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Abstract

Thin films of pure and Ti doped Mg, 9sMnyg osFe,O4 deposited using pulsed laser deposition technique, have been characterized using
X-ray diffraction, Raman spectroscopy, dc magnetization, atomic force microscopy, magnetic force microscopy and near edge X-ray
absorption fine structure spectroscopy measurements. X-ray diffraction and Raman spectroscopy measurements indicate that both the
films have single phase and the polycrystalline behavior with FCC structure. The grain size calculated using XRD data was 18 and 27 nm for
pure and Ti doped films, respectively. Magnetic measurements reflect that pure film has superparamagnetic behavior while Ti doped film has
soft ferrimagnetic behavior at room temperature. Atomic force microscopy measurements indicate that both the films are nanocrystalline in
nature. Near edge X-ray absorption fine structure spectroscopy measurements clearly infer that Fe ions are in mixed valence state.

© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

During the last decades, there has been a considerable
interest in the study of ferrite materials due to their large
interest in various potential applications as well as to
understand the undergoing physical processes to tailor
these materials for modern technology [1-6]. Ferrite films
are of particular interest for high frequency applications
because of their low conductivity, and thus lower eddy
current losses as compared to metal alloy films, and
their high saturation magnetizations and Curie tempera-
tures as compared to garnet films. Many groups have used
a variety of thin film growth techniques, including pulsed
laser deposition (PLD), sputtering, and electron beam
reactive evaporation to synthesize the spinel ferrites [7-9].
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However, PLD shows some advantages especially for
growing the multi-component materials in both final
stoichiometry and the low substrate temperature needed
to obtain the crystallinity [10,11]. Ferrite thin films depos-
ited using PLD have been found to have the excellent
magnetic properties in good agreement with the bulk
system. Among the family of spinel ferrites, Mg-Mn
ferrite has unique physical properties such as: rectangular
hysteresis loop, high resistivity and low eddy current
loss, which make it suitable for the technological applica-
tion such as: memory devices, switching circuit in the
digital computers and humidity sensors [12-14]. In the
present work, we have studied the structural, magnetic and
electronic structure properties of pure and 10% Ti doped
Mgy9sMng gsFe;O4 thin films using X-ray diffraction,
Raman spectroscopy, dc magnetization, magnetic force
microscopy and near edge X-ray absorption fine structure
spectroscopy measurements. The surface morphology of
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the films was studied using atomic force microscopy
measurements.

2. Experimental

Polycrystalline bulk targets of pure and 10% Ti doped
Mgy osMng osFe,O4 were prepared by conventional solid-
state reaction method. The stoichiometric amounts of high
purity metal oxides MgO, FeO, TiO, and MnO, were
mixed thoroughly and pre-calcinated at 1000 °C for 12 h.
The pre-calcinated materials were again ground and
calcinated at 1250 °C for 24 h. Finally, the samples were
ground to fine powder, pressed into pellet form and
sintered at 1300 °C for 24 h and used for the deposition
of thin films. The KrF excimer laser (Lambda Physik
model COMPEX-201) of wavelength 248 nm and pulse
duration of 20 ns was used to deposit the thin films from a
25 mm diameter polycrystalline pure and 10% Ti doped
Mgo.9sMng osFe,Oy4 target on to 1 cm x 1 cm Pt-Si substrate.
The energy density of the laser pulse was kept at 2 J/cm? and
repetition rate at 10 Hz. Substrate heating was provided by
attaching the Pt-Si substrate using silver paste to a radia-
tively heated stainless steel block which was positioned 5 cm
from the target. The substrate temperature was maintained at
400 °C during the deposition to get good adhesion. Before
the deposition, the chamber was evacuated to 10~ ° Torr
vacuum and then the pressure was increased to 300 m Torr of
oxygen during the deposition. The focused laser beam was
incident on the target surface at an angle of 45°. The target
was rotated at about 10 rpm. After deposition, the thin films
were cooled slowly to room temperature at the rate of 5°C/
min. maintaining the oxygen pressure in the vacuum chamber
to 300 mTorr. The film thickness was about 300 nm as
measured by Talystep profilometer (Ambios Inc. USA) with
0.5 nm resolution. X-ray diffraction (XRD) measurements
were performed for phase identification and orientation of
the thin films using Bruker AXE D8 X-ray diffractometer
with CuK, radiation at room temperature. Micro-Raman
and dc magnetization measurements were performed by a
Renishaw Raman spectrometer working with an excitation
wavelength of 514 nm from Ar ion laser and Quantum
Design physical properties measurement setup (Model-
6000), respectively. The magnetization versus field loops were
measured at room temperature by applying the maximum
field of 2 kOe. Surface morphology and magnetic structures
measurements were performed using atomic force microscopy
(AFM) and magnetic force microscopy (Digital Nano-Scope
III). The local environment and valence state of iron within
the films were determined by using NEXAFS. The NEXAFS
measurement of undoped and Ti doped MgjosMng gsFe>O4
along with the reference compounds of Fe,Os, Fe;O4, and
FeO, at Fe L;, —edges were performed at the soft X-ray
beam line 10D XAS KIST of the Pohang Accelerator
Laboratory (PAL), operating at 3 GeV with a maximum
storage current of 200 mA. The spectra were simultaneously
collected in the total electron yield (TEY) mode and the
fluorescence yield (FY) mode at room temperature in a

vacuum better than 1.5 x 10~ Torr. The spectra in the two
modes turned out to be nearly identical indicating that the
systems are so stable that the surface contamination effects
are negligible even in the TEY mode. The spectra were
normalized to incident photon flux and the energy resolution
was better than 0.2 eV. The obtained NEXAFS spectra were
normalized and processed using Athena 0.8.056.

3. Results and discussion

Fig. 1 highlights the XRD patterns of pure and 10% Ti
doped Mgg9sMng osFe,O4 films deposited on Pt-Si sub-
strate. It is clear from the XRD pattern that both the films
exhibit single phase polycrystalline behavior with face
centered cubic (FCC) structure. It is observed that the
intensity of the diffraction peaks increases in case of Ti
doped sample which indicates that the doped film has good
crystallinity as compared to undoped film. By having a
closure look on the XRD spectra, it is found that peaks
position shifted towards the the higher 260 value for the Ti
doped film, which indicates that the lattice parameter
decreases with the Ti doping. The average size of the grain
was estimated from the broadening of X-ray diffraction
peak using Scherrer’s equation [15]

. 0.89)
"~ BcosOp

where f=(p3— p?)"%. Here ) is X-ray wavelength (1.54 A
for CuK,), fm and f; is the measured and instrumental
broadening in radians respectively and 60 is Bragg’s angle
in degrees. The calculated value of the average grain size
for the pure and Ti doped film was found 18 +2 and
27 + 2 nm, respectively, which indicate that both the films
are composed of nano-crystallites.

Fig. 2 shows the Raman spectra of pure and 10% Ti doped
Mg osMng osFe-O4 films measured at room temperature.
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Fig. 1. XRD pattern of pure and 10% Ti doped Mgg9sMng osFe,O4
thin films.
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Fig. 2. Raman spectra of pure and 10% Ti doped Mgy osMng gsFe,O4
thin films.

Spinel ferrite has the mixed cubic spinel structure belonging to
the space group O,Z(ngm) [16]. The unit cell of the spinel
ferrite consists of eight formulae unit (Z=S8), the smallest
Bravais cell contains only 14 atoms (Z=2). The Mg and Fe
atoms occupy both the tetrahedral (8«) and octahedral (16d)
sites. The oxygen atoms are in (32¢) site symmetry positions.
The factor group analysis predicts the following possible
modes in the spinel system [17]:

Ag(R)+Eg(R)+Fig 4+ 3F2(R)4+2A,,+2E,
+ 4F1u(IR) +2F>,

According to the analysis (after subtracting the acoustic
and silent modes) one can expect 5 Raman and 4 infrared
active modes. Experimentally in the present system, we
have observed only four Raman active modes at room
temperature (See Fig. 2). In case of the undoped film, the
Raman modes are observed at 315, 466, 596 and 682 cm ™!,
respectively. However, in case of Ti doped film, these
modes were observed at 335, 481, 614 and 704 cm ™!,
respectively. The peaks at 596/614 cm ' and 682/704 cm ™!
are attributed to the T-site mode that reflects the local
lattice effect in the tetrahedral sub-lattice whereas the other
peaks at 315/335cm ™' and 466/481 cm ™' correspond to
the O-site mode and reflects the local lattice effects in the
octahedral sub-lattice. It can be seen from the Raman spectra
that the Ti doped film has the Raman shift as compared to
the pure film. Moreover, it is observed that the intensity of
the Raman modes increases in case of Ti doped film.

Atomic force microscopy (AFM) measurements were
carried out to study the morphology of the thin films.
Fig. 3(a) and (b) represents the 2-dimensional (right panel)
and 3-dimensional (left panel) view of the surface mor-
phology of the pure and Ti doped films. It can be clearly
seen from the morphology that both the films are composed
of nanocrystalline grains which are in good agreement with

XRD results. The computed values of the average roughness
for pure and Ti doped films were found 0.421 and 1.6 nm,
respectively. A computed value of the average roughness
represents the root-mean-square variation (i.e. standard
deviation) of the surface height profile from the mean
height, (R,s) and is defined as

1 N
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where N is number of data points of the profile, y; are the
data points that describes the relative vertical height of the
surface, and y is the mean height of the surface. A closure
look on the AFM micrograph indicates that the crystallite
size of pure film is smaller than doped film. Fig. 4(a) and (b)
shows the magnetic force microscopy (MFM) measurements
performed at a lift at 20 nm for pure and Ti doped films.
From the analysis of MFM data, we have calculated the
corresponding root mean square (RMS) phase shifts. The
phase shift values for pure and doped films are 0.28 and
0.99 nm, respectively. The increased value of phase shift
undoubtedly indicates that Ti doped film has good magnetic
signal. In order to determine the magnetic behavior, we have
done the M—H hysteresis loop measurements at 300 K for
pure and Ti doped films as shown in Fig. 5. The hysteresis
curves demonstrate that pure film exhibits a superparamag-
netic behavior and the curve passes through the origin
(H=0) whereas Ti doped film shows the ferrimagnetic
ordering at room temperature. The Mg value for Ti doped
film, obtained by plotting magnetization versus 1/H curve
and extrapolating the 1/H—0, is 45 emu/cm’, which is less
than that of the bulk sample [18]. The value of Hc and
remanance (M,) for the Ti doped film has been found to be
larger than that of bulk sample. The higher value of Hc may
be due to the formation of defects in the form of grain
boundary and point defects, etc. during the growth of the
thin film which acts as pinning sites for domain walls. The
another reason may be due to the size effects [19], which is
smaller in case of thin films as compared to the bulk sample.
According to Kittel’s theory [20,21], grain size (or particle) is
inversely proportional to Hc. This means that the decrease
in the particle size results increase in the value of coercivity.
However, it is observed that below a critical diameter of the
particle (say D), which is not well-defined, the particle
become single domain and in this size range the coercivity
has maximum value. When the particle size decreases below
the D, the coercivity start decreasing according to the
relation [22], H.=¢g—h/D*?, where g and h are constants.
Below a certain diameter (D), the coercivity becomes almost
zero due to the thermal effects, which are strong enough to
spontaneously demagnetize a previously saturated assembly
of particles. In contrary, pure film does not show any
hysteresis loop at room temperature and curve passes
through origin (H=0), which reflects its superparamagnetic
behavior at room temperature. This can be attributed to the
smaller grain size (18 nm).
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Fig. 3. Two and three dimensional view of atomic force microscopy (AFM) micrographs for (a) Mg osMng osFe,O4 film, and (b) 10% Ti doped
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Fig. 4. Magnetic force microscopy (MFM) images taken at a lift height of 20 nm for (a) MgyosMngosFe;O4 film, and (b) 10% Ti doped

Mg 9sMng osFe,Oy4 thin film.

In order to know about the effect of Ti doping on the
valence state of Fe ion, we have performed Fe L;, NEXAFS
measurements. In general, the L3, edge of 3d transitions
metals (TM) entails information regarding the coordination,
the valence state and site symmetry of the TM. The L;, edge
involves the electrical dipole allowed 2p — 3d transitions. The

L edge originates from the electron transition from the inner
2p3, orbitals to empty 3d orbitals of the metal and L, edge
originates from 2p, ,—3d electron transitions [23]. The splitting
of the Fe Li(2ps;) and L,(2p;5) multiplet structures are
separated by a 2p spin orbital splitting of ~12.3 ¢V and the
intensity of the L edge is directly proportional to the Fe
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Fig. 5. M-H hysteresis curve at 300 K for pure and 10% Ti doped
Mgp.0sMng osFe,04 thin films.
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Fig. 6. (Color online) Normalized Fe L;,-edge spectra of pure and 10%
Ti doped MggosMng osFe;O4 thin films plotted with reference spectra
FeO(Fe> ™), Fe’O*(Fe**) and Fe*O*(Fe?* /Fe ™) for comparison.

d character in the unoccupied and partially occupied valence
orbital of the metals. The spectral shape of the TM ions are
very sensitive to both the ligand field and d-orbital covalency.
Fig. 6 represents the normalized Fe Lj;j,-edge NEXAFS
spectra of pure and 10% Ti doped Mgj9sMng gsFe>Oy4 thin
films along with the reference compounds Fe;O4, Fe,O5 and
FeO. It can be seen from the spectral features of the reference
compounds that the main difference is at the L3 edge which is
due to the diversity of electron configuration in 3d orbitals of
Fe ions (Fe** or Fe’*) and coordination as well as because
of the site symmetry of the Fe atom (tetrahedral or
octahedral). The L3 edge of Fe,O3; compound is described

by a well-developed doublet with a small intensity peak and a
main peak, however, in case of FeO compound, the first peak
becomes a shoulder of the main peak. It can be seen in Fig. 6
that the spectral features of pure and 10% Ti doped
Mg, 9sMng gsFe,O4 thin films particularly at Ls-edge suggest
that the spectral features are similar to Fe;O4 which infers
that Fe is in mixed valence state. Therefore, it is exciting to
study the Fe valence state with Ti doping. The NEXAFS
spectra can be roughly understood as the superposition of the
independent contribution from Fe’* and Fe’* ions under
the Oy, and Ty local symmetry. Earlier, it was reported that
the multiplet structures of Fe* ™ ions are richer than those of
Fe?* jons. It can be seen from the Fe L;, edge NEXAFS
spectra that L5 region exhibits a distinctive shoulder together
with the main peak and the shape and position of the
shoulder remains same with the Ti substitution. The only
difference, we found that the intensity ratio of main peak to
the shoulder peak which increase a little with Ti doping and
can be explained as (i) the ground state is a mixture of 3d°L
(where L denotes a ligand hole) and 3d°, or (ii) the ground
state remains essentially 3@°L, but the 3d@° part may contain
more than one symmetry.

4. Conclusions

We have successfully grown the nanocrystalline thin film
of pure and 10% Ti doped Mgg 9sMng ¢sFe>O4 using PLD
technique. XRD results show that both pure and Ti doped
films have single phase nature with FCC structure having
grain size 18 and 27 nm, respectively. Magnetization study
infers that pure film exhibits superparamagnetic behavior
whereas Ti doped film shows ferrimagnetic ordering at
room temperature. Root mean square (RMS) phase shifts
calculated from MFM data found to have higher value for
Ti doped film. NEXAFS measurements indicate that Fe is
in mixed valence state in pure and Ti doped thin films.
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