes result in electron mobilities at room temperature that exceed those of conventional

complex oxides, with values as high as 60 cm2/V�s (n¼ 2.5� 1020 cm�3) and 30 cm2/V�s
(n¼ 1� 1020 cm�3) for La and Gd doping, respectively. The resistivity shows little temperature de-

pendence across a broad temperature range, indicating that in both types of films the transport is

not dominated by phonon scattering. Gd-doped BaSnO3 films have a strong magnetic moment of

�7 lB/Gd ion. Such an optically transparent conductor with localized magnetic moments

may unlock opportunities for multifunctional devices in the design of next-generation displays and

photovoltaics. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4939686]

Spin-based electronics, or “spintronics,” is an emerging

technology that could offer faster devices with low power

requirements through simultaneous control of both the spin

and charge degrees of freedom in a materials system. Where

conventional charge-based devices rely only on the motion

of the charge of an electron, the ability of semiconductor

spintronic devices to utilize the electron spin component

additionally allows for nonvolatility and higher integration

densities.1 If optical transparency is achieved in a ferromag-

netic semiconductor, it will unlock opportunities for multi-

functional opto-magnetoelectric devices in the design of

next-generation displays and photovoltaics.2,3

One route to achieving a transparent conductor is through

doping of the perovskite structure BaSnO3. It has been recently

shown that when BaSnO3 is doped with La on the Ba-site, the

result is a high-mobility transparent conducting oxide

(TCO).4–6 In bulk crystals, mobilities as high as 300 cm2/V�s at

room temperature have been realized, while in thin films the

highest reported electron mobilities are �100 cm2/V�s and

seemingly suppressed due to threading dislocations.4,6,7 Even

in the thin film cases, such high mobilities at room temperature

combined with optical transparency in a perovskite structure

make BaSnO3 an attractive candidate for creating a dilute mag-

netic conductor for opto-magntoelectronic devices.

Recent studies have shown that magnetic dopants such

as various 3d transition metals (Mn, Fe, and Co) can be

incorporated onto the Sn4þ site of BaSnO3.8–11 With these

3d transition metal dopants, some studies have reported a

ferromagnetic signal in BaSnO3, though the resulting sam-

ples are insulating and opaque in the visible wavelength

range. If the ferromagnetism is intrinsic, it is hypothesized to

result from an “F-center exchange” mechanism, which relies

on oxygen vacancies that trap electrons and cause local fer-

romagnetic ordering. However, the need for charge carriers

to be localized and strongly coupled to defect sites impedes

their conduction. Efforts to co-dope BaSnO3 with two transi-

tion metals on the Sn site to add both conduction and a mag-

netic moment have also resulted in insulating materials.12

For this reason, we have chosen to develop magnetic

functionality through A-site doping with a magnetic rare-

earth element. If Gd3þ (4f7) substitutes for Ba2þ on the

A-site, we have an aliovalent doping scheme and the intro-

duction of both charge and a magnetic moment with a single

dopant. In this study, we show that Ba1�xGdxSnO3 films are

transparent, conducting, and also paramagnetic.

We have synthesized Ba0.96La0.04SnO3 (La:BSO or

BLSO), Ba0.96Gd0.04SnO3 (Gd:BSO or BGSO), and undoped

BaSnO3 (BSO) thin films by pulsed laser deposition on (001)

SrTiO3 substrates. All films were grown at 750 �C and 100

mTorr O2 with a laser fluence of �1.4 J/cm2 (k¼ 248 nm). A

Quantum Design Physical Property Measurement System

and Magnetic Property Measurement System (SQUID mag-

netometer) were used to ascertain electronic transport and

magnetization data, respectively. X-ray absorption spectros-

copy (XAS) and x-ray magnetic circular dichroism (XMCD)

measurements were conducted in total electron yield mode

at Beamlines 4.0.2 and 6.3.1 of the Advanced Light Source.

Rutherford backscattering spectrometry (RBS) in the Cornell

geometry with a NEC model 5SDH Pelletron tandem accel-

erator and helium source was used to obtain film thicknesses

and stoichiometries.

Both the Gd- and La-doped BaSnO3 films are transpar-

ent and colorless in the visible spectrum. Figure 1 shows
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180 nm thick films on (001) SrTiO3 substrates along with a

bare substrate for comparison. Using RBS (not shown) and

XAS (cf. Figure 5(a) for Gd:BSO), we verified that both Gd

and La were incorporated into the films. Although the nomi-

nal doping concentration of both La and Gd in the targets

was 4%, the measured RBS stoichiometry gave �7% La

doping for La:BSO films and �5% doping for Gd:BSO films

in this study.

Despite the large lattice mismatch of �5% between

BaSnO3 (a¼ 4.098 Å) and SrTiO3 (a¼ 3.905 Å), BaSnO3

films grow epitaxially on SrTiO3. Figure 2(a) shows out-of-

plane x-ray diffraction scans with {001} film reflections, cor-

responding to the associated substrate Bragg peaks.

Azithumal / scans of the 110 peak in Figure 2(b) demon-

strate in-plane alignment of the film and substrate, confirm-

ing an epitaxial relationship. Gd:BSO films have an out-of-

plane lattice parameter of a¼ 4.122 Å, and La:BSO films

have a¼ 4.134 Å, as calculated from the 002 reflection. The

undoped film, shown for comparison, has an out-of-plane lat-

tice parameter of a¼ 4.124 Å. All films are fully relaxed, as

measured by reciprocal space mapping. The lattice parame-

ter of La:BSO increases from the undoped BSO case even

though the ionic radius of La3þ (1.36 Å) is 16% smaller than

that of Ba2þ (1.61 Å).13,14 Lattice expansion as a result of

electron doping is expected and is attributed to the presence

of antibonding states in the conduction band.6,15 Doping

with Gd3þ, for which the extrapolated ionic radius with a

coordination of 12 is �1.28 Å, is even smaller than La3þ and

yet does not change the lattice constant of BSO from the

undoped case.13,14 Therefore, the expected contraction of the

lattice due to a smaller cation may be counteracted by elec-

tron doping.6,15–17 The full-width-at-half-maximum of the

rocking curves, an indicator of the crystalline quality and

mosaic spread of the films, is Dx002¼ 0.040� for Gd:BSO

and Dx002¼ 0.087� for La:BSO. Therefore, despite the

introduction of a dopant with a larger radius difference with

Ba, these Gd:BSO films actually may have fewer disloca-

tions than the La:BSO films.

Electrical transport measurements for the doped films

indicate metallic behavior (Figure 3). The undoped films are

insulating, as predicted theoretically and shown experimen-

tally by other groups.18,19 Gd-doping of BSO results in n-type

metallic conduction, with minimal temperature dependence

from 2 to 380 K. At 300 K, the Gd:BSO films have resistivities

of q� 2 mX�cm, mobilities of le� 28 cm2/V�s, and carrier

concentrations of approximately n¼ 1.0� 1020cm�3. At

lower temperatures, there is little change in the transport prop-

erties, with le� 35 cm2/V�s at 2 K. For La:BSO, the room-

temperature values are q� 0.4 mX�cm, le� 58 cm2/V�s, and

n¼ 2.5� 1020 cm�3. Again, the films are metallic with little

change at 2 K (q� 0.3 mX�cm, le� 82 cm2/V�s). The lack of

a temperature dependence indicates that phonons are not the

dominant scattering mechanism in either Gd:BSO or La:BSO,

and instead defects may play a significant role. The electron

FIG. 1. La-doped and Gd-doped BaSnO3 films are colorless and transparent.

A (001) SrTiO3 substrate is shown for comparison.

FIG. 2. (a) X-ray diffraction h-2h scans show that the films are ordered and

textured, and (b) /-scans of the 110 peak confirm epitaxy of (001)-oriented

BaSnO3 on (001)-oriented SrTiO3.

FIG. 3. (a) van der Pauw resistivity and (b) electron mobilities across the

temperature range of 2–380 K.
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mobilities for both La- and Gd-doped films are significantly

higher than those of typical complex oxides at room

temperature, for which le is usually <10 cm2/V�s.6,7,20–26 The

mobilities of our La-doped thin films are comparable to those

measured by other groups on Ba0.96La0.04SnO3 thin films, for

which the highest reported room-temperature mobility is

�66 cm2/V�s.5,6,27–30 Our Gd-doped BSO films have mobilities

and carrier concentrations lower than those of our La-doped

BSO films. This observation can be explained by considering

local strain fields surrounding the dopant atom in its host envi-

ronment. If the substitutional cation is more dissimilar in size to

the equilibrium site occupancy, it follows that the lattice will be

more locally distorted than the case with a dopant that is more

similar in size. Since Gd3þ has a greater size mismatch with

Ba2þ than La3þ does, these local distortions in the strain field

around the dopant atom may be more pronounced and lead to

suppressed mobilities. Furthermore, the introduction of mag-

netic impurities may lead to additional scattering that further

reduces electron mobilities.31,32

SQUID magnetometry revealed that Gd-doping of

BaSnO3 results in a large paramagnetic moment. The magnet-

ization response of a 2.5 lm thick Ba0.96Gd0.04SnO3 film to an

applied field at 4.5 K after field-cooling in þ7 T is given in

Figure 4. The large magnetic moment is linear at low fields,

but becomes non-linear around 1 T. By 7 T, the magnetization

appears to saturate at 45 emu/cm3. The shape of the magnetic

response is described accurately by a Brillouin function with

g¼ 2 and J¼ 7/2 for Gd, shown by the green line in Figure 4.

At 7 T, the saturation magnetization corresponds to �7 lB/

Gd3þ—the full spin moment expected from Gd 4f shell—

within experimental error. A closer inspection of the magnet-

ization loop reveals that there is no apparent hysteresis within

the resolution of the SQUID magnetometer. The temperature-

dependent magnetization is well-fit by Curie’s law, which is

consistent with a paramagnetic ground state.

We used XAS and XMCD to probe the absorption edge

of Gd and confirm the origin of the magnetic moment. These

experiments were performed in total electron yield mode with

a probing depth of �5 nm and an angle of x-ray incidence at

30� grazing to the sample surface. In Figure 5, we show the

Gd M5,4 edges of Gd:BSO. There is a clear XMCD signal that

follows the lineshape expected for Gd, thereby confirming

that Gd dopants are the origin of the observed magnetometry

result.33 Figure 5(c) shows the XMCD asymmetry as function

of applied magnetic field between 60.5 T. The loops show no

hysteresis, further indicating that Gd:BSO is paramagnetic.

Together the bulk magnetometry measurements and

XMCD measurements suggest that there is no long-range

magnetic order in the Gd-doped samples. One avenue toward

ferromagnetism in such systems could be to increase the

doping level of Gd in BSO, thereby increasing the number of

delocalized carriers to mediate a Ruderman-Kittel-Kasuya-

Yosida-type interaction. Therefore, while it may be

favorable for electronic transport to dope with lower concen-

trations in order to achieve higher mobility values, the con-

ductivity and magnetic response are enhanced by raising the

Gd doping levels. The doping level of Gd thus provides the

ability to tune the functional properties of Gd:BaSnO3 to

match the requirements of the desired application.

In summary, we have synthesized Gd-doped BaSnO3

and shown that Gd can be incorporated into BSO. The result

is a good transparent conducting oxide, with high room-

temperature electron mobility values. The addition of a mag-

netic moment while preserving metallicity as well as optical

transparency can be useful in the fabrication of functional

devices, with the ability to further tailor functionality via the

Gd concentration.

We thank Dr. Franklin J. Wong for his ideas and insight.

We also thank Dr. Useong Kim and Professor Kookrin Char

FIG. 4. A magnetization versus field loop of a Gd-doped BaSnO3, as meas-

ured by SQUID magnetometry. The green line is the Brillouin function for

Gd, normalized to the magnetization.

FIG. 5. (a) X-ray absorption (XAS) spectra (with opposite circular polariza-

tions eþ and e�) of the Gd M5 and M4 edges at 15 K confirm Gd incorpora-

tion into the BaSnO3 films, and the (b) difference between these XAS

measurements with eþ and e� gives a clear XMCD signal. (c) Magnetic

asymmetry versus field measurements in the range H¼60.5 T are linear

and non-hysteretic, consistent with a paramagnetic response.
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