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In situ high-temperature scanning tunnelling spectroscopy measure-
ments recorded on the heavily reduced Ti02(110) surface which contains
Ti2Os regions showed disappearance of the energy gap accompanied by
substantial decrease in amplitude of the band edge states with increas-
ing temperature. [t indicates smooth insulator-metal transition caused by
bands overlap in Ti>Os, which takes place at elevated temperatures. In
sttu high-temperature scanning tunnelling microscopy and spectroscopy were
used to study the influence of temperature on the electronic properties of
NizMns_;O3_s (0.4 <z < 1) thin films deposited by rf magnetron sputter-
ing at three different oxygen/argon (2.5%, 10%, 15%) containing ambient.
The morphology and distribution of the local density of states of the ob-
served films did not show any difference for the films deposited at different
conditions. The distribution of the local density of states was temperature
dependent. The changes in the shape of the local density of states observed at
473 K were reversible with temperature implying that no permanent change
of the electronic structure occurred.
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1. Introduction

Transition metal oxides (TMO’s) are good examples of highly correlated
electron systems with very strong coupling between structural (lattice), magnetic
(spin), and electronic (charge) properties — see Fig. 1 [1]. This strong coupling
leads to amazing response of these functional materials to external conditions such
as temperature, magnetic and electric fields. It should be mentioned here that even
small variation of external conditions could change the ground state of the system
completely altering the properties of these materials.
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Fig. 1. Schematic presentation of close coupling of spin, charge, and lattice in highly

functional materials [1].

One of these transitions is the insulator—metal transition (I-M) marked by
a change from the insulating behaviour to the metallic behaviour at certain tem-
peratures [2, 3]. Another interesting phenomenon is the negative temperature co-
efficient of resistance (NTCR) [2, 3]. The mechanisms of the I-M transition and
NTCR in transition metal oxides are complex and are still not well understood. The
complexity of these phenomena is mainly a result of the many-electron—phonon
interactions in oxides and assumptions about the possible shape of the distribu-
tion of the local density of states (LDOS) around the Fermi level. Although much
effort has been devoted into low temperature studies of the local electronic struc-
ture of these materials using scanning tunnelling spectroscopy (STS), the high
temperature (7" > 300 K) region has remained unresearched.

We show results of our in situ high-temperature scanning tunnelling spec-
troscopy (HT-STS) studies on heavily reduced TiO5(110) surface. In stoichiomet-
ric rutile TiOy crystal the metal atom is in 3d° (Ti*t) electronic configuration,
however the surface can be reduced by ion sputtering or heat treatment to create
TisO3 regions in which metal atom is in 3d* (Ti®*) configuration. We show that
below Tt =~ 450 K, Ti203 indicates the presence of a small energy gap between the

T
g
of the energy gap accompanied by substantial decrease in amplitude of the band

occupied a1z band and the unoccupied ez +ez* bands. Above 7t the disappearance

edge states (alg, eg + eg*) occurs. It indicates smooth insulator—-metal transition,
which takes place on the surface.
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Finally, we show in situ HT-STS studies (293 K < T < 473 K) of thin films
of nickel manganese oxide (NizMns_;0445 (0 < 2 < 1)) deposited on Si(100)
substrates that constitute a family of cubic spinel structured materials, which
exhibit NTCR phenomena. In our studies distribution of the local density of states
as function of temperature LDOS(x, y, F, 300 K < T < 473 K) was found
to be parabolic with energy. This result is consistent with the modified variable
range-hopping model for conductivity developed by Shklovskii and Efros [4]. Tt
would appear to exclude the Mott variable range hopping in this material. It is
emphasized that the spectra were recorded in the temperature range where this
material is most commonly used (thermistors, infrared detecting bolometers).

2. Experimental

The STM/STS/CITS experiments were performed at elevated temperatures
with a commercial VT-STM/AFM system in UHV condition (Omicron GmbH,
Germany) equipped with LEED/Auger spectrometer (SPECTALEED) and a sput-
tering gun (ISE 5). The tips used were prepared by mechanical cutting from the
90%Pt-10%Ir alloy wires (Goodfellow). In current imaging tunnelling spectroscopy
(CITS) mode, the I/V curves were recorded simultaneously with a constant cur-
rent image by the interrupted-feedback-loop technique. Based on these measure-
ments the first derivative of the tunnelling current with respect to voltage (d7/dV)
was calculated. The dI/dV spectra were normalised using the method where the
differential conductance is divided by the total conductance — (dI/dV)/(I/V).
The divergence problem in the case of (dI/dV)/(I/V) was overcome by applying
some amount of broadening (AV) to the I/V values [5].

The TiO2(110) (Pi-Kem, UK) surface was prepared using repeated cycles of
Art ion sputtering (typically 30 min, 1 keV, current 4 ¢A) and annealing (typically
1050 K, 1 h).

The NizMns_;Oa44 filmson Si(100) were deposited by rf magnetron sputter-
ing using a NipzMn3_;Oa4s target, made from NiO and Mn»Os3 precursors following
a conventional ceramic powder processing technique [6].

3. Results and discussion
3.1. I-M transition on heavily reduced TiO2(110) surface

In generally accepted models the rutile TiO3 is regarded as a large band-gap
(3 €V) binary oxide where the valence band VB can be decomposed into three
parts (see Fig. 2): (1V) the o bonding of O p,, and Ti eg states in the lower energy
region; (2V) the m bonding of the O p, and Ti eg states in the middle energy
region; (3V) the O p, states in the higher energy region [7, 8]. The resulting band
width of the VB is 5.7 V. The conductance band CB can be decomposed into two
parts: (1C) the bottom of the lower CB consisting of the Ti d, orbital contribution
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to the metal-metal interactions due to the o bonding of the Ti ¢y, —Ti t5; states,
while at the top of the lower CB the rest of the Ti ¢4, states are antibonding with
the O p, states; (2C) the upper CB consists of the ¢ antibonding between the
O pr and Ti eg states [7, 8]. The lower group of states (1C) has a band width of
2.9 eV, while the upper group has a width of (2C) 3.3 eV.
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Fig. 2. (a) The basic structural unit of TiO2 (octahedron — MOg). (b) Energy level
splitting of the Ti 3-d orbitals in the octahedral positions. (c) Bands energy diagram for
rutile TiOs. (d) Simple form of band energy diagram for rutile TiO-.

In stoichiometric TiOs crystals the metal atom is in the 3d° (Ti4+) electronic
configuration, however the surface can be reduced by ion sputtering or heat treat-
ment to create doubly ionised donor-type oxygen vacancy defects (TiO2_,). As a
result TiO2_, can be treated as n-type semiconductor with electrons as majority
charge carriers. Typical STM images of lightly reduced TiO2(110) surface with
well visible (1 x 1) superstructure are shown in Fig. 3 and Fig. 4. The (1 x 1)
superstructure contains two types of oxygen atoms, i.e. atoms at the bridging and
in-plane positions, and two types of titanium atoms which are 5- and 6-fold coordi-
nated. Oxygen atoms bridging and covering the 6-fold coordinated Ti atoms form
ridges along the [001] axis. The 5-fold coordinated Ti atoms are exposed to the
surface. Thus the (1 x 1) superstructure consists of alternative rows of the exposed
Ti atoms and the bridging O ridges. The O ridges and Ti rows are aligned with
a 0.65 nm separation, respectively — see Fig. 5. The STM image showing (1 x 1)
superstructure of TiO2(110) surface exhibiting bright atomic rows parallel to the
[001] direction and separated by about 0.7 nm was recorded at a positive sample
bias of 1 V (1 eV above the Fermi level) i.e. the lower conductance band of the
TiO2 was probed. From band electronic structure of the TiO2 (see Fig. 2) it is clear
that the lower conductance band consists of Ti d,y orbitals contributing to the
metal-metal interactions due to the o bonding of the Ti t25—Ti {24 states. These
states are localized on the 5-fold coordinated Ti atoms exposed to the surface. As



High-Temperature Scanning Tunnelling Spectroscopy . . . 249

Fig. 3. 30 nm* STM image of lightly reduced TiO2(110) surface.

Fig. 4. 15 nm*® STM image of TiO2(110) surface showing (1 x 1) reconstruction.

a result Ti atoms were imaged by STM as bright rows, though the Ti atoms are
located 0.11 nm below the bridging oxygen atoms. It confirms the well-known fact
that STM does not show an atomic structure of the surface in crystallographic
sense, but rather an atomic structure of the surface, which is strongly affected by
the local electronic structure.

Spectroscopic investigations (photoemission spectroscopy (PES), resonant
photoemission spectroscopy (ResPES), X-ray excited photoelectron diffraction
(XPED), inverse photoemission spectroscopy (IPES)) on reduced TiO2(110) sur-
face [9, 10] have shown the presence of defect states located in the band gap with
binding energy below the bulk conduction band edge in TiO2. The d defect state
(herewith we use Heise and Courths [10] notation) starts to appear at low density
of oxygen vacancies, 1.e. for TiOs_s where § < 1. At higher density of vacancies,
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Top view
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Fig. 5. Atomistic model of the (1 x 1) superstructure on TiO2(110) surface.

1.e. for TiOs_, where & > 8§, the D defect state can be observed. The presence of
defect states is accompanied by a shift of the Fermi level towards higher energy.

In Fig. 6 we show the tunnelling normalised conductance maps measured
along three different lines on the TiO2(110) surface. Figure 7 shows (d1/dV)/(I/V)
curves taken from the vertical cross-sections in Fig. 6, i.e. for positions marked by
#1-#2, #3-F4, and #5 lines. All the (dI/dV)/(I/V) curves have been shifted in
the vertical scale for the sake of clarity. Figure 6a shows that the d defect state is
located in the energetic gap about 1.1 eV below the Fermi level and the energy of
the state does not depend strongly on the spatial position. It is also seen that the
d state suddenly disappears at 20 nm from the beginning of the coordinate system.
It means that the d state is not uniformly spread on the whole TiO2(110)—(1 x 1)
surface but is rather confined to some regions. In Fig. 6b apart from the d state a
new state at energy about 0.55 eV below the Fermi level is clearly observed. We
ascribe this state to the presence of the D state which is typical of more reduced
TiO2(110) surface, i.e. TiOs_, where x > ¢ condition is fulfilled. Furthermore,
as presented in Fig. 6¢, the d and D states can be observed simultaneously at
the same spatial position. From all the results presented we conclude that at the
occupied part of the spectra of the TiO2(110)—(1 x 1) surface two distinct surface
states are observed, i.e. the d state at energy of about 1.1 eV and the D state at
energy of about 0.6 eV. The energies of the d and D states estimated from the
tunnelling spectroscopy measurements are in good agreement with the previous
results recorded on the reduced TiO2(110) surface by ultraviolet photoemission
spectroscopy (UPS) and ResPES measurements [10, 11].
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Fig. 6. Normalised tunnelling conductance maps measured as a function of bias voltage

and position.

The observed states are the extrinsic surface states caused by the presence
of the defects considered in terms of oxygen vacancies and formation of Ti* ions
on the reduced TiO5(110) surface. As was shown in [9] the origin of the d state can
be attributed to the presence of high density of Ti®t ions which start to interact
with each other and give rise to the formation of the Ti3* pairs. This process is
interpreted in terms of surface phase transition. The D state starts to appear when
the density of Ti®* pairs increases, and small areas of TioO3 on the surface are
formed [9].

Furthermore, in tunnelling experiments the D state has the same energy
(0.6 eV below the Fermi level) as the energy of the valence band edge (aiz) in
pure Ti2O3 [12]. Thus in our interpretation we assume that the D state and alg
band edge state are the same states, i.e. D = aig. Since Ti203 is treated as a
semiconductor with small energy gap between the valence and the conductance
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band edges, then the D = a;, state should be accompanied by the presence of a
symmetrically located state at the unoccupied part of the spectra which can be
ascribed to the presence of the edge of the conductance band, 1.e. ef + eg* state.
This can be seen from Fig. 7 for the curves #4 and #5 where broad structures at
energy of about 0.6 eV above the Fermi level are visible.

Further sputtering and annealing of the sample make the surface more re-
duced (black colour of the sample). It results in loss of oxygen and rearrangements
of Ti?t ions leading to formation TizOsz-like Ti?* pairs [9, 10]. When the density
of pairs increases, areas of TioO3 start to form on the TiO2(110) surface.
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Fig. 7. The (dI/dV)/(I/V) curves selected at different spatial positions (#1-#5). The

# positions are shown in Fig. 6.
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Fig. 8. The I/V curve and its normalized form (d/dV)/(I/V) recorded at low energy

range.
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In Fig. 8 we present the I/V curve and its normalized form recorded in a
lower energy range where the energy gap, the valence band edge (a;g), and the
conductance band edge (eg + eg*) are well pronounced. This result clearly shows
that we are dealing with TiaOg3 regions on the reduced TiO2(110) surface. The
surface phase transition from TiO, towards Ti2O3z 18 accompanied by a change in
the electronic structure as presented in Fig. 9ab.

Finally, in Fig. 10 we present the I/V curves and their normalized form

(dI/dV)/(I/V) recorded on heavily reduced TiO2(110) surface at four tempera-
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Fig. 9. Band energy diagrams for (a) TiO2, (b) TizOs, and (c) TizOs above I-M phase

transition.
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Fig. 10. The I/V curve and its normalized form (dI/dV')/(I/V) recorded at (a) 293 K,
(b) 393 K, (c) 423 K, and (d) 473 K on the TiO2(110) surface.
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tures: 293 K, 393 K, 423 K, and 473 K. The disappearance of the energy gap accom-
panied by substantial decrease in amplitude of the band edge states (a1, g —I—eg*)
with increasing temperature is clearly seen. It indicates smooth insulator-metal
transition, which takes place on the surface. As was observed the disappearance
of the energetic gap was completely reversible and it appeared when the temper-
ature was lowered. As was shown in [13, 14] the I-M transition in Ti;Oz can be
explained by the competition between electron—electron correlation energy and
electron-band entropy at elevated temperatures. As a result the ai; and ef + e7*
bands overlap producing smooth transition with no change in crystal symmetry.
A sketch of the Ti2Os bands model above the I-M transition is shown in Fig. 8c.
This clearly explains the disappearance of the energetic gap on high-temperature
tunnelling spectroscopy measurements presented in Fig. 10.

3.2. HI-STS of Niz Mns_p Osys surface

Nickel manganese oxides NipzMns_;O445 (0.4 < 2 < 1) represent a class of
materials;, which show negative temperature coefficient of resistance.
NizMns_;0444 crystallises in air to form a cubic spinel phase in the temper-
ature range between 730°C and 875°C [15]. The usefulness of this material in
thermistors and infrared detecting bolometers stems from its temperature depen-
dent resistance. Different transport models such as nearest-neighbour hopping [16],
variable range hopping [17], and some empirical models [18] have been employed
in attempts to describe the electrical conduction processes in NTCR, materials.
Commonly the observed dependence of the electrical conductivity on the ratio of
the trivalent to tetravalent manganese ions in NiyzMns_ ;445 is believed to be as-
sociated with the localised electron hopping from Mn®t to Mn*t in the octahedral
sites of the lattice [19]. These materials, and nickel manganate in particular, have
been studied for their electrical conduction properties, because they are techno-
logically important, although most of these studies have been carried out in bulk
ceramic samples. Recently the conduction processes in NiuMns_,O44s have been
investigated using thin films [6].

In this paper we report on the structure and the electronic properties of thin
films of NizMng_;0445 obtained using rf magnetron sputtering. Thin films elimi-
nate many of the uncertainties caused by the lack of reproducibility encountered
in bulk materials due to porosity and other inhomogeneities. In particular, we ex-
amine whether the structure and the electrical properties of the deposited films
are influenced by their oxygen content. We have also determined the influence of
temperature on the electronic properties of these films at the fundamental level,
by carrying out STM studies with ¢n situ sample heating.

Figure 1la shows the scanning tunnelling microscopy results of the films
deposited in three oxygen/argon ambients containing respectively 2.5%, 10%, 15%
oxygen and subsequently annealed at 1073 K for 1 hour. The results show that the
oxygen content did not influence the morphology. The STM results obtained after
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2.5% 0, 10% O, 15% O,

Fig. 11. 600 nm? STM images of deposited films in various oxygen/argon ambients

containing 2.5%, 10%, 15% oxygen recorded at different temperatures.

i situ heating at 473 K and subsequent cooling to 293 K shown in Fig. 11b and ¢
also demonstrate that the film morphology was not affected by n situ temperature
cycling in the range 293 K — 473 K — 293 K.

On the same films HT-CITS measurements were performed to investigate
the effect of temperature on their electronic structure. The conductance maps of
the three types of films at room temperature, at 473 K and after cooling to room
temperature are shown in Fig. 12a, b and ¢. The dark regions correspond to low
values of the LDOS. At room temperature (before heating) the characteristics
of all the three films looked very similar and the maps suggested that the films
behaved like semiconductors with values of the LDOS around the Fermi level that
were very close to zero.

From the normalised tunnelling conductance maps it is also possible to ex-
tract the individual normalised conductance curves. Figure 13a, b, ¢ show
(d7/dV)/(I/V) curves taken from vertical cross-sections in the maps in Fig. 12.
From these results it is clear that the LDOS had a parabolic shape as previously
reported [6] and provide further evidence that this electrical conduction would
take place by the variable range hopping model proposed by Shklovskii and Efros
[4]. The spectroscopy carried out at 473 K showed significant differences in com-
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Fig. 12. Conductance maps of deposited films in various oxygen/argon ambients con-

taining 2.5%, 10%, 15% oxygen recorded at different temperatures.
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Fig. 13. (dI/dV)/(I/V) curves of deposited films in various oxygen/argon ambients
containing 2.5%, 10%, 15% oxygen recorded at different temperatures.

parison with the results at room temperature. Additional features appeared near
the Fermi level, which had not been observed when the spectroscopy was carried
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out at room temperature. It is clear in Fig. 13b (for temperature 473 K) that while
the basic shape of the LDOS remained parabolic there were additional maxima
at energies of £0.5 eV with respect to the Fermi energy. It has been shown [20]
that such features may be associated with local defect states and if so, then it
is conceivable that these are the states involved in the electron hopping process
that governs transport at elevated temperatures in NiyzMns_;O445. The apparent
temperature dependence of these features is consistent with the thermal activa-
tion of hopping that gives rise to the NTCR, effect. The spectroscopic results of the
films after cooling to room temperature were similar to the ones recorded before
heating and it is apparent that the changes in the shape of the LDOS at 473 K
were reversible with temperature. This ruled out the possible outward diffusion of
oxygen from the material because of heating in vacuum, which would alter the sto-
ichiometry and possibly influence the electronic structure. Finally it is important
to note that the observed reversibility of electronic properties of the thin films of
NizMns_;O0445 is of importance in the design of thermistors.

4. Conclusions

Scanning tunnelling microscopy and scanning tunnelling spectroscopy were
used to study the electronic structure of the heavily reduced TiO2(110) surface.
At the occupied part of the spectra some states at energies of about 1.1 eV and
0.6 eV below the Fermi level were found. At the unoccupied part of the spectra
the presence of a surface state at an energy of about 0.6 eV above the Fermi level
was observed. Their presence has been ascribed to the appearance of Ti»Og regions
on the TiO2(110) surface. High temperature spectroscopy measurements indicated
smooth insulator-metal transition caused by bands overlap in Ti2O3s, which takes
place at elevated temperatures.

The morphology and distribution of the LDOS of the observed Niz Mns_ ;0445
films did not show any difference for the films deposited in ambients with different
amounts of oxygen. The parabolic nature of the distribution of LDOS is consistent
with the underlying assumption used for the variable range hopping model pro-
posed by Shklovskii and Efros describing the conduction processes in such types
of materials. The appearance of temperature dependent features in the LDOS in-
dicates the presence of localised electronic states that may be important in the
conduction mechanisms. The changes in the shape of the LDOS observed at 473 K
were reversible with temperature implying that no permanent change of the elec-
tronic structure occurred.
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