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ABSTRACT

In this paper, we reported on the growth, structural, electrical and magnetic properties of FeGa,04.5 thin film on Mg0(100) substrate by using Molecular
Beam Epitaxy method. The Reflection-High-Energy-Electron Diffraction image indicates that epitaxial film was grown in layer-by-layer mode along the
Mg0(100) plane. The crystal structure in single phase with cubic structure of FeGa,04.s was pointed out by the X-ray diffraction whereas their inverse spinel
characterization was revealed by analysing Raman spectrum. We find that the films exhibit the semiconductor behaviour and magnetoresistance with the
maximum value of 9% at 150K under external magnetic field of 8kOe. The magnetization hysteresis (M-H) loops of film observed at room temperature like
ferrimagnetism state with easy magnetization axis in perpendicular to the film surface.
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TOM TAT

Trong bai bao nay, ching t6i nghién cfu qua trinh moc va phan tich cc dac tinh cdu tric, dién va tir cla vat liéu FeGa,04smang méng dugc lang dong trén
dé MgO0 béng cach str dung phuang phap boc bay chim phan . Cac két qua da chi ra rang, mang méng FeGa, 045 dugc moc dudi dang ‘epitaxial trén dé Mg0
véi co ché moc IGp tiig I6p. K&t qua nay da dugc quan sét bang phuang phap kiém tra nhiéu xa chiim tia dién ti ndng lugng cao trong qué trinh moc. Két qua
nhiéu xa tia X chi ra, mang moc trén d& Mg0 la don tinh thé véi cdu triic cubic va su dinh hudng moc la mat phang (400). Bang phép phan tich Raman ciing két
ludn dugc rang cau tric tinh thé cia mang thudc loai cau triic spinel oxit ddo mt phan khi tai vi tri tit dién c6 su chiém ché ciia Fe** va Ga**. Trang thai hoa tri
clia cdc nguyén t6 Fe, Gava 0 trong mau dugc phan tich béng phuang phap phan tich quang phd quang dién ti tia X da chi ra rang trong mau ton tai ca hai trang
thai hoa tri Fe?* va Fe>*, Tinh chét dién ctia mang thé hién tinh chat ban dan va hiéu ting tir dién tré am da do dugc trong mau véi gia tri [6n nhat dat dugc 1a 9%
tai nhiét do do 150K trong diéu kién tac dung tir trudng ngoai la 8kOe. Phép do tir dd dudi tac dung clia tir trudng ngoai trong ca hai trutng hgp vudng géc va
song song véi mat phang mang thé hién tinh chat cia trang thai ferit tir, trong d6 truc tir héa dé theo hudng vudng géc véi mat phdng mang.

Tir khéa: Ferit tt, Spin dién tti, FeGa,04s, mang mdng, MBE.
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1. INTRODUCTION (O - denoted by square brackets), here x is called the

The spinel oxide structure is represented by (A:.By) inversion parameter. The case of x = 0 is called normal
[B2»AJO4 while A, B cation arrangements in tetrahedral spinel, x = 1 is full inverse spinel and 0 < x < 1 is mixed
site (T - denoted by round brackets) and octahedral site ~ SPinel [1]. The AGa;0, (A = Fe, Ni, Zn,..) has shown great
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promise as potential phosphors, photocatalysis and
spintronics materrials [2-5]. Among them, the FeGa,0.
possesses unique physical properties such as magnetic,
piezo electric, magnetoelectricc and magneto-optical
properties and cathodoluminescent features [6-9].
Furthermore, FeGa,0, exhibits remarkable properties as
anode material in Li-ion capacitors and biomedical
application [10, 11]. In thin films form, FeGa,O4 has been
studied in various application as photocathodes,
spintronics because their physical properties such as
transparency to visible light, p-type electrical conducting
[12,13] and have high junction magnetoresistance value,
which can be useful in magnetic-tunnel junctions (MTJ)
device [2]. The structure of FeGa,O, is a cubic spinel
crystal with a space group of Fd-3m and a lattice
parameter of a = 8.385A [14]. It was reported on both full
inverse and mixed spinel oxide [8, 15, 16]. The magnetic
properties of FeGa,04 were analyzed in previous reports:
J. Ghose et al. reported the superparamagnetism above
10K [8], Huang et al. reported on FeGa,0. nanostructured
particles exhibited superparamagnetic above 247K and
ferromagnetic property below this temperature [9],
Lyubutin et al. indicated that FeGa,O. reveals the spin-
freezing temperature of Tsg = 26K [16]. While other report
presented anti-feromagnetic property with freezing
temperature Tr = 12.42K [17]. Up to now, the research on
structural, electrical and magnetic properties of thin film
form have been very limited. So, in this study, we report
on fabrication of FeGa,O, thin film by using Molecular
Beam Epitaxy (MBE). Details of the results will be
presented followings.

2. MATERIALS AND METHODS

The FeGayOss film was grown on a MgO(100)
substrate by MBE system (VG Semicon. Inc.) in a low-
pressure chamber (around 10° Torr) with the growth
temperature of 400°C. Atomic oxygen gas was applied
into chamber by using an oxygen cracking cell.
Evaporation of Ga, Fe was conducted by using effusion
cells under pressure of 9 x 10 Torr. During growth, the
film quality was monitored by in-situ Reflection High-
Energy Electron Diffraction (RHEED), while the film's
surface was inspected by ex-situ Scanning Electron
Microscope (SEM). X-ray Diffraction (XRD) was used to
investigate the phase and growth orientation of the films,
the scanning angle range (26) was set from 10° to 80°.
Raman spectroscopy was conducted at room
temperature, in the range of wave numbers from 200 to
800cm! by using an Ar+ laser with wave length of 532nm,
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power of 5mW and a diameter beam size of 50um. X-ray
Photoelectron Spectroscopy (XPS) was used to
investigate the valence states of Ga, Fe and O. The
resistivity and magnetoresistance (MR) were measured
by using low-temperature transport measurement
system (TPMS) with four-probe van der Pauw
configuration. The magnetic properties were measured
by a Vibrating-sample magnetometer system(VSM).
3. RESULTS AND DISCUSSION

Fig. 1(a@) shows the streaky RHEED pattern of the
MgO(100) substrate, indicating the clean and flat surface.
Fig. 1(b) presents the Kikuchi RHEED patterns after the
growth of about 100nm FeGa;0.s film on MgO(100)
substrate, demonstrating the film was epitaxial growth
with a layer-by-layer mode.

MgO substrate

FeGa,0, 5 film

Figure 1. (a) RHEED patterns of the Mg0(100) substrate before growing
film and (b) FeGa,04s film with the substrate of Mg0(100) at growth
temperatures 400°C

Fig. 2(a) presents film's secondary electron image (SEI)
by using SEM. The film's surface is characterized by
arrangement of like nano-sheets, nano-structured particles
and no cracks or pores. Fig 2(b-c) show the compositional
image and energy dispersive X-ray spectroscopy (EDX). It
appears the peaks of Ga and Fe elements with the atomic
ratio of Fe: Ga=3.29:6.87 = 1:2.
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Figure 2. (a) SEM FeMn,04 films; (b) BEI-COMPO image and (c) energy
dispersive X-ray spectroscopy of FeGa;04-5 film

The crystalline of film was investigated by X-ray
diffraction, which is presented in Fig. 3(a). The scanning
angle was set in the range from 10 to 80°. There is only
one peak at 43.48° nearby (200) diffraction peak of the
substrate. This peak matches to the (400) peak of FeGa,O,
bulk material in JCPDS standard card: #74-2229. The
values of distance between the lattice planes d along c
axis of bulk and film material are 2.0907 and 2.0809A,
respectively. This result shows film's out-of-plane d
spacing under compression strain compared to bulk
material.

The Raman spectrum of Fe;04 and FeGayOas films
were measured at room temperature to investigate
depth regarding to local structure in Fig. 3(b). A
wavelength of 532nm laser beam was used, the range of
wave numbers was set from 200 to 800cm™. In cubic
spinel structure, there are five Raman active modes: Aiq,
Egand 3T,4[18]. To understand more about local structure
of FeGayOss film, Raman spectra of Fe;O, film are
compared. It is well known that Fe;O0, has completely
inverse spinel structure. The AigRaman mode appears a
symmetric peak due to only Fe3* cation fully occupies at
tetragonal sites [19]. This Raman mode is the result of the
vibration between the cation and oxygen at T position.
The structure of partially inverse spinel oxide (at T site the
cation co-exist different valence states of +2 and +3), the
A:g Raman mode appears the splitting, shouldering or
broadening [20-26]. The A;y Raman mode of FeGa,Oa.-s
film appeared asymmetric peak which may be the co-
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exist of both Ga** and Fe3* at T site. Note that the atomic
radius of Ga3* and Fe3* are close so Ga3* cation easily
occupies Fe3*site. In previous reports by using Mossbauer
diffraction method, the cation distribution at T and O
show that s partially inverse spinel oxide [15, 16].
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Figure 3. (a) The 8-20 X-ray diffraction patterns of the FeGa, 04 film; (b)
Raman spectrum active vibration modes of Fe;04 and FeGa;04-s films
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Figure 4. (a) XPS spectra of Fe 2p, (b) Ga 3p and (c) O1s of FeGa,04.s films

The valence states of cations and anions on film's
surface were investigated by XPS spectra. Fig. 4(a)
presents the Fe 2p core-level spectra with two main peaks
of Fe2ps;, and Fe2pi.; the spin-orbit spliting value of
13.58eV. By applying Gaussian distribution fitting, the
peak positions at 710.32eV and 723.90eV confirms
oxidation states of Fe?* while peaks at 712.43eV and
725.70eV assign to oxidation states of Fe3*. There are
appearance of Fe?* and Fe®* valence states in FeGayO4s
film. Fig. 4(b) shows the Ga 3d core-level spectra; two
main peaks of Ga 3ds,; and Ga 3ds,; the spin-orbit spliting
of 0.71eV, which is larger than bulk’s one of 0.46eV. Fig.
4(c) presents O 1s core-level spectra with peak positions
of 530.04, 531.84 and 533.09eV corresponding to bonds
between oxygen and cations, deficiency of oxygen and
—-OH functional group, which absorbed on film’s surface.

Fig. 5(a) indicates a variation of the resistivity vs
temperature in 255 - 410K range. The value of resistivity
could not be measured below 255K due to limitation of
measurement system. The resistivity value decreases as
measurement temperature increases, indicating that the
sample’s conductivity like semiconductive behaviour.
The relation between resistivity of semiconductor as well
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as spinel oxide and measurement temperature has been
reported to be exponential [27, 28]. During the
measurement of temperature dependence of resistivity
an external magnetic field of 0.6T applied perpendicular
to sample surface, the resistivity value decreases, which
proved the existence of magnetic domains. This results
can be explained by re-orientation of magnetic domain
under external magnetic field, which decreases
scattering of carriers so the resistivity value decreases.
Fig. 5 (b) shows negative magnetoresistances at various
measurement temperature under external magnetic field
from 0 to 8kOe. The negative magnetoresistances show
clearly that orientation of magnetic domains in sample is
rotated according to the external magnetic field. The
highest MR value achieved of 9% at 150K. This value is
higher than of Fe;0, thin film [29].
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Figure 5. (a) The temperature dependence of resistivity of FeGa,04.s film;
(b) Magnetoresistance vs. magnetic field measured at various temperatures

Fig. 6 presents magnetization hysteresis (M-H) loops
of FeGa)O4s film at room temperature under
perpendicular and parallel external magnetic fields. The
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magnetization saturation can be obtained at lower
magnetic field as magnetic field is perpendicular to film
plane. In previous literature, magnetic properties of
FeGa,04.5 shows spin-glass state at low temperature [16,
17] or ferromagnetism state below 247K [9]. However, in
this study we observed ferrimagnetism at room
temperature. In the limitation of measurement methods,
this result can relate to some possibilities: i) appearing
strain between film and substrate, which modifies the
magnetic properties of film compared to bulk material
[30, 31]; ii) the distributions of Fe?* va Fe3* at T and O site.
The ferrimagnetism state in (A1B.)[B.«Ax]O4 spinel oxide
originates from the interaction between total moment of
T and O, A-B, B-A in T, O site, while the interaction
between total moment of Tand O is antiferromagnetism,
A-B or B-A is ferromagnetism. In this case, Ga** has
diamagnetism, the appearance of Ga** at tetrahedral site
or on both T and O. Previous reports have shown that
FeGa,0.is antiferromagnetism or ferromagnetism at low
temperature [9, 16, 17].
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Figure 6. Out-of-plane and in-of-plane magnetization hysteresis (M—H)
loops at room temperature

4. CONCLUSION

In summary, FeGa,O..s epitaxial film on MgO(100)
substrate was successfully grown by using MBE. The film
is oriented (400) with cubic structure and single crystal
properties. There are appearance of cation valence Fe?*,
Ga** and Fe** in film, while at tetrahedral site there are
appearance of both Ga®*" and Fe3* cations. The film
presents semiconductor behaviour and negative
magnetoresistance effect with highest value of 9% at
150K. The magnetic property of FeGa,0O..s film exhibits
ferrimagnetism at room temperature, the magnetization
easy axis is perpendicular to film’s surface. The obtained
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results in this work include the structural, electrical and
magnetic of FeGa,0Oa4.s spinel oxide film, which will be
useful for the research and fabrication of spintronics
devices.
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