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In sit u hi gh- tem per at ure scanning tunne lli ng spectr oscopy measure-
ments recor ded on the heavily reduced T iO 2 ( 110) sur face w hich contains
T i2 O 3 regions show ed disapp earance of the energy gap accompanied by
substantial decrease in amplitud e of the band edge states w ith increas-

ing temp erature . I t indic ates smooth insulator {metal transition caused by
bands overlap in T i 2 O 3 , w hich ta kes place at elevated temp eratures. I n
si tu high- temp eratu re scanning tunnelli ng microscopy and spectroscopy were

used to study the in Ûuence of temp erature on the electronic prop erties of
N i x Mn 3 À x O 3 À £ ( 0 4 1) thin Ùlms dep osited by rf magnetron sputter-
ing at three di ˜erent oxygen /argon ( 2.5%, 10%, 15%) containing ambient.
T he morphology and distrib uti on of the local density of states of the ob-

served Ùlms did not show any di˜erence for the Ùlms dep osited at di˜erent
condition s. T he distribu tio n of the local density of states w as temp erature
dep endent. The changes in the shape of the local density of states observed at
473 K w ere reversible with temp erature implyi ng that no permanent change

of the electronic structure occurred.
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1. I n t rod uct io n

T ransiti on meta l oxi des (TM O' s) are good exam ples of highl y correl ated
electron system s wi th very strong coupl ing between structura l (l atti ce), m agneti c
(spi n), and electroni c (cha rge) properti es | see Fi g. 1 [1]. Thi s strong coupl ing
leads to am azing response of these functi onal m ateri als to externa l condi ti ons such
as tem perature, magneti c and electri c Ùelds. It should be m entio ned here tha t even
smal l vari ati on of externa l condi ti ons coul d change the ground state of the system
compl etely a lteri ng the pro perti es of these m ateri als.

Fig. 1. Schematic presentation of close couplin g of spin, charge, and lattice in highl y

functional materials [1].

One of these tra nsiti ons is the insul ato r{ metal tra nsiti on (I{ M) m ark ed by
a change from the insul ati ng behavi our to the meta l lic behavi our at certa in tem -
peratures [2, 3]. Ano ther interesti ng phenom enon is the negati ve tem perature co-
e£ cient of resistance (NT CR ) [2, 3]. The m echanisms of the I{ M tra nsi ti on and
NTCR in tra nsiti on meta l oxi desare com plex and are sti l l not well understo od. The
compl exity of these phenom ena is mainly a resul t of the m any- electron{ phonon
intera cti ons in oxi des and assumpti ons about the possible shape of the distri bu-
ti on of the local density of sta tes (LD OS) around the Ferm i level. Al tho ugh much
e˜o rt has been devoted into low tem perature studi es of the local electro nic struc-
ture of these m ateri als using scanni ng tunnel ling spectroscopy (STS), the high
tem perature (T > 3 0 0 K) region has rem ained unresearched.

W e show resul ts of our in sit u high- tem perature scanni ng tunnel l ing spec-
tro scopy (HT- STS) studi es on heavi ly reduced Ti O2 (110) surface. In stoichi om et-
ri c ruti le Ti O 2 crysta l the m etal ato m is in 3 d 0 (Ti 4 + ) electro nic conÙgura ti on,
however the surface can be reduced by ion sputteri ng or heat trea tm ent to create
Ti 2 O3 regions in whi ch m etal ato m is in 3 d 1 (Ti ) conÙgura ti on. W e show tha t
below 450 K, Ti O indi cates the presence of a smal l energy gap between the
occupied band and the uno ccupied + bands. Ab ove the di sappearance
of the energy gap accom panied by substa nti al decrease in am pl itude of the band
edge states ( + ) occurs. It indi cates smooth insul ato r{ metal tra nsiti on,
whi ch ta kes pl ace on the surface.
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Fi nal ly, we show i n situ HT- STS studi es (293 K < T < 4 7 3 K) of thi n Ùlms
of nickel m anganese oxi de (Ni x Mn 3 À x O 4 + £ (0 < x ç 1 )) deposited on Si(100)
substra tes tha t consti tute a fam ily of cubi c spi nel structured m ateri als, whi ch
exhi bi t NTCR phenom ena. In our studi es distri buti on of the local density of states
as functi on of temperature LD OS(x ; y ; E , 300 K < T < 4 7 3 K) wa s found
to be parabol ic wi th energy. Thi s resul t is consistent wi th the m odi Ùed vari able
range-hoppi ng model for conducti vi ty developed by Shkl ovski i and Ef ros [4]. It
wo uld appear to exclude the Mo tt variabl e range hoppi ng in thi s materi al . It is
emphasized tha t the spectra were recorded in the tem perature range where thi s
m ateri al is most comm only used (therm istors, inf rared detecti ng bolom eters).

2 . E x per i m en t a l

The STM/ STS/ CITS experim ents were perform ed at elevated tem peratures
wi th a comm ercial VT- STM/ AFM system in UHV condi ti on (Om icro n GmbH,
Germ any) equipp ed wi th LEED / Aug er spectro meter (SPECT ALEED ) and a sput-
teri ng gun (ISE 5). The ti ps used were prepared by m echanical cutti ng from the
90%Pt{ 10%Ir a lloy wi res (G oodf ellow). In current imaging tunnel l ing spectro scopy
(CITS) m ode, the I =V curves were recorded simulta neousl y wi th a constant cur-
rent image by the interrupted- feedback- loop techni que. Based on these m easure-
m ents the Ùrst deri vati v eof the tunnel l ing current wi th respect to vo lta ge (d I =dV )
wa s calcul ated. The d d spectra were norm al ised using the m etho d where the
di ˜erenti al conducta nce is di vi ded by the to ta l conducta nce | (d d ) ( ).
The diverg ence pro blem in the case of (d d ) ( ) wa s overcome by appl yi ng
som e am ount of broadeni ng (Â ) to the values [5].

The Ti O (110) (Pi -Kem , UK) surface was prepared using repeated cycl es of
Ar ion sputteri ng (typi cal ly 30 m in, 1 keV, current 4 A) and anneal ing (typi cal ly
1050 K, 1 h).

The Ni x Mn x O £ Ùlm son Si(100) were deposited by rf magnetro n sputter-
ing using a Ni x Mn x O £ ta rget, m ade from Ni O and Mn O precursors fol lowi ng
a conventi onal ceramic powder processing techni que [6].

3 . R esul t s an d d iscu ssio n

3. 1. I { M transi tion on heavily reduced T iO (11 0) surface

In general ly accepted models the ruti le Ti O is regarded as a large band-gap
(3 eV) binary oxi de where the valence band VB can be decom posed into three
parts (see Fi g. 2) : (1V) the bondi ng of O ¥ and Ti states in the lower energy
region; (2V) the bondi ng of the O ¤ and Ti states in the m iddl e energy
region; (3V) the O ¤ states in the hi gher energy region [7, 8]. The resul ti ng band
wi dth of the VB is 5.7 eV. The conducta nce band CB can be decomposed into two
parts: (1C) the botto m of the lower CB consi sting of the Ti x y orbi ta l contri buti on
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to the metal { m etal intera cti ons due to the ¥ bondi ng of the Ti t 2gÀ Ti t 2g states,
whi le at the to p of the lower CB the rest of the Ti t 2g states are anti bondi ng wi th
the O p ¤ states; (2C) the upp er CB consi sts of the ¥ anti bondi ng between the
O p ¤ and Ti eg states [7, 8]. The lower group of states (1C) has a band wi dth of
2.9 eV, whi le the upp er group has a wi dth of (2C) 3.3 eV.

In sto ichiom etri c Ti O crysta ls the m etal ato m is in the (Ti ) electro nic
conÙgurati on, however the surface can be reduced by ion sputteri ng or heat trea t-
m ent to create doubl y ionised donor- typ e oxyg en vacancy defects (Ti O x ). As a
resul t Ti O x can be trea ted as - typ e semiconducto r wi th electro ns as m ajori t y
charge carri ers. Typi cal STM im ages of l ightl y reduced Ti O (110) surface wi th
wel l vi sibl e ( ) superstruc ture are shown in Fi g. 3 and Fi g. 4. The ( )
superstruc ture conta ins two typ es of oxyg en ato m s, i .e. ato ms at the bri dging and
in-plane positi ons, and two typ esof ti tani um ato m s whi ch are 5- and 6- fold coordi -
nated. Oxyg en ato ms bri dg ing and coveri ng the 6-fold coordi nated Ti ato m s f orm
ri dges along the [001] axi s. The 5- fold coordi nated Ti ato m s are exposed to the
surf ace. Thus the ( ) superstr uctur e consi sts of al terna ti ve rows of the exp osed
Ti ato m s and the bri dging O ridges. The O ri dges and Ti rows are aligned wi th
a 0.65 nm separati on, respectively | see Fi g. 5. The STM im age showi ng ( )
superstruc ture of Ti O (110) surface exhi bi ti ng bri ght ato m ic rows para l lel to the
[001] di recti on and separated by about 0.7 nm was recorded at a positi ve sampl e
bi as of 1 V (1 eV above the Ferm i level) i .e. the lower conducta nce band of the
Ti O was probed. From band electro nic structure of the Ti O (see Fi g. 2) i t is clear
tha t the lower conducta nce band consi sts of Ti x y orbi ta ls contri buti ng to the
m etal { meta l intera cti ons due to the bondi ng of the Ti Ti sta tes. These
states are local ized on the 5- fold coordi nated Ti atom s exposed to the surface. As
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Fig. 3. 30 nm 2 ST M image of lightly reduced T iO 2 (110) surf ace.

Fig. 4. 15 nm 2 ST M image of T iO 2 (110) surf ace show ing ( 1 È 1) reconstruction.

a result Ti ato ms were imaged by STM as bri ght rows, tho ugh the Ti ato ms are
located 0.11 nm below the bri dging oxygen atom s. It conÙrm s the wel l-known f act
tha t STM does not show an ato m ic structure of the surface in crysta l lographic
sense, but ra ther an atom ic structure of the surf ace, whi ch is strongly a˜ected by
the local electro nic structure.

Spectroscopi c inv estigati ons (pho to emission spectroscopy (PES), resonant
photo emission spectroscopy (R esPES), X- ray exci ted photo electron di ˜ra cti on
(XPED ), inverse photo emission spectro scopy (IPES)) on reduced Ti O2 (110) sur-
face [9, 10] have shown the presence of defect states located in the band gap wi th
bi ndi ng energy below the bul k conducti on band edge in Ti O 2 . The d defect state
(herewi th we use Hei se and Courths [10] nota ti on) starts to app ear at low density
of oxygen vacanci es, i .e. for Ti O2 À £ where £ 1 . At higher density of vacanci es,
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Fig. 5. A tomistic model of the ( 1 È 1) superstructure on T iO 2 (110) surf ace.

i .e. f or Ti O2 À x where x ƒ £, the D defect state can be observed. The presence of
defect sta tes is accom panied by a shift of the Ferm i level to wards hi gher energy.

In Fi g. 6 we show the tunnel ling norm ali sed conducta nce maps measured
along three di ˜erent l ines on the Ti O 2 (110) surf ace. Fi gure 7 shows (d I =d )
curves taken f rom the verti cal cross-secti ons in Fi g. 6, i .e. for positi ons m arked by
# 1{ # 2, # 3{ # 4, and # 5 l ines. Al l the (d d ) curves have been shi fted in
the verti cal scale for the sake of clari ty . Fi gure 6a shows tha t the defect state is
located in the energeti c gap about 1.1 eV below the Ferm i level and the energy of
the state does not depend stro ngly on the spati al positi on. It is also seen tha t the

state suddenl y di sappears at 20 nm from the beginni ng of the coordi nate system .
It m eans tha t the state is not uni f orm ly spread on the whole Ti O )
surf ace but is rather conÙned to some regions. In Fi g. 6b apart from the state a
new state at energy about 0.55 eV below the Ferm i level is clearl y observed. W e
ascribe thi s state to the presence of the state whi ch is typi cal o f m ore reduced
Ti O (110) surf ace, i .e. Ti O x where condi ti on is ful Ùlled. Furtherm ore,
as presented in Fi g. 6c, the and states can be observed simulta neousl y at
the same spati al positi on. From al l the results presented we concl ude tha t at the
occupied part of the spectra of the Ti O ) surface two disti nct surface
states are observed, i.e. the state at energy of about 1.1 eV and the state at
energy of about 0.6 eV. The energies of the and states estim ated from the
tunnel l ing spectroscopy measurements are in good agreement wi th the previ ous
resul ts recorded on the reduced Ti O (110) surface by ul tra vi olet photo emission
spectroscopy (UPS) and ResPES m easurements [10, 11].
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Fig. 6. N ormalised tunnelli ng conductance maps measured as a function of bias voltage

and p osition.

The observed states are the extri nsic surf ace states caused by the presence
of the defects considered in term s of oxyg en vacancies and form ati on of Ti 3 + ions
on the reduced Ti O 2 (110) surf ace. As was shown in [9] the ori gin of the d state can
be attri buted to the presence of hi gh densi ty of Ti 3 + ions whi ch start to intera ct
wi th each other and give ri se to the form ati on of the Ti 3 + pai rs. Thi s process is
interpreted in term s of surf ace phase tra nsiti on. The D state starts to appear when
the density of Ti 3 + pai rs increases, and smal l areas of Ti 2 O3 on the surf ace are
form ed [9].

Furtherm ore, in tunnel ling exp eriments the D state has the same energy
(0.6 eV below the Fermi level) as the energy of the valence band edge (a ) in
pure Ti O [12]. Thus in our interpreta ti on we assume tha t the state and
band edge state are the sam e states, i .e. . Since Ti O is trea ted as a
semiconducto r wi th smal l energy gap between the valence and the conducta nce
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band edges, then the D ² a 1g state shoul d be accom panied by the presence of a
sym m etri cal ly located state at the unoccupi ed part of the spectra whi ch can be
ascribed to the presence of the edge of the conducta nce band, i .e. e ¤

g + e ¤ Ê

g state.
Thi s can be seen from Fi g. 7 for the curves # 4 and # 5 where bro ad structures at
energy of about 0.6 eV above the Fermi level are vi sibl e.

Further sputteri ng and annealing of the sam ple m ake the surface more re-
duced (bl ack colour of the sampl e). It resul ts in lossof oxyg en and rearra ngements
of Ti 3 + ions leadi ng to form ati on Ti 2 O3 -l ike Ti pa i rs [9, 10]. W hen the density
of pai rs increases, areas of Ti O start to f orm on the Ti O (110) surface.
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In Fi g. 8 we present the I =V curve and i ts norm al ized form recorded in a
lower energy range where the energy gap, the valence band edge (a 1g), and the
conducta nce band edge (e ¤

g + e¤ Ê

g ) are well pro nounced. Thi s result cl earl y shows
tha t we are deal ing wi th Ti 2 O 3 regions on the reduced Ti O 2 (110) surf ace. The
surf ace phase tra nsiti on from Ti O 2 towa rds Ti O is accom panied by a change in
the electroni c structure as presented in Fi g. 9a,b.

Fi nal ly, in Fi g. 10 we present the curves and thei r norm al ized f orm
(d d ) ( ) recorded on heavi ly reduced Ti O (110) surf ace at four tempera-
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tures: 293 K, 393 K, 423 K, and 473 K. The disappearance of the energy gap accom -
panied by substa nti al decrease in ampl itude of the band edge states (a 1g ; e ¤

g + e¤ Ê

g )
wi th increasing tem perature is clearl y seen. It indi cates smooth insul ato r{ metal
tra nsiti on, whi ch ta kes pl ace on the surf ace. As wa s observed the di sappearance
of the energeti c gap wa s com pletel y reversibl e and i t appeared when the tem per-
ature was lowered. As was shown in [13, 14] the I{ M tra nsiti on in Ti 2 O 3 can be
expl ained by the com peti ti on between electro n{ electro n correla ti on energy and
electron-band entro py at elevated tem peratures. As a result the a 1g and e ¤ + ¤

bands overl ap pro duci ng smooth tra nsiti on wi th no change in crysta l sym m etry .
A sketch of the Ti O bands m odel above the I{ M tra nsiti on is shown in Fi g. 8c.
Thi s clearly expl ains the disapp earance of the energeti c gap on hi gh- temperature
tunnel l ing spectroscopy m easurements presented in Fi g. 10.

3.2. HT -ST S of Ni x Mn x O £ surface

Ni ckel manganese oxi des Ni x Mn x O £ (0 4 1 ) represent a class of
m ateri als, whi ch show negati ve tem perature coe£ cient of resistance.
Ni x Mn x O £ crysta l lises in ai r to form a cubi c spinel phase in the tem per-
ature range between 7 3 0 C and 8 7 5 C [15]. The useful ness of thi s materi al in
therm istors and inf rared detecti ng bolometers stems f rom i ts tem perature depen-
dent resistance. D i ˜erent tra nsport m odels such as nearest-neighbour hoppi ng [16],
vari abl e range hoppi ng [17], and som e empi rical models [18] have been employed
in attem pts to describe the electri cal conducti on processes in NTCR m ateri als.
Co mm only the observed dependence of the electri cal conducti vi ty on the rati o of
the tri valent to tetra valent manganese ions in Ni x Mn x O £ i s bel ieved to be as-
soci ated wi th the local ised electron hoppi ng from Mn to Mn in the octahedra l
sites of the latti ce [19]. These m ateri als, and nickel manganate in parti cul ar, have
been studi ed for thei r electri cal conducti on properti es, because they are techno-
logically im porta nt, al tho ugh m ost of these studi es have been carri ed out in bul k
ceramic sampl es. Recently the conducti on processes in Ni x Mn x O £ have been
inv estigated using thi n Ùlm s [6].

In thi s paper we report on the structure and the electro nic properti es of thi n
Ùlms of Ni x Mn x O £ obta ined usi ng rf m agnetro n sputteri ng. Thi n Ùlm s el im i -
nate m any of the uncerta inti es caused by the lack of repro duci bi l i ty encountered
in bul k m ateri als due to porosity and other inhom ogeneiti es. In parti cul ar, we ex-
am ine whether the structure and the electri cal pro perti es of the deposited Ùlms
are inÛuenced by thei r oxyg en content. W e have also determ ined the inÛuence of
tem perature on the electroni c properti es of these Ùlm s at the fundam ental level,
by carryi ng out STM studi es wi th in si tu sam ple heati ng.

Fi gure 11a shows the scanning tunnel l ing m icroscopy results of the Ùlms
deposited in three oxygen/ argon ambients conta ining respecti vely 2.5%, 10%, 15%
oxyg en and subsequentl y annealed at 1073 K for 1 hour. The results show tha t the
oxyg en content did not inÛuence the m orpho logy. The STM resul ts obta ined af ter
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Fig. 11. 600 nm 2 ST M images of deposited Ùlms in various oxygen/argon ambients

containing 2.5%, 10%, 15% oxygen recorded at di˜erent temp eratures.

in si tu heati ng at 473 K and subsequent cooling to 293 K shown in Fi g. 11b and c
also demonstra te tha t the Ùlm morpho logy was not a˜ected by in situ tem perature
cycl ing in the range 293 K ! 473 K ! 293 K.

On the same Ùlm s HT- CITS m easurements were perform ed to inv estigate
the e˜ect of tem perature on thei r electro nic structure . The conducta nce m aps of
the three typ es of Ùlm s at ro om tem perature, at 473 K and after cool ing to room
tem perature are shown in Fi g. 12a, b and c. The dark regions corresp ond to low
values of the LD OS. At room tem perature (b efore heati ng) the characteri stics
of all the three Ùlms looked very simi lar and the maps suggested tha t the Ùlms
behaved l ike semiconducto rs wi th values of the LD OS around the Ferm i level tha t
were very close to zero.

From the norm al ised tunnel l ing conducta nce m aps i t is also possible to ex-
tra ct the indi vi dual norm al ised conducta nce curves. Fi gure 13a, b, c show
(d I =dV ) =( I =V ) curves ta ken from verti cal cross-sections in the maps in Fi g. 12.
From these resul ts i t is cl ear tha t the LD OS had a parabol ic shape as previ ousl y
reported [6] and pro vi de further evi dence tha t thi s electri cal conducti on woul d
ta ke place by the variabl e range hoppi ng model pro posed by Shkl ovski i and Ef ros
[4]. The spectroscopy carri ed out at 473 K showed signi Ùcant di ˜erences in com -
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Fig. 12. C onductance maps of deposited Ùlms in various oxygen/argon ambients con-

taining 2.5%, 10%, 15% oxygen recorded at di˜erent temp eratures.

Fig. 13. (d I = dV ) = ( I =V ) curves of deposited Ùlms in various oxygen/argon ambients

containing 2.5%, 10%, 15% oxygen recorded at di˜erent temp eratures.

pari son wi th the results at room tem perature. Addi ti onal features appeared near
the Ferm i level, whi ch had not been observed when the spectro scopy wa s carri ed
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out at room tem perature. It is clear in Fi g. 13b (f or tem perature 473 K) tha t whi le
the basic shape of the LD OS rem ained parabol ic there were addi ti onal m axim a
at energies of Ï 0 : 5 eV wi th respect to the Fermi energy. It has been shown [20]
tha t such f eatures may be associated wi th local defect states and i f so, then i t
is concei vable tha t these are the states inv olv ed in the electro n hoppi ng pro cess
tha t governs tra nsport at elevated temperatures in Ni x Mn 3 À x O 4 + £ . The apparent
tem perature dependence of these features is consistent wi th the therm al acti va-
ti on of hoppi ng tha t gives ri se to the NTCR e˜ect. The spectroscopi c resul ts of the
Ùlms after cool ing to room tem perature were sim i lar to the ones recorded before
heati ng and i t is apparent tha t the changes in the shape of the LD OS at 473 K
were reversibl e wi th temperature. Thi s rul ed out the possibl e outwa rd di ˜usi on of
oxyg en from the materi al because of heati ng in vacuum , whi ch woul d al ter the sto-
ichi ometry and possibly inÛuence the electronic structure. Fi na l ly i t is importa nt
to note tha t the observed reversibi l i ty of electro nic properti es of the thi n Ùlm s of
Ni x Mn 3 À x O 4 + £ i s of im porta nce in the design of therm istors.

4 . Co n cl usion s

Scanni ng tunnel l ing microscopy and scanni ng tunnel l ing spectroscopy were
used to study the electroni c structure of the heavi ly reduced Ti O 2 (110) surface.
At the occupi ed part of the spectra some states at energies of about 1.1 eV and
0.6 eV below the Ferm i level were found. At the unoccupi ed part of the spectra
the presence of a surf ace state at an energy of about 0.6 eV above the Ferm i level
wa s observed. Thei r presence has been ascribed to the appearance of Ti 2 O 3 regions
on the Ti O (110) surface. Hi gh tem perature spectroscopy m easurements indi cated
smooth insul ato r{ meta l tra nsiti on caused by bands overl ap in Ti O , whi ch ta kes
pl ace at elevated tem peratures.

The morpho logy and di stri buti on of the LD OS of the observed Ni x Mn x O £

Ùlms did not show any di ˜erence for the Ùlm s deposited in ambi ents wi th di ˜erent
am ounts of oxygen. The parabol ic nature of the distri buti on of LD OS is consistent
wi th the underl yi ng assumpti on used for the vari able range hoppi ng model pro-
posed by Shkl ovski i and Ef ros describing the conducti on processesin such typ es
of materi als. The appearance of temperature dependent features in the LD OS in-
di cates the presence of local ised electronic states tha t may be im porta nt in the
conducti on mechanisms. The changesin the shape of the LD OS observed at 473 K
were reversi ble wi th temperature im plyi ng tha t no perm anent change of the elec-
tro nic structure occurred.
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