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We report systematic investigations of lattice mismatch strain and the strain relaxation induced
modifications on the valence band electronic structure of the epitaxial Fe304/Si (100) and Fez04/MgO
(100) heterostructures. The Fe304 films on Si (100) and MgO (100) substrates were investigated though
the angle-integrated photoemission spectroscopy (AIPES) at room temperature in the energy range 45-
65 eV. Depending on the strain state of the films, the Raman modes and the Verwey transition
temperature show deviations from the corresponding bulk values. The valence band feature at 2.7 eV
(3.5 eV) shifts towards (away) the Fermi level with an increase (decrease) in strain resulting in decrease
(increase) of density of states (DOS) of the minority spin Fe(A) 3d-e; band (majority spin Fe(B) 3d-tzg
band). The effect is more pronounced in the case of films on MgO (100) substrate in comparison to the
films on Si (100) substrate.

1. Introduction

The interest in half-metallic materials has grown over the decades
owing to their widespread application potential in spintronics (where the
spin degrees of freedom are used in design of spin FET’s, spin memory
devices and quantum computing components) [1, 2]. Magnetite (Fez04) is
one of the important material due to its interesting physical properties,
such as, half-metallicity, high Curie temperature (850 K) and the Verwey
transition (metal to insulator transition) at 125 K [3-5].

The half-metallic properties of the materials does depend on the density
of states at the surface and at the fermi level (Er), which could be measured
using the highly sophisticated photoemission techniques utilizing the
synchrotron flux. In the case of Fes30s, the photoemission studies of the
valence band electronic structure had been conducted in angle integrated
and angle resolved modes on bulk, single crystal and thin films. Different
substrates such as MgO, Pt, W, Fe/Mo have been used for the growth of
epitaxial Fe3Osthin films using different deposition techniques for the
valence band features in Fe304 [6-8]. Strain is an important parameter in
the thin film epitaxial growth that allows one to manipulate the electronic
and magnetic properties of these films. There are theoretical reports that
strain influence the valence band structure in the materials. Jeng et al.
studied Fes04 thin film using the linear muffin-tin orbital method using
density functional theory (DFT) and observed that the majority states
showed conducting behaviour above a critical value of the applied in-plane
strain in these films (-1.3% and 2.1 %) [9]. To the best of our knowledge
hitherto, there are no systematic experimental investigation reported that
correlate the effect of strain with the valence band structure in Fe304.

In this article, we report the modifications in the valence band features
observed in differently strained Fe304 epitaxial layers through the use of
angle integrated photoemission spectroscopy (AIPES) conducted at
resonance energy of 58 eV. For these investigations, we considered two
cases (i) strain originating due to the lattice mismatch between the film
and the substrate (The lattice mismatch of Fe30,4 with Si (100) and MgO
(100) is 15.1% and 0.34 % respectively) (ii) strain relaxation with the
increase in the thickness (30 and 80 nm thickness) of the films.
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2. Experimental Methods

The investigated FesO. films were deposited by the pulsed laser
deposition (PLD) technique (KrF excimer Laser source, A = 248 nm, pulse
width 20 ns) from a-Fe0s3 target (purity 99.999%) on single crystalline Si
(100) and MgO (100) substrates. The substrates were cleaned differently
prior to film deposition using the standard procedure described elsewhere
[10]. The deposition was performed using the optimized parameters with
vacuum better than 10-¢ Torr [11]. The films thickness was determined to
be 30 nm and 80 nm as determined using the X-ray reflectivity (XRR)
measurements  (Bruker D8  Diffractometer). The  structural
characterization of the films was performed using single crystal X-ray
diffraction (XRD) rocking curves using Cu-K, radiation (Rigaku, Japan).
Magnetite phase was confirmed using the Raman spectroscopy (Jobin
Yvon Horiba LABRAM-HR visible). The resistivity-temperature (R-T)
measurements were performed using the physical property measurement
system (PPMS) (in-lab designed).

The X-ray photoelectron spectroscopy (XPS) and valence band
spectroscopy (VBS) studies have been conducted at AIPES beamline (BL-
02) on the Indus-I synchrotron radiation source at RRCAT, Indore (India).
The core level XPS was performed on these films using the Mg-K. source
atroom temperature (RT). The valence band studies of the epitaxial Fe304
films were investigated by AIPES at RT in the energy range 45-65 eV which
covers the Fe 3p to 3d excitation threshold. These spectra were measured
using an Omicron (EA-125) energy analyzer with resolution better than
0.6 eV for XPS and 0.03 eV for VBS studies. Au foil was used as a reference
for the Fermi level (Er).

3. Results and Discussion

Prior to discussing the valence band photoemission spectroscopy
results, we would like to mention that the author’s group in their previous
work reported in detail the structural, magnetic, spin-transport behaviour
and the local electronic structure of these hetero-epitaxial systems [10-
14]. In our previous studies we demonstrated atomically flat interfaces of
Fe304 with MgO substrates and studied their strain relaxation behaviour
in detail [10]. Magnetic properties of the films can be altered through the
growth conditions and the substrate cleaning procedures [12-14]. The
local electronic structure of the films was found to be dependent on the
strain in the films, which alters the Fe-0 interatomic distances and further
affects the site symmetry resulting in different binding energies of the Fe2*
and Fe3+ cations present at different interstices within the film [11].
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3.1 Structural Characterization
3.1.1 X-Ray Diffraction Measurements

X-ray diffraction studies on all the samples confirmed that the films are
stoichiometric and oriented in <111> and <100> directions on Si (100)
and MgO (100) respectively. The films on Si (100) possessed lattice
constant comparable to the bulk (0.839nm) whereas the films on the MgO
(100) showed fully strained behavior with an out-of-plane lattice constant
deviating from the bulk (0.837 nm). The films of 30 nm thickness are fully
strained whereas the 80 nm films were partially relaxed (20% strain
relaxed).

3.1.2 Raman Measurements

Fig. 1 shows the Raman spectra of all the samples measured with the
He-Ne laser (wavelength 633 nm) at 300 K with a laser power of 9 mW. As
shown in Fig. 1, the Raman spectra exhibits characteristic Aig, T2¢(2) and
T2 (3) Raman peaks at 670 cm', 540 cm! and 310 cm, confirm the
magnetite (Fe304) phase in the films [15]. The Tz(2) peak in the Fez04
films on Si (100) cannot be analyzed due to its overlap with the high
intense peak of the wromode of the Si(100) substrate. Detailed peak fitted
parameters of the Raman peaks are summarized in the Table 1.
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Fig. 1 Normalized Raman spectra of the Fe304 films of thickness (a) 80 nm (b) 30 nm
on MgO (100) substrate and of thickness (c)80 nm and (d) 30nm Si (100) substrate.
The T24(2) peak in the Fe304 films on Si (100) has been removed due to the overlap
of very high intense peak of the wro mode of the Si(100) substrate

The Raman mode positions observed for the thin films shows a clear
deviation from the corresponding value for the bulk Fe304and an increased
FWHM (due to strain present in the films). Higher is the strain present in
the films greater is the deviation observed in the films. The Aig modes are
shifted to higher side for the films on MgO (100) with values 671.83 cm'!
and 672.09 cm! corresponding to 80 nm and 30 nm films. Whereas they
are shifted to lower side for the films on Si (100) with values 669.29 cm!
and 668.10 cm! corresponding to 80 nm and 30 nm films. We notice that
the Tz (3) mode is affected the most showing a large shift to higher
wavenumber i.e. at 317.85 cm'! and 324.38 cm™! for films on MgO (100)
and at 305.10 cm! and 301.42 cm! for films on Si (100).

Table 1 Summary of the Raman peak positions and their FWHM for the Aig T2¢(2)
and T2 (3) Raman modes in Fe304 films of different thickness on MgO (100) and Si
(100) substrates

Aigmode T2g(2) mode T2g(3) mode
Sample Position FWHM Position FWHM Position FWHM

(m?)  (em?)  (em?)  (em?)  (em?)  (em?)
Fe304/Mg0_80nm 671.83 40.04 544.37 4347 317.85 63.34
Fe304/Mg0_30 nm 672.09 38.79 543.99 39.90 324.38 57.56
Fe304/Si_80 nm 669.29 38.01 - - 305.10 48.01
Fe304/Si_30 nm 668.10 39.74 - - 301.42 46.24

3.2 Resistivity Temperature Measurements

The temperature dependence of resistivity for all the samples is shown
in Fig. 2. All the samples exhibit characteristic Verwey transition
confirming the stoichiometric growth of Fe30s; films. The Verwey
transition is observed at 115 K and 107 K for films of 80 nm and 30 nm
thickness on Si (100) whereas its values are 106 K and 100 K for the films
on MgO (100) substrate. It is well known that the presence of the Verwey
transition in Fe30y4 is a clear indication of the high quality stoichiometric
films. Our results are in agreement with the other reports that the Verwey
transition temperature of Fe30, is affected by the strain present in the
films [10, 12].
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Fig. 2 Variation of the resistance with temperature in the vicinity of the Verwey
transition for Fe304 films. The curves are shown for Fe304 films on Si (100) substrate
for (a) 30 nm (b) 80 nm thickness and on MgO (100) substrate for (c) 30 nm (d) 80
nm thickness

3.3 Valence Electronic Structure Measurements

For the XPS and VBS measurements, the samples were transferred ex-
situ to the analysis chamber. Prior to measurements, the samples were
subjected to low energy Ar* ion sputter cleaning in the preparation
chamber. Low energy (500 eV) of Ar* ions was selected to ensure that the
cleaning procedure does not influence the surface and the composition of
the films. Then, the samples were transferred to the analysis chamber with
abase pressure better than 10-° Torr. XPS studies on the as-grown samples
at RT confirmed the Fe304 phase and stoichiometry. The Fe3*/Fe2* ratio
was found to be close to 2 [2/0.996 (2.114/1)] for Fe304 films on MgO
(100) (Si(100)) substrates respectively. The detailed analysis and
characterization of the core level XPS results has been reported in our
previous publication [11].

Prior to performing the VBS measurements, the beam was scanned on
the sample to get the maximum intensity across the multichannel analyzer
(EA 125). The pass energy across the analyzer was set at 20 eV. The
resolution throughout the measurements was better than 30 meV. The
valence band spectra of the Fe304 were probed in the energy range 45-65
eV which covers the 3p to 3d excitation threshold. The energy density
curves (EDC) showed resonance enhancement at 58 eV which is attributed
to the final-state interference between the direct photoemission from the
3d levels (3p® 3d» —» 3p® 3d»! + e’) and the indirect Auger electron
emission( Coster Kroning transition) (3p¢3d»— [3p53dn1]* — 3p®3dn-! +
e). In order to measure the effect of strain on the as grown films, the
valence band EDC'’s for all samples were recorded at incident energy of 58
eV and incidence angle of 45°.

The obtained spectra were corrected for charging effects by taking into
account the Fermi edge of Au foil and then normalized the intensity with
respect to the beam current (Fig. 3). The background subtraction was done
using the Shirley background correction procedure. The observed VBS
spectra on Si (100) and MgO (100) are in agreement with the previously
reported spectra for the <111> and <100> reported films respectively [16,
17]. Peak fitting for the normalized EDC’s was done to determine the
contribution of various known valence band features as illustrated in Fig.
4 for Fe304 (111) on Si (100). The features observed at 0.9 eV, 2.7 eV, 3.5
eV,5.6eV,6.7eV,8.0eV,10.0 eVand 11.4 eV are in line with the previous
report by Cai et al. of Fe304 films on Pt (111) substrate [7].
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Fig. 3 Normalized valence band Energy density curves measured at RT with 58 eV
incident energy
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Fig. 4 Peak fitted spectra of Fe304(111)/Si(100) taking Shirley background

The VB features observed for Fes;04 films can be interpreted using the
ionic model, according to which the O-2p derived states are present in the
3-8 eV binding energy range while the Fe 3d-derived states extends over
4eV below Er[17]. Fig. 5 shows the EDC’s for the films of thickness 30 nm
and 80 nm on Si (100) and MgO (100) substrates. The feature at 0.9 eV is
assigned to the final states of the Fe?* ions, feature at 2.7 eV is due to the
minority spin Fe(A) 3d-e;band and feature at 3.5 eV is due to the majority
spin Fe(B) 3d-tzg band. The other features at higher binding energy are
reflected as hybridization of Fe 3d-derived states and 0-2p states. All the
films show a finite density of states (DOS) at the Er reflecting their metallic
behaviour. The metallicity is greater for the films on the Si (100) substrate
in comparison to the films on the Mg0O (100) substrate. Further the films
of 30 nm (strained) show lower DOS at Er than the films of 80 nm (relaxed).
The strain present in the films reduces the metallic behaviour of the films.
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Fig. 5 Normalized Energy density curves of 30nm and 80nm thickness Fe304 films on
(a) Si (b) MgO substrates

The observed deviations in the binding energy of the analyzed features
for different samples are summarized in Table 2. For the Fe30; films on
MgO (100) substrate, the feature at 0.9 eV remains unchanged in both the
films. The feature at 2.7 eV is shifted towards Er with a deviation of 0.84
eV on 30 nm film and 0.20 eV on 80 nm film on MgO (100). The feature at
3.5 eV is shifted towards Er by 0.02 eV on 30 nm film and away from Er by
0.43 eV on the 80 nm film. For the case of films on the Si (100) substrate,
the feature at 0.9 eV and 2.7 eV on the film of 30 nm remains unchanged.
For film of 80 nm thickness, the feature at 2.7 eV shift towards the Er by
0.2 eV and the feature at 3.5 eV shift away by 0.71 eV. The features at
higher binding energy are attributed to either hybridization with 0-2p
orbitals or the satellite features.

Table 2 Deviation of the fitted features on different samples. ({ indicate the shift
towards Fermi level (Er) and T indicate a shift toward increasing binding energy)

Valence band  Fe304/Si Fe304/Si Fe304/MgO Fe304/MgO
feature (30 nm) (80 nm) (30 nm) (80 nm)
0.9 eV 0 0 0 0

2.7eV 0 0.20! 0.841 021
35eV 0221 0717 0.02! 04417

In order to understand the deviation of valence band features, we need
to pay attention to the differences in strain state of the films. The feature
at 0.9 eV reflects an increase in the DOS for films on MgO (100) with
increasing strain as reflected in Fig. 5(b). The feature at 2.7 eV (3.5 eV)
shifts towards (away) Er with the increase (decrease) in strain as evident
from the comparison of all the films. The shift towards Er due to 2.7 eV
decreases the DOS of the minority spin Fe(A) 3d-egband. The deviation of
the 3.5 eV feature away from the Er increases DOS for the majority spin
Fe(B) 3d-tz band as inferred from Fig. 5.
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Our observations are in line with the theoretical prediction that the
strain affects the DOS for the majority and minority spin channels [9]. This
can be understood from the fact that the lattice-mismatch strain affects the
Fe-O interatomic distance which further affects the site symmetry and
band structure. During the growth, the Fe304 epitaxial films suffer from
various growth defects such as dislocations, anti-phase boundaries
(APB’s) etc. which in turn affects the strength of the crystal field and local
symmetry affecting the band structure [18]. The impact of strain is more
pronounced in the case of the heterostructures grown on MgO (100)
substrate.

4. Conclusion

We used angle integrated photoemission spectroscopy to investigate
the valence band features of Fe304 films grown on Si (100) and MgO (100)
substrates. Impact of strain and growth induced defects are more
pronounced in the case of Fe304 films grown on MgO (100) substrates. The
observations verify our analysis that the strain relaxation with thickness
of the films plays an important role in determining the valence band
features.
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