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Gag gFe, 405 is predicted to be magnetoelectric with non zero magnetization at room temperature.
However, in thin films, electric properties are overshadowed by strong leakage currents. In this
Letter, we show that Mg doping in Gag ¢Fe; 4O3 thin films grown by pulsed laser deposition allows
decreasing the leakage current density by four orders of magnitude and might simultaneously allow
tuning the carriers’ nature. These results suggest the possibility to develop a new class of material
exhibiting room temperature magnetization, tunable transport properties, and magnetoelectric
properties. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729872]

Magnetoelectric materials open up the way to many
applications thanks to the possibility to control their mag-
netic polarization and their electric polarization with an
electric field and a magnetic field, respectively. For these
reasons, magnetoelectric materials receive a considerable
renewal of interest for their potential use in new electronic
devices.'™ The Ga,  Fe,0; (0.8 <x<1.4) (GFO) oxides
present all necessary properties to be promising candidates
for such applications.*” These compounds crystallize in an
orthorhombic structure (S.G: Pc2n) with a~8.7 A,
b~9.4A, and c¢~5.1A. The materials are ferrimagnetic
with Curie temperatures up to 350K for x = 1.4. Finally,
magnetoelectric effects have been observed in these materi-
als, in bulk, by Rado.* If the bulk properties of the com-
pound have been well established already in the 1960s,
high quality thin films, necessary for applications, have
only been produced recently.® These films show the same
crystallographic and magnetic features as the bulk, but im-
portant leakage currents hinder their electric characteriza-
tion. These leakage currents probably result from a
substoichiometry of the films in oxygen. The resulting
reduction of Fe’" to Fe’" in order to counterbalance the
charge deficiency might decrease the electrical resistivity
of GFO thin films through a hopping mechanism. These
leakage currents overshadow the polarization—electric field
(P-E) signal and can lead to a misinterpretation of the fer-
roelectric loops.” Such behaviors have been observed in
other oxide systems like BiFeO;, YMnOsj, or Niz;V,0g
[Ref. 8 and references therein]. The leakage currents prob-
lem needs to be thoroughly studied and solved for thin
films that will be inserted in functional devices for their
magnetoelectric properties.” There has been a flurry of
studies in the literature in connection with the understand-
ing of leakage mechanisms in ferroelectric thin films.'®"?
Several groups have explored the effects of doping in order
to reduce the leakage currents.'*'® In this paper, we focus
on the substitution of Fe with Mg. While Fe can be bi- or
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tri-valent, Mg is only known to be bivalent. Our goal is to
replace all bivalent Fe cations induced by the oxygen sub-
stoichiometry with Mg”" cations. The Mg”" radius is close
to the Fe>" one. A decrease of the leakage current is then
expected, associated with the diminution of the Fe”* con-
tent, and the resulting decrease of the Fe®/Fe*™ hopping
phenomenon.

Films have been elaborated by pulsed laser deposition
(PLD) using a KrF excimer laser, /=248 nm, with a SHz
repetition rate. The energy density of the laser on the target
was tuned to 2.5J/cm?® and the distance between the target
and the substrate was fixed at 5cm. A SrRuO;5 (SRO) con-
ducting layer was first deposited under 250 mbar O, at
655 °C on SrTiO;5 (STO) (111) substrates (Crystec). The sub-
strates were previously cleaned in an ultrasonic cleaner in ac-
etone, isopropanol, distilled water, and ethanol. A GFO:Mg
layer of about 200 nm thickness was then deposited under
200 mbar O, at 750°C. After the deposition, the samples
were cooled down to room temperature under the processing
gas. Gag gFe; 4 xMg,O; targets used for the elaboration have
been formed in a reaction of Fe,03, Ga,03, and MgO. The
stoichiometric milling was carried out in an attritor mill for
one hour in an ammoniacal solution (pH=9). The solution
was then placed in a drying oven until full evaporation of the
liquid part. The resulting powder was manually ground. An
organic binder (polyvinyl alcohol) has been systematically
added at around 3 wt. % to improve the mechanical behavior
of the samples. The powders were finally compacted into
pellets and sintered in a platinum crucible at 1400°C for
20h under air. The thin films crystallographic structure was
characterized by x-ray diffraction (XRD). 0—20 scans,
@-scans, and reciprocal lattice mappings were made using
a Rigaku Smart Lab diffractometer equipped with
rotating anode having a monochromated copper radiation
(K41 =0.154056 nm). For electric properties measurements,
platinum dots top electrodes with a diameter of 0.2 mm were
deposited by magnetron sputtering using a shadow mask
onto the GFO films under a pressure of 5 mTorr at room tem-
perature. I-V curves at room temperature were then carried

© 2012 American Institute of Physics
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TABLE I. EDX analysis, cell parameters, and roughness of the different
thin films; the error is given for each in terms of 3.

Expected sample  Ga/Fe/Mg content® a (nm) b (nm) ¢ (nm)

0.65(1)

1.35(1)
GFO:Mg (0%) 0
0.65(1)
1.34(1)
0.01(2)
0.62(1)
1.32(1)
0.06(2)
0.60(1)
1.25(1)
0.15(1)

0.862(7)  0.944(3)  0.506(8)

GFO:Mg (0.5%) 0.868(3)  0.943(2)  0.503(5)

GFO:Mg (2.8%) 0.874(5)  0.942(2)  0.506(7)

GFO:Mg (7.5%) 0.877(9)  0.9419(4)  0.506(7)

“Formulation obtained from EDX measurements.

out using a HP4145B semiconductor parameter analyzer in a
voltage range of [-10 V=10 V].

The chemical compositions of the films were determined
from scanning electron microscopy coupled with energy dis-
persion x-ray analysis (SEM-EDX). The values given in
Table I are an average over at least five measurements per-
formed at different locations on the sample, with a standard
deviation inferior to 1% Wt. The magnesium content has
been defined by Mg (%) = 100 x [Mg]/([Mg] + [Fe] + [Ga]).
In agreement with this definition and according to the com-
positions determination, the samples will be labelled
GFO:Mg (0%), GFO:Mg (0.5%), GFO:Mg (2.8%), and
GFO:Mg (7.5%). The XRD measurements confirm that the
GFO:Mg films are epitaxially grown on the STO\SRO (111)
substrates. Figure 1 shows the 0—20 patterns of the Mg-
doped GFO thin films and indicates a b-axis oriented epitax-
ial structure of GFO. Indeed, all (0k0) expected harmonic
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FIG. 1. XRD patterns of the Mg-doped Gag ¢Fe; 405 thin films.
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FIG. 2. Evolution of the cell parameters of the Mg-doped Gag ¢Fe; 405 thin
films.

peaks of the GFO compound are observed and no impurities
are evidenced. Reciprocal lattice maps of the thin films were
performed around reflections {062} and {570} for all studied
compositions. These measurements, combined to the obser-
vation of the {0k0} in 0—20 mode, allow to determine the
lattice parameters. The cell parameters are reported in
Table I and plotted in Figure 2. Both b and ¢ cell parameters
remain constant whatever the Mg content. The a cell param-
eter increases for Mg contents up to GFO:Mg (2.8%) and
then remains constant. The observed b values are all greater
than for the bulk material (bpu = 9.3993(3)10\).17 (-scans on
the STO and SRO {204} reflections and on the GFO:Mg
{680} reflections have been performed in order to establish
the in-plane epitaxial relationships (the measurements per-
formed for the GaygFe;,5Mgg 1505 thin film are given as a
representative example in Figure 3). All layers (i.e., STO,
SRO, and GFO) present six-fold peaks every 60°. This result
can be explained considering the following epitaxial rela-
tionship: SrTiO; crystallizes in a cubic structure with
a=3.905A and therefore shows a hexagonal pattern along
[111]. At room temperature, StTRuOj; crystallizes usually in
an orthorhombic structure, which can be described as a
slightly distorted pseudo-cubic perovskite cell with a lattice
parameter a=3.92 A8 Consequently, the pattern along

STO (204)

0 .60.120.180.240.300.360
¢ (9

FIG. 3. ¢-scans on the SrTiO; and SrRuO;{204} reflections and on the
Gag Feq 2sMgp 1505 {6801} reflection.



262904-3

Lefevre et al.

10

—m—GFO:Mg(0%) | 3

—m— GFO:Mg(0.5%)| ]

—m— GFO:Mg(2.8%)| 4

—m— GFO:Mg(7.5%)| 3
1

5 10

Current density (A/cm?)

Voltage (V)

FIG. 4. Variations of leakage current density with the applied voltage at
room temperature of the GFO:Mg thin films.

[111] is also a hexagon with an apothem equal to 3.2A. The
mismatch between STO and SRO is less than 1%. The differ-
ent orientations of the GFO crystallites can be explained con-
sidering the different matching possibilities between the
GFO and SRO lattices: cgro~ 5.1 A~ago x V2 (8%
mismatch) on the one hand and agro ~ 87A~32x3 9%
mismatch) on the other hand. The angle between two GFO
cells is about 60° allowing the existence of three variants.
Figure 4 shows the variation of the leakage current for the
different Mg-doped thin films. The leakage current density
for GFO:Mg films is strongly reduced from GFO:Mg (0.5%)
to GFO:Mg (2.8%), by roughly four orders of magnitude
(Figure 5). For higher Mg concentration, an increase of the
leakage current is observed: increasing the Mg content from
2.8% to 7.5%, the leakage current increases by about three
orders of magnitude. We attribute the decrease of the leakage
currents to the substitution of Fe*" with Mg®", decreasing
the hopping possibilities between Fe*" and Fe*" within the
structure. A possible mechanism explaining this behavior
can be described using the Kroger-Vink notation. Indeed, the
production of ¢ oxygen vacancies in GaggFe; 403_s during
the growth process can be written
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FIG. 5. Variation of the leakage currents density with the increasing doping
content in the GFO:Mg thin film.
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1
507 —>5<v;°+502+2e), (1)

where V3° is a vacancy in the oxygen site with a double posi-
tive charge. Fe’ " acts as an acceptor of electrons and gets
reduced into Fe”"

28¢” + 20Fe), <= 20Fep,. @)

The simultaneous presence of Fe*™ and Fe’ " allows electri-
cal conduction via a hopping mechanism.

Substitution of Fe with Mg in the Mg-doped GFO thin
films leads to the creation of holes

/ 1
ng0—>x<MgFe+h'+§Oz>, 3)

where Mg, stands for Mg in the Fe site with an apparent
negative charge and /4* denotes a hole. These holes can be
recombined with electrons

e +h —0. 4)

According to theses notations, the decrease of the leakage
currents which occurs until GFO:Mg (2.8%) can be ascribed
to an increasing recombination between holes and electrons.
The charge carriers responsible for the leakage currents are
the electrons and we have an n-type conduction for 20 > x.
According to this postulated model and for higher doping
contents, the observed behavior might be associated to the
increasing presence of holes and we have a p-type conduc-
tion for x > 20. This analysis suggests that by controlling the
doping atom concentration, it is possible to adjust simultane-
ously the carriers’ density and carriers’ type in this thin film
material.

In conclusion, we have elaborated Mg-doped GFO thin
films by pulsed laser deposition for a magnesium content up
to 7.5% at. X-ray characterizations show a perfect epitaxial
growth of the Mg doped GFO films on the SRO buffered
STO(111) substrate with no parasitic phase. We have evi-
denced an optimum Mg content of 2.8 at. % for which the
leakage currents undergo a drastic decrease of almost four
orders of magnitude. Such a reduction of the leakage cur-
rents is extremely promising for enabling future magneto-
electric characterization of the elaborated films. Evolution of
the leakage currents might be ascribed to an evolution from
n-type to p-type electrical conduction with the increasing
doping content. These results open up the possibility to de-
velop a new class of material that exhibits at room tempera-
ture non zero magnetization, tunable transport properties,
and magnetoelectric properties.
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