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Abstract
Series of epitaxial VW0, (0<x<0.76%) nanocrystalline films on c-plane sapphire
substrates have been successfully synthesized. Orbital structures of V| W0, films
with monoclinic and rutile states have been investigated by ultraviolet-infrared spectra
combined with first principle calculations. Experimental and calculated results show
that the overlaps of n* and d, orbital increase with increasing W doping content for
rutile state. Meanwhile, for monoclinic state, the optical band gap decreases from 0.65
to 0.54 eV with increasing W doping concentration. Clear evidence is found that the
V1xWxO; thin film phase transition temperature change comes from orbital structure
variations. It shows that, with increasing W doping concentration, the decrease of

rutile dy, orbital occupancy can reduce the strength of V-V interactions, which finally
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results in phase transition temperature decrease. The experiment results reveal that the
dy orbital is very important for VO, phase transition process. Our findings open a

possibility to tune VO, phase transition temperature through the orbital engineering.

1. INTRODUCTION

Vanadium dioxide (VO,), which can exhibit a dramatic metal-insulator transition
(MIT), has been investigated extensively for decades'”. The phase transition is
accompanied by a simultaneous structural distortion from a high-temperature metallic
state with a rutile structure to a low-temperature insulating state with a monoclinic
structure’. As its great technological potential and intriguing physical properties*®,
this material has been used by many modern electronics devices’, optical switches®, in
particular for so-called smart windows’. Although many experimental and theoretical
investigations have been performed, there are many unresolved puzzles about VO,
MIT mechanism'®'""'2, Recently, many studies have attempted to modify VO, phase
transition, especially lowering its transition temperature'" '> 1!,

Generally, the phase transition temperature of VO, can be manipulated by doping or
strain. In order to control the properties of VO,, it is essential to identify the effects of
doping and strain on its phase transition process''*'. For instance, it has been
reported that VO, doped with tungsten (W), molybdenum (Mo) and magnesium (Mg)
can lower the transition temperature Tygr. This provides various ways for tailoring
VO, phase transition temperature TMIT15’16’17’18. Among them, the most effective route

19

for Tyr reduction may be to dope some W atoms . Several experimental
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investigations have been carried out and attempted to explain the origin of Tmr
reduction in W doping VO,. Based on x-ray absorption fine structure (XAFS)
spectrometry, Jamie M et al. show that a significant expansion along certain crystal
axes directions occurs during the phase transition process for W doping VO,*. They
considered that the biaxial strain on the sublattices around W sites leads to the
breaking of bonds between Peierls-paired V ions and lower the transition temperature.
Besides, by using synchrotron radiation X-ray absorption spectroscopy combined with
first-principles calculations, it has been considered that the symmetric W core drives
the twisting of the monoclinic VO, lattice to form rutile phase V0221. However, these
studies are limited to atomic structure evolutions and do not exploit the orbital
configuration. On the other hand, the chemical substitution of V atoms by W atoms
with different atom sizes and valence states inevitably induces potential mismatches
and defects in the lattice structure. They produce additional electrons and these
electrons are accommodated in the m* orbital, which can further affect its orbital
structures™. In fact, the orbital occupancy in transition-metal oxides plays a crucial
role”. Nagaphani Actukuri and colleagues has also reported that VO, orbital was
strongly affected by the interfacial strain'". They show that the strain-induced orbital
occupancy changes can tune the transition temperature of VO, by varying the
thickness of the RuO, buffer layer. As a result, in spite of great efforts to understand
MIT in W doping VO, the nature of lowering phase transition temperature remains
unclear.

In this paper, to explore the mechanism of VO, Tyyr reduction induced by W
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doping, we systematically study orbital structures of rutile and monoclinic states of
V1xWx0; (0=x<0.76%) thin films. We demonstrate the orbital changes of VWO,
by using a double beam ultraviolet-infrared spectrophotometer with photon energy
from 0.5 to 5.0 eV. With the help of first principle calculations, a clear physical
picture of Tyt reduction in W doping VO, films can be reconstructed. Experimental
results indicate that VWO, thin film phase transition temperature Tyt is strongly
affected by the d, orbital occupancy, suggesting that the d, orbital can play a critical

role during VO, phase transition process.

2 EXPERIMENTAL SECTIONS

Nanocrystalline VWO, films with the thickness ~165 nm were grown by the
sputtering oxidation coupling method. Samples were prepared on c-plane sapphire
substrate and the vacuum chamber was evacuated down to 5x10°Pa. Under the
conditions of 1.0 Pa and 45 W in pure Ar, the metallic vanadium mixtured with WO;
was deposited on the substrate at room temperature. The diameter of target was 60
mm. The distance between target and substrate was fixed at 120 mm. The substrate
was rotated at 13 rpm to ensure uniformity of film deposition. In order to eliminate
contamination on the target surface, pre-sputtering of the vanadium metal and WO;
targets were performed before depositing the metallic vanadium mixture with WO;
thin film. After deposition, the mixture film was taken out from the chamber, and then
put in a rapid annealing furnace for further oxidation. A more detailed preparation of

thin films has been described elsewhere**.
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The structural characteristics of samples were analyzed by X-ray diffraction (XRD)
on a Bruker D8 Discover system with Cu Ko radiation (A=1.54055A) from a
generator operating at 40kV and 40 mA. X-ray photoelectron spectroscopy (XPS)
experiments were carried out on a RBD upgraded PHI-5000C ESCA system
(PerkinElmer). The Mg Ka radiation (hv = 1253.6 eV) was operated at 14 kV and 20
mA. The carbonaceous Cls line (284.6 e¢V) was used as reference to calibrate the
binding energies. The electrical properties for the heating process were measured
through four-point probe method. The samples were placed on a ceramic heater with
temperature accuracy of +0.1°C.

The normal-incident transmittance spectra were recorded at 300 and 375 K using a
double beam ultraviolet-infrared spectrophotometer (PerkinElmer Lambda 950) at the
photon energy from 0.5 to 5.0 eV (250-2500 nm) with a spectral resolution of 2 nm.
We retrieved the optical absorption of the thin films through numerical calculations,
taking into consideration the contribution from the substrate of which optical
constants was obtained separately at each temperature. The thicknesses of thin films

were measured by XP-200 Surface Profiler (Ambios Technology Inc.).

3 RESULTS AND DISCUSSION

3.1 Orbital Structures

Above the transition temperature Tair, VO, belongs to metallic state with a rutile
crystal structure, in which vanadium (V) atoms are located at the center of oxygen

octahedron, as shown in left of Fig. 1(a). In rutile structure, each VOg4 octahedron
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shares edges with its two neighboring octahedron, forming chains along the c, axis.
When VO, is cooled below the transition temperature Tyyr, VO, transforms into
insulating state with a monoclinic structure, which appears a twisting of V-V pairs due
to an antiferroelectric shift of neighboring V atoms®, shown by the green arrows in
the right of Fig. 1(a).
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Figure 1. (a) VO, crystal structure for rutile and monoclinic states. During the MIT process, the V
atoms move directions are marked by the green arrows. (b) Schematic of the orbital change during
VO, phase transition process. (c) VO, transmittance spectra for rutile and monoclinic states,
respectively.

Accompanied with VO, structure transition, the orbital structures also change
(Fig.1(b)) near the Fermi level (E¢)*°. For rutile state, the d,, orbital overlaps with the
n* orbital near Er makes it exhibit metallic property. For monoclinic state, the
twisting of V-V pair causes splitting of the dj orbital into filled bonding and empty
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antibonding orbital, meanwhile, make the ©* orbital move to a higher energy level.
The optical behaviors can directly reflect the orbital structure change during this
phase transition process'*?”**. For example, the experimental transmittance spectra of
VO, film for rutile and monoclinic state are shown in Fig. 1(c). It can be observed that
transmittance spectra exhibit obvious differences in peak positions and relative

intensity with the photon energy from 0.50 to 3.65 eV.

3.2 Tyut Reduction

(a) 2 theta (deg.)
24 36 48 60 72 84 -
T T T T T 3
Monoclinic o
= 7}
PRI <
& ” g 0
1= c
dA) -
(b) __1.50" "~ 1.45

62--__ 64 66
2 theta (deg.) _

(c)

(
(210)
S X
. ‘7
- L
(*'n"e) Aysuayu|

24 36 48 60 72 84
(d) 3.92 . A A
‘ d.
384t A A 4, A :d:
<< 264F |
<L | .
- 1 " Hd,
T 256" = u "4,
i S
2.96 o @d,;
PP g 2} A @ i
2.88 “ Rutile - [ ] S .d3
0.0 0.2 0.2 0.6 0.8

Doping concentration X%

Figure 2. (a) The XRD patterns of V; WO, thin film in the monoclinic state with W doping
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concentration x=0.00%. (b) In situ XRD patterns of V,_W,0, with x=0.00% around the (002) (or

(402)) peak clearly revealing the structural transition from monoclinic to rutile phases. The right

diagrams are schematics of crystal faces (402) and (002) marked by blue planes. (c) The XRD

patterns of VWO, thin film with x=0.00% in the rutile state. (d) Average bond distances
corresponding to different W doping concentration. The inset shows schematics of the bond
distances for the monoclinic (d;, d, and d;) and rutile (d;’, d;’ and d3”) phases.

Fig. 2(a) shows the 06-206 XRD scans for V; WO, thin film with W doping
concentration x=0.00% at room temperature (300 K). There are no other vanadium
oxide peaks in the XRD spectra (JCPDS: 43-1051). To clearly demonstrate the
structural transition from monoclinic to rutile phases, in situ XRD patterns of
VixWx0, thin films are also performed. In Fig. 2(b), the selected
temperature-dependent in situ XRD patterns of VW0, (x=0.00%) with 20 from 60
to 69° show that the structural transition process can be indicated by (002) peak of
the rutile phase emerging from the monoclinic phase (402) peak. Its crystal structure
from the low-temperature monoclinic phase to the high-temperature rutile phase
exhibits a dramatic change along c, axis direction. The XRD patterns for V; (W0,
(x=0.00%) at the high temperature (380 K) are plotted in Fig. 2(c), in which all the
peaks can be indexed to the rutile phase (JCPDS: 73-2362). In situ XRD patterns of
V1xWy0; thin films with different W doping concentration are used to calculate the
lattice parameters by the Bragg’s law: d,,=4/(2-sinf) , where d,, is the
inter-planar spacing of the lattice planes, A is the X-ray wavelength (A=1.54055 A)
and 6 is the Bragg angle. With the crystal structure properties of Fig. 1(a), the
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corresponding average bond lengths of the monoclinic (d;, d; and d;) and rutile (d,’,
dy’ and d;’) phases are calculated from the above lattice parameters, which are shown
in Fig. 2(d). It can be observed that the average bond lengths increase slightly, which

suggests that the lattices expand with increasing W content.
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Figure 3. (a) XPS spectrum for V,_,W,0, with different W doping concentration. Insets show the

high-resolution XPS spectrum of the V 2psn, V 2p;p, and W 4f;, edges. (b)
Temperature-dependent sheet resistance changes for samples with different W doping
concentration. The insets show dlogR/dT versus temperature T curves. (c) The plot of transition

temperature Tyt corresponding to different W doping concentration. The line is just guided for

eyes.
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Fig. 3(a) shows XPS spectra of different V, WO, films. The Cls and N1s peaks
in all spectra are originated from surface contamination. To get more details,
high-resolution XPS spectrums are taken for the binding energies of the core levels V
2psn and V2p;, (the left inset of Fig. 3(a)). The Cls signal at 284.6 eV used as
binding energies (BE) reference, main fitting peak of V2ps, is centered at 516.46 eV,
which is consistent with binding energy of V**ion for W doping content x = 0.00 %
thin film. With increasing W content x from 0.00 to 0.76%, the V 2p3, and V 2p;p
core-level peaks both broaden and shift toward the lower binding energy. The right
inset of Fig. 3(a) shows the XPS spectra of the W4f;, band rangezg. For different
amount W, the peaks of W 4f;, shifts toward higher binding energy.

The resistance depending of temperature is shown in Fig. 3(c). Inset in Fig. 3(c)
displays standard Gaussian fitting derivative logarithmic plot. The MIT temperatures
Twmir of V1xWxO; films are determined by using the temperature-dependent resistance
data. Resistance analysis indicates that Tyt significantly reduces from 343 to 315K
when W dpping content x increases from 0.00% to 0.76%. The plot of Tyyr for

different W doping concentration is shown in Fig. 3(d).

3.3 W Doping Effect on Orbital
3.3.1 Spectroscopic Analysis

A three layered structure (air/film/substrate) is constructed to analysis the
transmittance spectra of V; WO, thin films. The optical constants can be derived by

fitting the transmittance spectra using the Drude-Lorentz oscillator model**'-2

10/26
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- ' 3 A? o’
e(E)=¢, +ig, =¢, 1+ZE2_E2J E B . E
7 Ej +1v +1iv (1)

where € and ¢ are the real and imaginary part of dielectric function; &, is the
high-frequency dielectric constant; A;, E;, v and E are the center energy, the
broadening of the jth oscillator, the damping frequency and the incident photon energy,
respectively. o, is the plasma frequency. Here, we use the standard theory of
electromagnetic plane wave propagation through a stratified medium to calculate the
transmittance. Each layer in the structure is modeled by a characteristic

complex-valued 2x2 matrix>>*.

Propagation through a multilayered system can be
calculated by the multiplication of the characteristic matrices for each layer. In fitting

process, €., Aj, Ej, v and ®, parameters arrive the best approaching experimental

values.

3.3.2 Orbital in Rutile Structure

Transmission spectra of rutile state with different W doping concentrations are
shown in Fig. 4(a). From Fig. 4(a), it shows that the transmission spectra in the
infrared range are enhanced with increasing W doping concentrations. To investigate
orbital structure of rutile V| xWxO; near the Fermi level (Er), the diclectric functions
have been calculated in the photon energy range from 0.5 to 5.0 eV by using Eq.(1).
For example, the experimental (circle) and fitting (red line) transmittance spectra of
V1xW,0O; film (x=0.00%) are shown in the inset of Fig. 4(a), respectively. A good
agreement is obtained between the experimental and calculated spectra. The optical

absorption coefficient (o) is showed in Fig. 4(b). A broad Drude-like tail is observed
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in the optical absorption regions with the photon energy from 0.5 to 2.0 eV, which is
labeled by pink shaded area in Fig. 4(b). The high electron concentration and mobility

of rutile Vx\WO; thin films cause Drude dispersion in the infrared regions.
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Figure 4. (a) Optical transmittance of VW0, thin films for rutile state. Inset shows a typical
experimental (circle) and fitting (red line) transmittance spectra with W doping concentration
x=0.00%. (b) The relationship of absorption coefficients and photon energy for V, W0, with
different W doping concentration. (c) Left: absorption coefficient in the range of 2.0-4.7 eV for
V1xW,0, thin film with x =0.61% is used to determine the values of B; and B,; right: schematic
electron transition process for B; and B,. (d) The changes of B; and B, for different W doping
concentration.

When the photon energy is in the range of 2.2-5.0 eV, the optical response is
ascribed to the different interband electron transitions between filled and empty
orbital. For rutile state, it consists two electronic transitions®>~: (1) B; can be assigned

to the transition from non-bonding O 2p orbital to partially filled d, orbital; (2) B, is

12/26
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assigned to from O 2p orbital to n* orbital. In the right of Fig. 4(c), the arrows
indicate these two transitions across Fermi level. To separate contributions from the
different transitions, we performed a classical dispersion analysis. For an example, a
typical decomposition of the VW0, thin film with x =0.61% by the Gaussian
curve fitting can be seen in the left of Fig. 4(c). For a comparison, all fitting results of
B and B, for different W doping content are shown in Fig. 4(d). In Fig. 4(d), we find
that the d, and n* levels both move to a higher energy level relative to O 2p orbital
with increasing W doping concentration.

In Fig. 5(a), we show the relationship of B,-f; and W doping concentration for all
samples. Fig. 5(a) displays that [,-p; decreases with increasing W doping
concentration. This means that energy level of the n* orbital is lowered relative to that
of the d, orbital and the overlap of n*and d, orbital increases with increasing W
doping concentration. The orbital energy level changes for rutile state are also

schematically shown in Fig. 5(b).
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Figurer 5. For rutile state: (a) the relationship of B,-p; and W doping concentration x; (b)

schematic of the orbital structure change with increasing W doping concentration.
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3.3.3 Orbital in Monoclinic Structure

To comparison, experimental transmission spectra of monoclinic state is shown in
Fig. 6(a). Fig. 6(b) shows the absorption coefficient (a), which is calculated from the
transmission spectra of Fig. 6(a). To understand orbital structure change, the
schematic diagram of orbital structures and electron transitions are summarized in
Fig. 6(c). Based on the previous theoretical calculations and experimental
observations, the three transition can be uniquely assigned to the followings35’36: )
o corresponds to the optical band gap (OBG), which can be assigned to the indirect
transition from the top of filled d, orbital to the bottom of empty n* orbital; (2) o,
feature can be assigned to the transition from the lower filled d;, orbital to the empty
n* orbital; (3) o, feature is due to the transition from the filled O 2p orbital to empty
n* orbital. For example, to obtain detailed orbital information, the left of Fig. 6(c)
presents that the indirect OBG is estimated using the power law behavior of Tauc
(aE)l/ZOC(E—Eg) for the V| xWxO, thin film with x=0.61%, here a is the absorption
coefficient, E is the incident photon energy, and Eg (ap) is the OBG energy*. Besides,
the corresponding deconvolution analysis with the photon energy range from 0.5 t05.0
eV is also shown in the middle of Fig. 6(c). As can be seen in Fig. 6(c), three optical
transition peaks at absorption spectra are located at 0.616(ap), 1.27 (o) and 3.97(ap)
eV, respectively. Fig. 6(d) shows that the values of ay, ayand o, all shift toward the

lower energy level with increasing W doping concentration.
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Figure 6. (a) Optical transmittance of V;W,O, thin films for monoclinic state. Inset shows a
typical experimental (circle) and fitting (red line) transmittance spectra with W doping
concentration x=0.00%. (b) The relationship of absorption coefficients and photon energy for
V1xW,0, with different W doping concentration. (c) Left: (OtE)l/2 vs the photon energy E is used
to determine the optical band gap (OBG) ay, and absorption spectra in the range from 0.5 to 5.0
eV is used to determine o, and a, for VWO, thin film with x =0.61%; right: schematic electron
transition process for oo, o; and a,. (d) The changes of oy, o, and a, for different W doping

concentration.

Fig. 7(a) shows the different W doping concentration affects the orbital structure
for monoclinic state. When the W doping concentration increases, lower filled d;
orbital energy level exhibits a slight decrease relative to the O 2p orbital, which are

schematically shown in Fig. 7(b).
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Figure 7. For monoclinic state: (a) o,-a; for different W doping concentration; (b) schematic of

the orbital structure change with increasing W doping concentration.

3. 4 Orbital Change Manipulation Tyt

The orbital structure interplay of the rutile and monoclinic states is crucial for
modifying the phase transition temperature Tyyr. W doping VO, can induce
significant expansions in its lattice structure, shown in the upper half of Fig. 8(a)
(more detailed information can be seen in Fig. 2(d)). Beside, the chemical substitution
of V atoms by W atoms with different atom sizes and valence states inevitably drives
some additional electrons to accommodate in the m* orbital.?? Therefore, the
combined action of the significant expansion and additional electrons can lead to the
orbital structure change of W doping VO, thin films.***"** In Fig. 8(a), we show the
orbital structure change with increasing W doping concentration. For rutile state, the
relative position change (A(n*- d))) of the n* and d,, orbital can be given by A(B,-B1)=
(B2-B1)lx—(B2-B1)lx=0- The decrease of A(n*- d,) indicates that the overlaps of w*
orbital and d; orbital increases with increasing W doping content. For monoclinic
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state, due to the increase of W doping concentration, the relative orbital position
change (A(m*- dy)) of the n* and lower filled d, orbital decreases with increasing W
doping content, which is calculated by Aa;=a,;|x—0o]x=0. In order to further observe
the evolution behavior of the V; \W,O; orbital structure in its phase transition process,
temperature-dependent ultraviolet-infrared spectra is also measured. Fig. 8(c) shows a
series of absorption coefficients of VW0, sample with x =0.51%, obtained from
the temperature-dependent transmission data. The values of B; and [, have an
increase during the VWO, phase transition process, suggesting that the d,and ©*
orbital both move to a higher energy level positions relative to the filled O 2p orbital.
o also increases in the phase transition process, which indicates that the n* orbital

shifts up relative to the lower filled d, orbital.

(a) : : : —_— (c)
g 3.85} Z S 3.92 —9_
5 =
3.78} )
0.00}F 7=
s —~
2 .02} ~ 5
5 : s
E 004 VA, - 7%) (M) s z =
20.06} OTur AU~>4320 €
: . : . &), k3
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(b) d, S
S
=3
[]
n
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<

l—»c Covalent(type Bond .o 25 30 35 40 45 50
a r ©ov Photon Energy (eV)

Figure 8. (a) The variation of A (n*-d)) for rutile (R) state and A (d/~-n*) for monoclinic (M) state
corresponding to different W doping concentrations. The changes of average bond lengths (d; and

d;’) and phase transition temperature Tyt are also shown. Here, lines are guides for eyes. (b)
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Owing to the occupation of d, orbital, neighboring V atoms form a covalent-type bond. (c)
Absorption coefficient of V| W0, sample with x =0.51% at the temperatures range from 300 to
370 K. Dashed lines are guides for the shift of the peaks.

Previous work has focused on understanding the MIT, unfortunately, whether
metal-insulator phase transition mechanisms should be described as the Peierls
transition, where the dimerization of the V atoms along the rutile ¢, axis and
consequently opening of the gap, or the Mott transition to a Mott insulating state,
where the gap opens due to the strong Coulomb repulsion between the localized V
atom 3d orbital and the related dynamical effects, has been a subject of unabated
discussions’’*®. Nevertheless, the basis for above two mechanisms is that a structural
change of the VO octahedral modifies local orbital symmetry of the V atoms, which
can induce a symmetry breaking to lead a metal-insulator phase transition’ %
Indeed, Goodenough has pointed out the important role of the V-V pair interactions.
In VOg octahedron (Fig. 1(a)), because of the occupation of d, orbital, neighboring V
atoms can form a covalent-type bond’>***'| shown in Fig. 8(b). According to the
experimental results in Fig. 8(a), for rutile state, the increase of the overlap between
the antibonding n* and d, orbital can makes the occupancy of d, orbital decrease.
Subsequently, some itinerant electrons in the dj orbital can partially transfer to the
antibonding n* orbital. This then reduces the strength of the covalent-type bond.
Finally, by changing the occupancy of d, orbital, the phase transition temperature

Twr can be tuned.
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Figure 9. (a) Schematic of W doping VO, for rutile states. The left part shows the d;, orbital in the
V-0 octahedral configuration, in which the local coordinate systems of V atom are defined with x
axes along c, direction. (b) Real-space crystal structure and reciprocal-space Brillouin zone (BZ)
of rutile VO,. The d,, orbital lies in the (110) plane (marked by blue) through the origin (I') of the
bulk Brillouin zone, projecting onto the (110) surface Brillouin zone (BZ). (¢) Band structure
along T-M and I'-Z directions with total density of states (DOS) for pure rutile VO,. (d) The
partial density of states (DOS) of corresponding V atom (as marked in (a)) d; orbital for
different W doping concentration.

To further confirm the above analysis, we performed first principle calculations.
The structures are built from the optimized rutile VO, structure. A supercell of 2x2x3
is built to represent pure VO, structure. W doping VO, is then built from this
supercell by replacing V atoms with W atoms. The theoretical calculation is
performed using density functional theory (DFT), as implemented in the Vienna ab

initio Simulation Package (VASP)*>. The Perdew-Burke-Ernzerhof (PBE)
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exchange-correlation functional and projector augmented wave pseudopotentials are
chosen. The Kohn-Sham wave functions are expanded by plane waves with cut-off
energy of 480 eV**. The Monkhorst-Pack k points are set to 6x6x6. All the atoms in
the supercell are allowed to move and the geometry is relaxed until the forces acting
on each atom are less than 0.02 eV/A. The W/(W+V) atomic ration below 0.042
would require a supercell at least twice larger, which is deemed too demanding for the
first principle calculations. Thus, we perform theoretical calculations with three
representative W/(W+V) atomic rations: 0.000, 0.042 and 0.084, shown in Fig. 9(a).
Fig. 9(b) presents the real-space unit cell and corresponding reciprocal-space
Brillouin zone of rutile VO,. d; orbital investigated in this work lie in the (1 iO) plane
through the origin (I') of the bulk Brillouin zone. In Fig. 9(c), the theoretical
calculation for pure rutile VO, shows the band structure along selected I'-M and I'-Z
directions. The calculated band structure agrees well with the previous reported
results®®. The partial electron density of states (DOS) for d, orbital with different W
doping concentrations is shown in Fig. 9(d). It is clear from Fig. 9(d) that d, orbital is
sensitive to the W doping. In Fig. 9(d), the d; orbital of theoretical calculations moves
into a higher energy level positions with increasing W doping concentration. 3; can be
assigned to the transition from the filled O 2p orbital to d, orbital. As can be seen in
Fig. 4(d), experimental B; increases from 3.37 to 3.49 eV with increasing W doping
concentration. The experimental results show that d, orbital level position shifts up
with increasing W doping concentration, which is consistence with the theoretical

calculations.
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On the basis of experimental and theoretical results, we can reconstruct a clear
physical picture that the d, orbital occupancy can be modulated through controlling
the W doping concentration. By decreasing the occupancy of d; orbital, we can reduce
the metal-insulator transition temperature Tyyr. These results show that the d, orbital
occupancy in VO, plays an important role on its phase transition process.

4 CONCLUSIONS

In summary, W doping VO, films have been prepared by direct-current sputtering
deposition. Resistance measurements show that the metal-insulator transition
temperature Tyt decreases with increasing W doping content. The orbital structures
of V1xWO; thin films with rutile and monoclinic states have been investigated by
ultraviolet-infrared transmittance spectra. Experimental results show that the overlap
of m* and d, orbital for rutile state increases with increasing W doping content.
Theoretical calculations also demonstrate that the d, orbital for rutile state shifts to a
higher energy level with increasing W doping concentration, which exhibits a good
agreement with our experimental measurements. Meanwhile, for monoclinic states,
the gap (from the top of lower filled dj orbital to the bottom of empty ©* orbital)
decreases with increasing W doping content. These results reveal that the
metal-insulator transition temperature Tyt change for W doping VO, can come from
the dj orbital alteration. Because of the dj orbital occupation, V-V pair can form a
covalent-type bonding. With increasing W doping concentration, the decrease of d;

orbital occupancy reduces the strength of V-V pair interactions, which finally can
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lower the transition temperature Tyr. This work provides a direct evidence that the d;

orbital change can regulate W doping VO, phase transition temperature Tyyr.
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