Hyperfine Interact (2016) 237:73 @ CrossMark
DOI 10.1007/510751-016-1230-8

Observation of photoexcitation of Fe-oxide grown
on TiO,(100) by visible light irradiation
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Abstract Electronic excitation of materials is of fundamental and technological importance
and interest in terms of photoinduced phase transition, photovoltaics, and photocatalysis.
In the present study, photoexcitation of Fe;O3 epitaxially grown on rutile TiO2(100) was
investigated with conversion electron Mdssbauer spectroscopy (CEMS) under dominantly
visible-light irradiation. ’Fe was deposited on the substrate at a substrate temperature of
973 K, and the resulting film was characterized by RHEED and XPS. After deposition of Fe
on TiO5(100), it was found that Fe was oxidized to Fe3T, and the structure was analyzed to
be the rhombohedral phase of Fe;O3. While the CEMS spectrum without light irradiation
showed a quadrupole splitting of 0.80 mm/s with an isomer shift of +0.25 mm/s, an addi-
tional component with a quadrupole splitting of 0.85 and an isomer shift of +0.67 mm/s was
observed under light irradiation. The latter component corresponds to a reduced state of Fe
at the octahedral site surrounded by oxygen atoms. The lifetime of this photoexcited state is
discussed.
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1 Introduction

TiO; is well known as a photocatalyst for a number of applications. Photoexcitation induces
charge carriers, which play the role of oxidation and reduction [1, 2]. Since the band gap of
TiO; is 3.2 eV, it is only sensitive to ultraviolet light, which limits its wider application. To
achieve sensitivity in visible light wavelength, much effort has been done to dope various
oxides and realize narrow band gap [3-6].

It has been shown that iron-oxides like Fe; O3 and Fe,TiOs are effective for photocataly-
sis in the visible light range. Fe;O3 has a band gap of 2.2 eV, which has sensitivity to visible
light [7]. The mechanism of visible light sensitivity of doped TiO; is generally interpreted
as either electron trap or hole trap [8]. To investigate the real mechanism of the doping
effect, it is necessary to observe the photoexcited state of iron-oxide. It is considered that
a trivalent iron ion in alpha-hematite plays a main role of photo-excitation. Two excitation
processes are theoretically proposed [9]. One process is that Fe3* is excited by photon and
Fe?T and a hole are created. The other process is that Fe3* is excited by photon and Fe**
and an electron are created.

Despite this theoretical prediction, no experimental evidence for the excitation state of
iron in hematite has been presented yet. The difficulty arises from in-situ observation of
the charged state of Fe under visible light irradiation. In this work, we demonstrate in-situ
observation of the photoexcitation of iron in iron-oxide on TiO, with conversion electron
Mossbauer spectroscopy.

2 Experiment

The sample was prepared in ultrahigh vacuum (UHV). The substrate of rutile TiO,(100)
was initially sputtered by argon ion and heated at a temperature of 1473 K. After cleaning
the sample surface, °>’Fe was deposited on the substrate at a substrate temperature of 973
K. The evaporation rate of iron was 0.01 nm/s and the total amount of deposited iron was 1
nm. Reflection high energy electron diffraction (RHEED) was observed before and after Fe
deposition in UHYV, to confirm the clean surface and crystal structure of the film.

The chemical states of iron on TiO, were investigated by X-ray photoelectron spec-
troscopy (XPS) with an Al K, X-ray source. To investigate the chemical state of iron under
light irradiation, we applied the conversion electron Mossbauer spectroscopy. The geometry
is illustrated in Fig. 1. A Xe lamp was set at the opposite side of the gas flow proportional
counter. Taking advantage that visible light transmits the TiO; substrate, light irradiated the
sample through Pyrex glass. The gas for the proportional counter was four nine pure helium
gas to avoid any reaction under light irradiation. By the air conditioner and a fun, the sam-
ple temperature was maintained below 300 K throughout the CEMS measurements. CEMS
was measured before, under and after the light irradiation.

The visible light source used in the present study was a Xe lamp (type L2194 made by
Hamamatsu Photonics K.K.). The intensity of light on the sample surface was about 0.3
W/cm? in this experiment. This value is about three times higher than the standard solar
spectrum at an incidence angle of 42° on the earth surface, which is called air mass 1.5
global [10]. The ratio of ultraviolet (A <370 nm), visible (370< A <830 nm) and infrared
(830 nm< A) light is estimated to be 1, 63 and 36 %, respectively.
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Fig. 1 Setup for conversion electron Mossbauer spectroscopy. A: 37Co radioisotope, B: gold wire for the
collector, C: Pb aperture with a diameter of 8mm, D: 2-mm-thick Pyrex glass, E: sample and F: Xe lamp

3 Result
3.1 RHEED

Figure 2a shows the RHEED pattern after cleaning of the surface, where clear sharp streaks
can be seen. This indicates that some superstructures are formed parallel to the [010] direc-
tion on the TiO,(100) surface. Previous reports showed that three kinds of superstructures
are formed along the [010] direction on the TiO,(100) surface [11]. It is also known that
treatment of only sputtering and heating forms a surface mixed with all superstructures of
1x3, 1x5 and 1x7 [12, 13]. In this work, we consider that the three superstructures coexist
in a mixed manner on the surface of TiO(100).

Figure 2b shows the RHEED pattern after evaporation of iron. It is likely that the sur-
face is rough and the pattern reflects transmission diffraction. This RHEED pattern was
reproducible for other samples after the same treatment. This indicates that an epitaxial
layer was grown on the TiO2(100) surface. We should note that the diffraction spots are not
symmetric with respect to the plane that is vertical to the surface and contains the [010]
direction. Furthermore, the spot positions arrayed in square are not at a regular interval,
and there are many spots at the position except for the corner of the square and the inter-
section of diagonal lines. In consideration of these features of the diffraction pattern, it is
considered that a-Fe;O3 was formed on the surface. In Fig. 2c, the calculated diffraction
pattern expected for the rhombohedral Fe;O3(0001) is shown. Though all calculated spots
are not observed in Fig. 2b, the non-regular interval spot positions are in agreement with the
experimental data. From the interval of the spots, the lattice constant of the rhombohedral
phase of Fe,Os is estimated to be compressed by about 7 % compared to that of the bulk
a-hematite.
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Fig. 2 RHEED patterns of (a) clean TiO(100) surface and (b) after iron deposition. The direction of the
electron beam is parallel to the TiO,[010] direction. (¢) Calculated spots of the O-th and first order Laue zones
of Fe;03(0001). Filled circles, squares and triangles are spots in the O-th order Laue zone in the direction of
[1100], [1120] and [1 120], respectively. Open circles, squares and triangles are spots in the first order Laue
zone in the directions as with those of filled marks
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Fig. 3 XPS spectrum of the sample in the range of Fe2p. (a) and (b) are the peaks of Fe2p3,> and Fe2p 2.
(c) and (d) are satellite peaks of a and b, respectively

3.2 XPS

The result of XPS is shown in Fig. 3. Two peaks of Fe 2p spin-orbit states were observed
at 710.3 and 724 eV. The component of «a-Fe at 707 eV was hardly observed. Moreover,
two satellite peaks of 719 and 739 eV were observed. These satellite peaks are well known
as the characteristic shake-up peak of trivalent iron [14]. From these results, it is concluded
that iron was oxidized to Fe?T, which is consistent with the RHEED result.

3.3 CEMS

The CEMS spectra are shown in Fig. 4. The spectrum in Fig. 4a reveals a quadrupole split-
ting. Under the light irradiation as shown in Fig. 4b, the spectrum became asymmetric with
a tailing feature on the positive velocity side. Note that the dip between the double peak of
the quadrupole splitting is shallow. As shown in Fig. 4c, the spectrum returned to the initial
shape after the light irradiation. Before further discussion, we confirmed that the RHEED
pattern was unchanged by the light irradiation in UHV, which means that the crystal struc-
ture of the iron-oxide was not influenced by the light irradiation. Hence, when fitting the
spectrum in Fig. 4b, we considered that the initial component remained. Fitting was exe-
cuted by fixing the parameters of the initial component except for the intensity and by
adding an additional component with a quadrupole split. As a result, the other component
with a large positive isomer-shift was estimated as shown in Fig. 4b. The intensity of the
additional component to the original one in Fig. 4b is estimated to be 13 %.

As aresult of fitting of the spectra in Fig.4a, the values of the isomer-shift and quadrupole
splitting were estimated to be +0.2540.001 and 0.804-0.01 mm/s, respectively. These values
are in agreement with those of the superparamagnetic hematite in a previous study [15].
For the analysis of the spectrum in Fig. 4b on the other hand, the additional component
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has a large positive isomer shift of +0.67+0.07 mm/s with a similar quadrupole splitting of
0.85%0.2 mm/s to that of the initial component. Taking into consideration that the crystal
structure of Fep;O3 was unchanged by the light irradiation, it can be considered that the
additional component corresponds to the excited state of the Fe3* at the octahedral site
in hematite. The values of the isomer-shift and the quadrupole splitting of this additional
component are close to those of the FeZt at the octahedral site [16]. From these results, we
consider that the photoexcited state by the light irradiation is the reduced state of Fe3* in
hematite.

We discuss the lifetime of the excited state. The flux of photons from the Xe lamp was
10'8 cm =251, The absorption coefficient of hematite in the visible range is 10° cm=! [17].
The effective iron-oxide thickness of the sample is about 3 nm, which corresponds to 10
Fe atoms/cm?. From these values, the photon absorption rate of an iron atom is estimated as
3x10* s~!. Since the experimental result shows that the ratio of the bivalent excited atom
is 10 %, the lifetime of the excited state is about 3 us. This value is sufficiently longer than
the lifetime of the iron nuclear excited state.
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4 Conclusion

By evaporating Fe on TiO,, Fe,O3(0001) was epitaxially grown on TiO,(100). By means
of CEMS under dominantly visible light irradiation, we successfully observed a reduced
state of Fe’* in hematite as an excited state. Since the excited state is long-lived, Fe3* in
hematite on TiO» has potential as a catalyst for reduction.
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