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SUMMARY
The Thesis principally described the phase transition in vanadium oxides nano and micro-
structures (VO and V,0s), the mechanism behind the phase transitions and finally the
applications of the materials in the light of phase transformation. The correlation between the
metal to insulator (MIT) and structural phase transitions (SPT) is studied in detail to resolve
the long-lasting debate on the physical origin behind the phase transition.

After brief introduction of both the oxides, the conflicts on the phase transition
mechanism, change in the structure and properties around the transition are discussed. There
exists a controversy to use the term ‘MIT’ in case of V,0s, as the mechanism behind the
metallic behavior is under conflict. The role of vanadyl O; oxide in initiating the MIT of
V,0s nanostructures and the post-transition structural relaxation of the sample are
deliberated. The breakdown of pdz bonds due to reduction of vanadyl O; helps in
accumulating electrons towards neighbouring V atom to occupy the partially filled V 3d
bands [16], leading to the increase in the number of carriers in the conduction band, which is
finally made responsible for the observed metallic behavior in V,0:s.

On the other hand, the association of a structural phase transition (SPT) with the
MIT in VO; (at 340K) has led to a ‘chicken-and-egg’ debate on the driving mechanism of
the phase transition. The structural change from a low-temperature monoclinic, M1 to a
high-temperature rutile tetragonal, R is also assisted via another two metastable phases of
monoclinic, M2 and triclinic, T. The stabilization of stable and metastable phases of VO, is
made possible in a novel technique by introducing defects in the system, for the first time,
via two ways: (i) hole doping by native vacancy creation and (ii)) Mg doping with optimal

proportions. The structural transitions M2 —T and T—MI is found to be second order



continuous phase transitions from the continuous change in the volume and a discontinuity
in the bulk modulus with hydrostatic pressure. However, the temperature-driven M2—R
phase transition is found out as first order from the coexistence of both the phases for a
narrow span of temperature. The assignment of phonon frequencies corresponding to each
lattice vibration is made possible by density functional theory calculations of phonon
density of states. The phonon mode responsible for the structural phase transition is also
identified using the polarized and high-temperature tip-enhanced Raman spectroscopy
(TERS) measurements. The origin of the MIT and SPT in VO, and the correlation between
them is analyzed by both phenomenological model and experimental evidence along with
spinon mode-frequency calculation. The effect of defects in changing the transition
temperature of VO, is discussed by invoking dimensional reduction in V chains. The role of
vanadium vacancy in increasing the transition temperature is argued by introducing finite-
size 1-D Heisenberg spin 2 chain model in the hole rich system. The correlation between
MIT and SPT is analyzed by the observation of collective spin-excitation in VO,. The shift
in the frequency of collective spin excitation mode and simultaneous increase in the
transition temperature in the absence of any structural change confirms that SPT does not
prompt MIT in VO,. The MIT is found out as a correlation driven Mott-transition which
prompts a simultaneous SPT with reduction of temperature.

The applications of VO, are also explained in light of its phase transition. Along
with MIT, significant changes also take place in the optical and structural properties of VO,
The three imperative applications of VO, are investigated (i) Binder free supercapacitor, (ii)

Advanced smart window, and (iii)) Methane sensing near room temperature.
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CHAPTER 1

INTRODUCTION

“Words do not create transition. Ideas do.”

— Peter Jacobi

1.1  Phase Transition in Vanadium Oxides:

Vanadium (V) was discovered by del Rio in 1801 and was rediscovered by Sefstrom in 1831.
Sefstrom named the element after the Scandinavian goddess Vanadis, due to its attractive
multicoloured compounds [1]. V is a transition metal ([Ar]3d°4s®) having valences ranging
between +2 to +5 with colourful principal oxides in the form of VO (lavender), V,03
(Green), VO, (Blue), and V,0s (Yellow), respectively [2]. However, the V-O phase diagram
includes mixed-valence oxides containing two oxidation states, such as V4Oo, V5013, V3Ois,
V7013, V6011, and others allowing easy conversion between oxides of different stoichiometry
[3]. The oxides of vanadium are categorized into two groups, (i) Magneli phases (V,O2x.1)
and (i1) Wadsley phases (V2,Osn2 or, ViOoni1) [4]. Most of the oxides of V undergo a metal
to insulator transition (MIT) as a function of temperature along with changes in their optical,
electrical, thermal, and magnetic properties. The transition temperatures for various
vanadium oxides are listed in table 1.1 [3,5].

Table 1.1 Vanadium oxides with corresponding MIT temperatures

Vanadium Transition . . Transition
. Vanadium oxides

oxides temperature temperature
V,0;5 168+2K V011 170K
VO, 340K VgOis 70K
V305 430K Vo017 70K
V405 250K V¢O13 150K
V509 130K V,0;5 530K




The V-O system not only gains wide applications due to the MIT but also grabs attention for
the mechanism behind the phase-transition. The phase transitions in vanadium oxides have
been inspected for a long time as the physical mechanisms behind the phase transitions vary
widely [3]. In the present thesis, we have explored the phase transition behavior of the end

member of each class, VO, (VO,.1/n; =) and V,05 (V205.2m; n=0).

1.2 Phase Transition in V,Os:

1.2.1 Structural properties of V,0s

V,0s stabilizes in various phases including a-V,0s, B-V,0s, 6-V20s, v'-V20s, {-V,0s, and
€'-V,0s5 [6]. The most well-known phase is a-V,0s, which crystallizes into an orthorhombic
structure composed of weakly Van der Walls bonded layers of VOs pyramids sharing their
vertices and corners [7,8]. The unit-cell parameters are a = 11.51 A, b =3.56 A, and ¢ = 4.37
A [7]. Tt has space group Pmmn, (Dj7) with distorted square-pyramidal coordination
symmetry around each vanadium (Fig. 1.1). There are three non-equivalent oxygen atoms in

each unit cell (denoted as Oy, Oy, and Oy).

Figure 1.1 Schematic diagram of the V,0s layered structure. Red ball denotes V atoms; purple, wine,

and blue balls represent O;, Oy and Oy atoms, respectively.



Oy is the terminal (vanadyl) oxygen with two different bond lengths. One of them is a strong
and short V-O; bond with a length of 1.577 A (d)). Another one is large and weak Van der
Waals type, which connects the two adjacent layers in the V,0Os structure, with a bond length
of 2.793 A (showed by dotted lines in fig. 1.1). Both of these vanadyl oxygen atoms orient
almost along the c-axis. The two-fold coordinated bridging oxygen (Op) connects two
adjacent V atoms with V-Oy; bond length of 1.78 A (d,). The ladder-shaped Oy atoms are the
three-fold coordinated oxygen with three different V-Oyy bond lengths of 1.88 (d5), 1.88 (ds),

and 2.02 A (dy) [7].
1.2.2 Electronic properties of V,0s

V,0s is reported as a semiconductor of a large energy gap (3.3 eV) with the Fermi energy
lying between O 2p and V 3d bands. Within this gap, however, there exist two localized
split-off bands about 0.6 eV below the main V 34 band due to the layer-structure of this

material [9]. The schematic diagram of the electronic band structure of V,0s is shown in

figure 1.2.
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Figure 1.2 Schematic electronic band structure of V,0s indicating possible transitions.
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The indirect bandgap value of 2.1 eV due to transition from R to /" point and direct bandgap
~2.5 eV at I" point are reported in the first Brillouin zone corresponding to the energy
between the top of the O 2p valence band and the split-off part of the V 3d band [10,11]. The
absorption band-edge of the V,Os crystals are reported to vary between 2.15 and 2.22 eV
depending on the orientation of the sample [12]. The split-off bands with a narrow bandwidth
( ~ 0.7 eV) below the conduction band at /" point are reported to originate from the
overlapped O 2p and V 3d bands (pdrn bonds) [12,13]. If the split-off band is filled, the
bandgap would correspond to the transition between the top of the O 2p band and the bottom
of the main part of the V 3d band, since transitions between the two parts of the V 3d band

are parity forbidden [14].

Table 1.2 Raman mode frequencies of the V,Os lattice with their symmetry assignments and specific

atomic vibrations

Raman frequency (cm™) Syfnmetry Corresponding atomic vibration
assignment
993 4, Displacements of QI atoms along Z-
axis
850 B, Antiphase stretching of V-Oy; bonds
. Anti-phase stretching of the V-Ory
(i cither Big or Bsg bonds along Y-axis
573 4 Stretching vibration of the V-Oy
£ bonds along X-axis
483 A, Bending of V-Oy-V along Z-axis
403 A, Oscillation of Or atoms along X-axis
301 A, Displacement of QH atoms along Z-
axis
283 either By, or B3, Oscillation of Oy atoms along Y-axis
195 e A 61 e Displacements oai \ig-atoms along X-
) Displacements of the whole chain of
144 cither Big or B3, V, Oy, and Oy in XY plane
102 4 Displacements of the whole chain of
s V-Oy bonds along Y-axis




1.2.3 Vibrational properties of V,0s5

Space and point symmetric group for V,0s are Pmmn (DJ3 ). Group theoretical analysis
predicts twenty-one Raman active modes at /" point, 74,+7B2,+3Bg+4B3, [15]. The Raman
mode frequencies of V,0s, with proper symmetry assignments [15,16] and particular atomic
vibrations, are presented in table 1.2. The Raman mode at 850 cm™ is reported not to be

observed experimentally due to the pseudo-centrosymmetric nature of the V-Oy-V bond [16].

1.2.4 Phase transformation in V,0s

V,0s undergoes a transition from insulating to metallic phase around 530+5K [17].
However, reversible surface metallicity for (001) facets around 340 to 400K and bulk
metallicity for a polycrystalline film at 553K are also reported [18,19]. However, it is quite
contentious to use the term ‘MIT’ in case of V,0s [20]. The origin of metallic behavior is
still not fully resolved. The metallic transition was reported because of the reduction of V,0s
to other lower ordered stoichiometric or non-stoichiometric oxides without any structural
change [17,21]. There also exists a dispute in the identification of the particular O
responsible for the reduction, as all three Oy [18,22], O [23], and Oy [24] are suggested to be
the eligible candidates. A structural phase transition from a-V,0s to metastable y'-V,0s [25],
however, is also proposed with the increase in temperature to explain metallicity above the
transition temperature, as the later resembles conductive Wadsley phase of V4Oq [26].

1.3 Phase Transition in VO,:

1.3.1 Structural properties of VO,
VO, is known to be stabilized in different polymorphs, including VOz(A), VO,(B), VO,(C),
VO;y(D), etc. [27]. Among the VO, polymorphs, VO,(B) has been paid much attention for its

well known MIT at a technologically important temperature of 340K, which is very close to



room temperature [28]. VOx(B) crystallizes in rutile tetragonal (R; space group P4,/mnm)
and monoclinic (M1; space group P2;/c) structure above and below the transition
temperature, respectively [29,30]. In the high-temperature R phase, V atoms are equally
spaced, forming linear chains along the cgr axis with each V atom surrounded by an oxygen
octahedron (Fig. 1.3a) [31]. The lattice parameters are cg = 2.85 A, and ag = bg = 4.55 A.
Whereas in the low-temperature monoclinic phase the volume of the unit cell becomes
double than that of R phase with lattice parameters ay; = 5.70 A, by = 4.55 A, em1 = 5.38 A,
and v = 123° [32]. The approximate crystallographic relationship between M1 and R phase
is ami <> 2cr, bvi < agr, and oy <> br - cr [33]. In the M1 phase there are significant
differences in the arrangement of V along cy axis. The V atoms form pair, and the pairs tilt
along the cp axis making the surrounding octahedron deformed (Fig. 1.3b). Besides M1,
another two metastable phases of monoclinic M2 (space group C2/m) and triclinic T (or
monoclinic M3; space group C 1) are also reported to evolve during the phase transition from

MI to R [34].

(2) R

2cp <> aypy <> by
2ag > 2by < ayp
vy < br—cr Cr

ey < -by ar

Figure 1.3 The schematic structures for (a) rutile, R (b) monoclinic, M1 and (c¢) monoclinic, M2

phases of VO,. Red and blue balls denote V and O atoms, respectively.



In the M2 phase, the one set of V chains along the cr axis pair without twisting, while the V
ions in the nearest neighbor V chains, do not pair but twist away from cr axis (Fig. 1.3c). The
lattice parameters for M2 phase are: ayn = 9.07 A, by = 5.797 A, ey = 4.53 A, and Sy =
91.88° with crystallographic relationship with the R phase by <> 2cr, ame < 2ar, and oy <>
-br [32,34]. The triclinic T phase is intermediate between the M1 and M2 phases, in which
paired V chains in the M2 phase are reported to be twisted slightly [35].

1.3.2 Electronic properties of VO,

The electronic structures of VO, before and after the transition were reported long ago by
Goodenough [33]. The O 2p orbitals stay 2.5 eV below the Fermi level [36,37], and form the
valence band with 7 and ¢ bonds. In VO,, there is one d electron per V atom, and the d levels
of the V ions split into two states, namely, the lower-lying triply degenerate £, and higher-

lying doubly degenerate e states (schematic in Fig. 1.4).

gt e

Insulating (M1) Metallic (R)

Figure 1.4 Schematic electronic band structures for the insulating and metallic phases of VO,.



The t,, multiplet splits again into an a4 state (d xy )andaneg (d_.d )z ) doublet due to the

tetragonal crystal field [33]. In the low-temperature semiconducting phase, V atoms form
pairs in the cr direction and split the a;, bands into lower (bonding, ai;) and upper
(antibonding, ai,’) bands. Moreover, the V-V pairs twist and thereby enhance the Vd-Op
hybridization, which leads to a rise in the e band above the Fermi level. Thus, a gap of ~ 0.7
eV opens up to stabilize the insulating phase [33,35]. It is important to note that the density
functional theory (DFT) with local density approximation (LDA) [35], however, fails to open
the band gap between a;, and eg bands. On the other hand, LDA along with cluster
dynamical mean field theory (C-DMFT) does manage to open up an energy gap of correct
magnitude by taking account the correlation effects (Hubbard U) [38]. However, the energy

gap collapses in the metallic phase, and the Fermi level crosses partially filled a1, and eg

bands.
1.3.3 Vibrational properties of VO,

Above the transition temperature (7)), VO, stabilizes in R phase with space group P4,/mnm
(D;2). Whereas below the T., the most stable phase is M1 with space group P2i/c ()
[31,32]. The other two low-temperature metastable phases have space group C2/m and C 1
for M2 and T, respectively. Group theoretical analysis predicts five Raman active modes
(Aig, Big, B2y, and E,) for the high-temperature R phase and eighteen Raman modes for all
three low-temperature phases of VO, (for M1: 94,+9B,, and for M2 and T: 104,+8B,) at I"
point [34,39]. Former Raman studies in the metallic phase showed four broad Raman peaks
at 240, 390, 510, and 615 cm™ with line-width larger than 100 cm’ [40]. However, we were

unable to observe any Raman mode at the metallic phase due to the screening effect. For the



M1 phase, there are several reports on the Raman studies with different symmetry

assignments [40-44]. A comparison of the observed frequencies with the mode assignments

is given in Table 1.3.

Table 1.3 Comparison of the assignments of the Raman modes of previous studies on low-

temperature insulating M1 phase of VO.,.

Chen et al. | Schilbe et al. | Aronov et al. | Srivastava ef al. | Vikhnin et
300K [41] 83K [40] 100K [42] 300K [43] al. 300K [44]
- - 149 A, 149 - - - 144 -
- - 199 A | 200 Ag 208 By, 194 4,
226 Ay | 225 A, | 226 Ag 236 - 226 A,
262 Ay | 259 By | 259 Ag - - 260 A,
264 B, | 265 B, - - - - -
311 Byd, | 313 Ag 313 Aq - - 311 Ag
339 4, | 339 B, | 340 Ag - - 337 A,
390 A 392 A 392 A, - - 389 A
395 B, | 395 B, - - - - -
444 B, | 444 B, | 436 Ag 450 Eig 438 A,
454 B, | 453  Bjd, | - - - - -
483 B, | 489 B, - - - - -
500 A, | 503 A, | 501 Aq - - 493 A,
591 By | 595 A, | 594 B, - - 595 A,
618 A, | 618 A, | 620 Aq 655 Ay 615 A,
662 B, | 670 B, - - - - 627 A,
826 B, | 830 B, - - 850 B, - -

Marini et al. [39] in their study of O isotope substitution in VO, showed that the Raman

modes ~195 and 225 cm™ correspond to the V-V vibration, while the mode at ~ 618 cm™ is

associated with V-O vibration. The Raman spectra for the T and M2 phases are of similar

pattern like M1 and are reported for Cr and Al-doped VO, [39]. The phonon frequency ~618

cm™ (V-O vibration) of the M1 phase shifts the maximum in T and M2 phases of VO,. The

mode frequency splits into two peaks at ~572 and 636 cm™ in T phase and shifts to 650 cm™

9




in M2 phase, and thereby known as the signature mode for identifying the corresponding
phase of VO, [34, 39].

1.3.4 Phase diagram of VO,

The metastable M2 and T phases of VO, are reported to be stabilized at room temperature by
doping with metals of lower valency than V*(e.g., A", Ga™, Cr") [32,45,46]. The phase
stabilization of the metastable phases is alternatively reported by applying tensile strain along
the cr axis [47,48]. Doping in M,V (1.,O> is reported to decrease [49] in the Tt value for M =
W' Mo, Ta™, Nb™ and an increase is reported in the 7, value for M = Al”, Ga®, Cr
[32,45,46]. The observations point out that tensile (compressive) stain along the cr axis is
equivalent to doping with metals having valency less (more) than V**. Figure 1.5 shows

(reproduced from Ref. [47] and [48] ) strain or doping vs. temperature phase diagram of VO,.

ﬁensile strain \
along cy axis / M2

Oxydation of V4* T

(VO,,) /

VI—XMXOZ for M: R
Cr, Al, Fe Ml

T T T 1 T T T
Compressive strain 310 320 330 40 350 360 370

along cy axis/ Temperature (K)
Reduction of V#* M1 R
(VO F,)/

VI—XMXOZ for M:
Nb, Mo, W /

Figure 1.5 Strain or doping vs. temperature phase diagram of VO,

1.3.5 Phase transition mechanisms in VO,
Mott transition:
Mott transition describes the transition from insulating to metallic state of a material

considering the electron-electron interaction and electron screening effect. Due to electric

10



field screening (the negative electrons closer to a nucleus shielding it's potential such that the
potential energy peaks exponentially around the equilibrium position of the atom), the
electrons become localized and can no longer conduct a current. Mott observed this
phenomenon in nickel oxide in 1949 [50], and he argued that the important parameter is the
electron density (n.). If n¢ is high enough and the ground state wave functions of the electrons
of neighbouring atoms overlap the material undergoes a Mott transition. The critical value of

n. for undergoing a Mott transition is n.'"”

x ay ~ 0.2 where ay is the effective Bohr radius.

The Hubbard Hamiltonian is used to calculate the band structure of the correlated
electronic systems. The Mott-Hubbard theorem tells the balance between two energy terms;
(1) The electron hopping or tunneling (¢), which is directly related to the kinetic energy of
electrons, and (ii) The correlated electron-electron interaction or, the Coulomb repulsion (U).
When the ratio U/t >4, the electronic band splits into lower and upper Hubbard band leading
to localized electronic wave functions. On the other hand, when the value of the hopping
term (¢) conquers the Coulomb repulsion (U), electrons become delocalized and can conduct
current.

Peierls transition:

Peierls' theorem states that ‘a one-dimensional equally spaced chain with one electron
per ion is unstable.” This theorem was first espoused in the 1930s by Rudolf Peierls. Above
the Peierls temperature (7p), the atoms are all equally spaced with the lattice constant a.
Whereas below the 7p, a distortion occurs due to electron-phonon interactions in the
conduction band, and the periodicity changes to 2a. This process is known as dimerization

and happens when the metal is cooled down. However, doubling the periodicity introduces

new band gaps located at multiples of ka=+n/2. The electrons in the distorted chains move to

11



the lower energy than that of a perfect crystal due to the introduction of the new bandgap,
which makes this lattice distortion energetically favorable. In the absence of lattice distortion,

however, the one-dimensional chain is in the metallic phase with the half-filled band.

1.3.6 Phase transformation in VO,

The MIT in VO, was first observed by Morin in 1959 [28]. VO, undergoes a first-order MIT
between low-temperature M1 to high-temperature R phase at 340K [29,30], sometimes via
two other metastable phases of T and M2 [48]. Around the transition, the resistivity changes
by four orders of magnitude [51], and the material reflects the electromagnetic radiation in
the infrared (IR) region at high-temperature metallic phase, whereas it transmits IR at low-
temperature semiconducting phase [52-54]. However, the associations of SPT with the MIT
have led to a ‘chicken-and-egg’ debate on the driving mechanism of the phase transition,
whether the residual lattice strain and dynamical electron (spin)-phonon coupling (Pierls) or
strong electron-electron correlation (Mott-Hubbard) trigger the MIT [35,55]. Biermann et al.
[38] argued that VO, should be considered as a renormalized Peierls insulator (band-
insulator) where the opening of the bonding-antibonding gap is driven by dimerization and
renormalized down by interactions. Insulating and nonmagnetic nature of the M1 phase of
VO, suggests that it may be a typical Peierls insulator with all the V chains dimerized [45].
However, it is also found that uniaxial strain [8], or doping of trivalent metals in VO,
[32,45,46], leads to another monoclinic phase of VO, (M2), where V ions in alternate chains
are only dimerized. Since the M2 phase with alternative non-dimerized V chains is also
insulating, dimerization alone can not drive the MIT. According to Zylbersztejn and Mott
[31], Sommers and Doniach [56], and Rice et al. [57], Coulomb repulsion is responsible for

opening the energy gap in the semiconducting phases of VO,. A qualitative proposal of

12



electronic structures of VO, was reported long ago by Goodenough [33]. He considered an
antiferroelectric-to-paraelectric transition at a higher temperature than the homopolar to
metallic V-V bonding (MIT) transition. The pairing of V atoms traps the d electrons in the V-
V homopolar bands at the low-temperature phase of VO,. Whereas, tilting of V-V pairs from
the cr axis increases the electric dipole of V-V homopolar bonds. Since the net electric dipole
is zero, tilting is considered to be an antiferroelectric transition. The compression of V-V
pairing along the cr axis is expected to increase the splitting between bonding and anti-
bonding orbitals and thereby increases the bandgap. Berglund et al. [58] showed
experimentally that with an increase in hydrostatic pressure, the energy gap of VO,
decreases. Goodenough pointed out the observation of Berglund ef al. and anticipated that V-
V dimerization is not the driving force for the MIT in VO,. It is important to note that the
DFT with LDA [35] does not find any gap between ai, and overlapped aig, 7 bands, even
including structural distortion in the calculation as imagined by Goodenough [33]. On the
other hand, LDA along with DMFT [38] does manage to open up a gap, which increases with
local Coulomb correlation strength. Zhensheng et al. [59] found a new monoclinic metal
phase lying between the insulating monoclinic phase and the metallic rutile phase and could
separate the SPT and MIT by changing substrate. Muraoka et al. [60] reported that the tensile
(compressive) strain along the cg direction increases (decreases) the 7, of VO,. Moreover,
the T is also reported to be tuned by altering carrier density [61], varying stoichiometry [62],
or doping [63] with significant change in the optical, thermal and electrical properties of

VO,.
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1.4  Application of VO;:

Along with MIT at 340K, VO, also undergoes several changes in its structural and optical
properties. These characteristics along with multi-valency and catalytic properties make VO,
a promising material for various electrical, thermal, and optical devices such as smart
windows [64,65], gas sensors [66], electrical switches [67], energy storage devices [68] and
cathodes for Li-ion batteries [69].

Vanadium oxides are attractive candidates as supercapacitor (SC) electrode owing to
their catalytic nature as well as low-cost and abundant storage on earth [70-72]. There are
several reports on SC properties of VOx composites [73,74]. VO, is found out as a good
choice for electrode because of its higher electronic conductivity and structural stability due
to the increased edge-sharing and the consequent resistance to lattice shearing during cycling,
as reported by Lampe-Onnerud et al. [75]. Issues related to the presence of multiple valence
states of V, as well as its stability affecting capacitance retention and efficiency, is found to
impede further utility in SCs. However, VO, undergoes several structural phase transitions as
a function of temperature, external electric field, hydrostatic pressure, intense illumination,
and strain. So, the influence of each structural phase and corresponding oxidation states of
VO; has to be probed on its supercapacitive behaviour.

VO, is reported to transmit IR at a low-temperature semiconducting phase and reflect
IR at high-temperature metallic phase [52-54], whereas it is known to be transparent in the
visible region [76]. This phase transition property makes VO, an attractive material for smart
windows [53]. However, there are only a few reports for enhancing the transmittance in the

visible region by doping with F and Mg [76,77].
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The identification of methane (CHj), the second-largest contributor to global
warming after CO, [78], is difficult at temperatures lower than 200 °C due to its high
thermodynamic stability [79]. However, being a catalytic materials vanadium oxides form an
interesting group of materials in this field because of their varying oxidation states between
V*" and V', VO, is particularly attractive because it exhibits a first-order metal to insulator
phase transition (MIT) near room temperature (340K) [28-30]. The resistance drops by four
orders above the transition temperature [51]. As most of the metal-oxide gas-sensors works
by resistance-based mechanism, a systemic study of CH, sensing behavior of VO, around the
transition temperature needs to be probed. As VO, is extremely susceptible to change its
oxidation state and forming various metastable phases in the presence of air, we extended the
sensing study for the higher-order oxides of V than VO, (V;Oz4+1). As most of the resistance-
based gas sensors work at high temperatures in air background, the chance of oxidation is
very high, especially for multivalent oxide sensors [80]. Thus, the possibility of oxidation at
a higher temperature and sensing behavior of the corresponding phase for V,Oaut1 in the

complete temperature range of gas sensing should be investigated systematically.

1.5 Objective and Overview of the Thesis:

The prime objective of the thesis is to found out the origin of the MIT as well as SPT of the
vanadium oxides especially VO, and V,0s, and the applications of the materials in the light
of phase transition. VO, and V,0s nano and micro-structures were grown by a custom-built
atmospheric pressure chemical vapor deposition technique. Localized spectroscopic studies
using tip-enhanced Raman spectroscopy (TERS) along with proper polarization conditions
were carried out to find the orientation of the nanostructures. The reason behind the metallic

nature of V,0Os and the post-transition structural relaxation of the sample are conferred by
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electrical activation energy calculations along with temperature-dependent Raman,
photoluminescence and UV-Vis spectroscopic studies. The stabilization of various stable and
metastable phases of VO, by doping and transformation between the phases by external
stimuli like temperature and pressure are carried out to analyze the SPT in VO,. The reason
behind the MIT and SPT in VO, and the correlation between them is studied to resolve the
long-lasting debate on the origin of phase transition in this material. The application of VO,

in the light of phase transition has also been probed.
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CHAPTER 2

PHASE TRANSITION IN V,05

“In knowledge that man only is to be condemned and despised who is not in a state of
transition”

— Michael Faraday
2.1  Introduction:

Vanadium is a transition metal ([Ar]3d°4s”) with multiple oxidation states leading to various
stoichiometric and non-stoichiometric oxides. Vanadium pentoxide (V,0s), which is
essentially a semiconductor at room temperature, is the most stable oxide of V [1,2].
Although, most of the vanadium oxides such as VO,, V,03, V¢O,; exhibit metal-to-insulator
transitions (MITs) as a function of temperature, it is quite contentious to use the term ‘MIT’
in case of V,0s [3]. However, there are few reports about the transition to the metallic phase
of V,0s films around 530 to 553K and surface metallicity of (001) facet around 340 to 400K
[4-6]. The MIT is also reported to be reversible [6]. The catalytic behavior makes V,0s
applicable as gas sensors [7,8], thermochromic devices [9,10], optical and electrical switches
[11] around the transition temperature. The origin of the metallic behavior, however, is still
not fully understood. The metallic transition was reported because of the reduction of V,Os
to other lower ordered stoichiometric or non-stoichiometric oxides without any structural
change [5,12]. In the structure of V,Os_ there are three differently coordinated O atoms,
namely, O; (vanadyl), Oy (bridging), and Oy (chain) [13]. There is also a dispute in the
identification of the O responsible for the reduction, as all three Oy [6,14], Oy [15], and Oy
[16] are suggested to be the eligible candidates. A structural phase transition from a-V,Os to

metastable y'-V,0s [17], however, is also proposed with the increase in temperature to
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explain metallicity above the transition temperature, as the later resembles conductive
Wadsley phase of V4Oq [18].

The present chapter is devoted to the growth of (001) oriented V,0Os nanostructures by
vapour transport process using atmospheric pressure chemical vapor deposition (APCVD)
technique and to study the MIT in V,0s. A transition from insulating to metallic behavior
was recorded in the temperature-dependent I-V measurement. The reason behind the metallic
behavior is discussed considering the observed emission peaks above transition temperature
in the temperature-dependent photoluminescence (PL) spectroscopic studies. The newly
evolved PL emission above the transition temperature is understood in terms of creation of
defect states leading to the modification of conduction bands in the V,0s electronic structure
invoking metallicity in the system. The reversible temperature-dependent Raman spectra
were analyzed for the allowed vibrational modes of semiconducting and metallic V,0s
phases to identify the particular defect state responsible for the transition as well as to
understand the relaxed structure after the transition. The change in electronic band structure
after the reduction of V,0s, prompting the metallicity in the sample, is discussed using
temperature-dependent ultraviolet-visible (UV-Vis) absorption spectroscopic studies and

thermal activation energy calculations.

2.2 Growth of V,05 Nanostructures:

2.2.1 Thermal evaporation

One of the widespread methods of physical vapor deposition (PVD) technique is thermal
evaporation [19]. This is a procedure for coating pure materials (mostly metals) in the
thickness range of few angstroms to few microns on various substrates. The coatings can be a

single material or can be multiple layers of different materials. Thermal evaporation
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technique undergoes three major steps; generation, transport, and condensation under high
vacuum (~10 mbar) [19]. The required temperature for evaporation of the metal is delivered
by a heating element (W filament or Mo boat) through electrical resistive heating. The Au
deposition on the Si substrate, required for growth of V,0s, was carried out by thermal
evaporation system (HINDHIVAC Vacuum Coater-12A4D) at high vacuum with in-situ
thickness monitor facilities.
2.2.2 Atmospheric pressure chemical vapor deposition
Chemical vapor deposition (CVD) is a common industrial process for depositing high-quality
crystalline materials as it operates in the thermodynamical equilibrium condition. In a typical
CVD process, the wafer is exposed to one or more volatile precursors, which react and
decompose on the substrate surface to produce the desired deposit. Frequently, volatile
byproducts are also produced, which are removed by gas flow through the reaction chamber.
There are a great number of variants within the CVD technique. However, all CVD
deposition processes undergo the following steps.

v" Generation of gaseous precursors.

v" Transportation of gaseous reactants into the reaction chamber.

v Formation of intermediates following the gas-phase reaction of the gaseous reactants.

v" Deposition of material onto the substrate.

v' Diffusion of deposited material across the substrate resulting in the formation of

crystallization centers.

v" Transportation of gaseous by-products away and out of the reaction chamber.

CVD is a promising method for its cost-effectiveness and large-scale growth of

nanostructures [20]. Additionally, CVD enables high levels of control over uniformity,
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thickness, and structure, while also maintaining phase purity of the deposit. Due to its non-
line-of-sight deposition capabilities, low cost, and high throughput, we preferred CVD for the
growth of V,0Os nanostructures. We have used APCVD, where the chamber is maintained at
atmospheric pressure during the deposition. The experimental setup arranged for the growth

of V,0s nanostructures is shown in figure 2.1.

Exhaust

!

Furnace MFC

Quartz Tube
Bulk V,04 powder
Au coated Si substrate

oy

Alumina Boat

~ Pumping (~10-3 mbar)
\ . _ (Rotary Evacuation) Argon cylinder

NO9JY =

Figure 2.1 Schematic representing the APCVD system used for the growth of V,05 nanostructures.

The major components of the custom-built APCVD system are listed below with the specific
functionalities.

A. Horizontal high temperature tubular furnace (MTI-OTF-1200X-III)

(i) Maximum temperature: 1200 °C; Optimized temperature: 900 °C

(i) Temperature control: Proportional-integral-derivative (PID); Temperature accuracy: +1
°C.

(ii1) Heating element: SiC; Thermocouple: S-type.

B. Vacuum system and reaction chamber:

(i) Mechanical rotary pump for pre-evacuation (Edwards, RV12, 1 x 10” mbar)
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(i1) Vacuum gauge for measuring chamber-pressure (Pirani Gauge; Maximum vacuum: 2 X
10 mbar).

(ii1) Reaction chamber: A quartz tube of length ~100 cm and diameter of 2.5 cm inside which
the solid precursor was kept using a high pure (99.99%) alumina boat.

C. Gas delivery and control system:

The flow rate of carrier gas (Commercial Ar; 99.9%) was controlled by the mass flow

controller (MFC).

2.2.3 Vapour transport process and the optimized experimental condition

In the vapour transport process a condensed phase (source), typically a solid, is vaporised in
the presence of carrier gas (transport agent) and gets deposited on the substrate in the form of
crystals. V,0s nanostructures were synthesized on Au coated SiO,/Si (100) substrate by
vapor transport process using bulk V,0s powder (Sigma-Aldrich, 99%) as source and
commercial Ar as the carrier gas. Au film of 2 nm was deposited on SiO,/Si (100) using
thermal evaporation technique at 10° mbar as described in section 2.2.1. The bulk V,Os
powder was placed in a high pure (99.99%) alumina boat at the center of the quartz tube
reaction chamber, kept in a thermoelectrically controlled furnace. The substrate was kept 5
cm away from the source and perpendicular to the stream of Ar. The reaction chamber was
evacuated up to 10” mbar with the help of a rotary pump. The temperature of the quartz tube
was programmed to rise up to 773K and was stabilized at that temperature for 10 min to form
Au islands on the substrate (shown later in section 2.3.1) with the introduction to carrier gas
reaching atmospheric pressure in the reactor chamber. Then the temperature was increased to
the optimized growth temperature of 1173K with a ramp rate of 15 °C min™. The synthesis

was carried out at 1173K flowing 20 sccm of Ar as the carrier gas for 60 min.
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2.3 Characterizations of the Pristine Sample:

2.3.1 Morphological analysis
The morphological studies of the V,0s nanostructures were carried out using a field emission
scanning electron microscope (FESEM, SUPRA 55 Zeiss) with 30 kV source from a tungsten

field emission tip.

Figure 2.2 (a) FESEM image of as-grown nanostructures. Inset shows a typical single V,0s nanorod
of diameter ~ 200-300 nm and spherical Au nanoparticles (NPs) (b) FESEM image of the Au NPs in

the early nucleation of oxide phase.

The typical FESEM image (Fig. 2.2a) of the as-grown sample shows rod-like structures with
an average diameter of 200-300 nm. The region with the early nucleation of oxide phase with
Au nanoparticle (NPs) is also recorded in the typical FESEM image (Fig. 2.2b). The inset of
figure 2.2a shows a high magnification image of a typical single nanorod along with Au NPs.

The average diameter of the Au particles is found out ~ 40 nm (Fig. 2.2b).

2.3.2 Structural analysis
The crystal structure and phase of the as-grown material was analyzed by glancing incidence

x-ray diffraction (GIXRD) studies. In GIXRD, the diffraction pattern is collected from a
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depth of ~10-100 A of the sample where the contribution from the substrate is negligible.
The crystallographic structural studies were carried out with the help of GIXRD (Bruker DS)
using a Cu Ka radiation source (A = 1.5406 A) with a glancing angle (6) of 0.5°. The GIXRD

pattern obtained from the sample is compared with the ICDD database.

N
=~
L

Au(111)

y (arb. units)

Intensit
<V,04(002)

Figure 2.3 GIXRD pattern of the as-grown sample indicating crystalline planes corresponding to

phases present.

The GIXRD pattern (Fig. 2.3) confirms the presence of pure V,0s phase (ICCD 00-041-
1426) [13] with peaks corresponding to the (4kl) planes of (001) and (002) along with peaks

corresponding to (111) and (200) planes for Au (ICCD 00-004-0784).

2.3.3 Raman spectroscopic analysis
The space group of V,0s is P (D37). Group theoretical analysis predicts twenty one
Raman active modes for V,0s at I" point, 74,+7B2,+3B1,+4B3, [21]. We used micro-Raman

spectrometer (inVia, Renishaw, UK), in the backscattering configuration to study the
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vibrational modes of the synthesized sample using Ar’ laser (514.5 nm) as an excitation
source. The spectra were collected using a 50x objective with numerical aperture of 0.45
along with diffraction gratings of 1800 gr.mm™ as a monochromator, and a thermoelectric

cooled charged coupled device (CCD) as detector.

We observed eleven Raman modes for as-grown nanostructures (Fig. 2.4), which
match with the reported data for V,0s [21,22]. The Raman peaks at 102 (4,), 144 (either B,
or Big; Big/B3g), 195 (Ay/B2y), 283 (Big/Bsg), 301 (A,), 403 (Ag), 483 (A4y), 523 (4,), 701

(B1g/B3g), 850 (Big) and 993 (4,) cm’' confirm the presence of pure V,0s phase [21].
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Figure 2.4 Raman spectrum of the pristine V,0s nanostructures at room temperature with proper

symmetry notations. The inset shows fitted peak at 850 cm™ corresponding to B, mode.

Orthorhombic V,0s is made of distorted VOs pyramids sharing edges and corners
[23]. A schematic diagram of V,0s unit cell is shown in the inset of figure 2.5. There are
three structurally different oxygen atoms in each unit cell which are denoted as Oy, Oy, and

O, as shown in the figure 2.5.
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Figure 2.5 Schematic diagram of the V,0s unit cell. Van der Waals bond between V and Oy is

indicated by the white dashed line.

Oy is the terminal (vanadyl) oxygen with two different bond lengths; strong and short V-Oy
bond is with length 1.577 A (d)), and a large and weak one is with a bond length of 2.793 A.
The later is of Van der Waals type bonding, which connects the two adjacent layers in the
V1,05 structure. The two-fold coordinated bridging oxygen (Or) connects two adjacent V
atoms with V-Oy; bond length of 1.78 A (d>). The ladder-shaped Oy atoms are the three-fold
coordinated oxygen with three different V-Oy bond lengths of 1.88 (d5), 1.88 (d3), and 2.02
A (dy) [13]. V1,05 consists of layers connecting by a weak Van der Waals bond between V
and Oy atom of the adjacent layer (shown by the white dashed line in Fig. 2.5). The highest
frequency Raman mode at 993 cm™ arises due to the vibration of terminal oxygen atoms
along Z direction and is a signature peak for V,0s [21]. The peak at 850 cm™ is predicted to
originate because of antiphase stretching mode of V-Oy bonds [22]. Displacement of O
atoms in ¥ and X directions generates Raman modes at 701 and 523 cm™, respectively. The

V-Oy-V bending deformation along Z direction gives rise to Raman mode at 483 cm™.
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Modes at 403 and 283 cm™ can be attributed to the oscillation of O; atoms along X and Y
axes, respectively. One the other hand, displacement of Oy atoms along Z-axis gives rise to
Raman peak at 301 cm™. The low-frequency modes at 195, 144, and 102 cm™ correspond to
the X, Y, and Z displacements, respectively, of the whole chain of V-Oy; bonds [22,24]. The
high intensity of 144 cm™ peak indicates the long-range order of V-O layers in the XY plane
[22]. The Raman mode at 850 cm™ is reported not to be observed experimentally due to the
pseudo-centrosymmetric nature of V-Op-V bond [22]. However, we could observe the mode
because of possible surface-enhanced Raman scattering due to the plasmonic effect of the Au

NPs present (Fig. 2.2b) in the sample.
2.4 Phase Transition in V,Os:

2.4.1 Temperature-dependent electrical measurement

V,0s is reported as a semiconductor with a large energy gap of 3.3 eV; within this gap,
however, there exist two localized bands [25]. The schematic diagram of the electronic band
structure of V,0s is shown in figure 2.6a. V,0s is a semiconductor with an indirect band gap
value of 2.1 eV corresponding to a transition from R to /" point in the first Brillouin zone
[26]. The direct band gap at " point is reported ~2.5 eV [25,27]. Two split-off bands with a
narrow bandwidth ( ~ 0.7 eV) below the conduction band at /" point are also reported due to

the overlapped O 2p and V 3d bands (pdr bonds) [28,29].
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Figure 2.6 (a) Schematic electronic band structure of V,0Os indicating the possible transition. Solid
and dashed split-off curves denote the electronic states below and above the transition temperature
(T.), respectively. (b) Change in the resistance with temperature in an ensemble of V,0Os

nanostructure.

To study the MIT in V,0s, temperature-dependent resistivity measurement was carried out in
a voltage range of 2 V using two Au coated contact tips and a source measurement unit
(Agilent B2911A). We have also calculated the activation energy E, from the slope of In(R;)
vs. (1/T) plot, using the formula R; = Roexp(-E,/KgT); where Kp is the Boltzmann constant,
Ry is the resistance at temperature 7=0K. The semi-log plot of resistance (Rs) vs. T shows
(Fig. 2.6b) that resistance decreases exponentially up to 450K with increasing temperature,
indicating a semiconducting behavior leading to an activation energy of 0.29 + 0.01 eV,
which is slightly higher than the previously reported value (0.26 eV) for single crystalline
V,0s, measured in the temperature range of 200-270K [30]. The most plausible reason for
this low value of activation energy is due to the transition of electrons from localized split-off

bands to main conduction band. In the temperature range of 500-550K, the slope of the plot
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is increased with an activation energy of 0.4 + 0.01 eV, which indicates the downward shift
of split-off bands with increasing temperature. Above 550K, the slop falls rapidly disobeying
the semiconducting nature and the plot shows metallic behavior of increasing resistance with
increase in the temperature above 650K. The cause of the metallic behavior is still under
debate [5,6,15-17]. The proposed metallic phase of metastable y'-V,0s in the structural phase
transition model [17], is reported to convert to a stable semiconducting a-V,Os phase above
613K [31]. In our study, however, the temperature-dependent electrical measurement shows
(Fig. 2.6b) that the metallic character of the grown nanostructure sustains above 650K, which
contradicts the formation of y’-V,0s Hence the reduction of V,0s though O vacancy is likely
in producing the metallic phase above the transition temperature [5]. However, the role of

specific O is still not clear.
2.4.2 Temperature-dependent Raman spectroscopic measurement

A temperature-dependent Raman spectroscopic study (Fig. 2.7a) was conducted to
address the role of specific O in producing the metallic phase. Temperature dependent
Raman studies were performed by keeping the sample in the Linkam (THMS600) stage with
an auto-controlled thermoelectric heating and cooling function within a temperature range of
80 to 650K. In temperature-dependent Raman study, the modes at 483 and 850 cm™ are
observed to disappear completely above the transition temperature of 530K and reappear
again at the same temperature while cooling down. Moreover, a softening for all Raman
modes was recorded with the increase in temperature except for the mode frequencies at 283,
403 and 993 cm™. Temperature dependence of frequencies for all the observed Raman modes
is shown in figure 2.7b. With increasing temperature, the peak positions of the Raman

modes, except for the three above mentioned modes, are red-shifted by an amount of 7 to 13
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cm’ in the temperature range from 300 to 650K. The intensity of the peak centered at 993
cm’ is observed to decrease rapidly with the increase in temperature and regain almost its
original intensity after cooling back to room temperature. The intensity ratio of the highest
intense 144 cm’ (Bi4/Bsg) Raman mode with 993 cm’ (4;,) mode with increasing

temperature is shown in figure 2.7c.

e e A : 90

¢ 100 200 500 400 500 £00 700 BG‘O_SOJ‘:GCO 300 350 400 450 500 550 600 650
( ) Raman Shift (cm') Temperature (K)

C

146
144
142

. 1.40
< 138 .
. 1.36

134
132
130

128F o009
V1l11llllllllllllllllllllllll :.. ...................

300 375 450 525 600 675 OG-0 R
Temperature (K)

T T T

T

T
AN

IB /B
T

@
\

T T

T

After transition

Figure 2.7 (a) Raman spectra of V,05 nanostructures with increasing (denoted by solid arrow) and
decreasing (denoted by the dashed arrow) temperature in the range of 300 to 650K (b) Change in
vibrational frequency with temperature for each Raman mode. (¢) Temperature dependence of the
intensity ratio of the highest intense peak at 144 cm™ (IBlg /339) with the peak at 993 cm™ (I4 19)' (d)

Schematic diagram of V,Os unit cell at below and above the transition temperature.
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450K indicating a significant decrease in the intensity of 4;, mode centered at 993 cm’ as
compared to that of B 4/B3, mode at 144 cm™ around the transition temperature of 530K. The
drastic fall in the intensity of 4;, mode, which is responsible for the vibration of vanadyl Oy
atoms along the c-axis alone, signifies the possible loss of O; atoms from the structure around
the transition temperature. It may also be noted that the B1,/B3, mode frequency at 144 cm’ is
independent of the motion of O;, so our inference about the role of O; influencing the
intensity of 4, mode at 993 cm’ is mutually exclusive. Moreover, it is reported that the
vanadyl Oy is more prone to reduction, as the vacancy formation energy is lower for O; atoms
than the other two oxygen atoms (Oy and Oyy) in V05 (001) oriented surface [32,33]. The
modes at 483 and 850 cm’, arising due to V-Op-V bending and stretching vibrations,
respectively, disappeared above the transition temperature. It may be due to the relaxation of
V105 structure initiated with the formation of vanadyl O; vacancy (Fig. 2.7d). If one of the Oy
atoms are removed from the surface, the V atom in its near vicinity projects inward for
relaxation and the next right O; atom relax upward to make a stiffer interlayer bond with
decreased bond length (1.78 A) [32]. Moreover, the V-Oy-V bond angle is also reported to
increase to 178°, leading to almost a linear bond [32]. So, the disappearance of the modes at
483 and 850 cm™ is in quite good agreement with the relaxation conditions. The absence of
phonon softening with temperature for the Raman modes at 283, 403 and 993 ¢cm™, which
originates due to the ¥, X and Z vibration of Oy atoms, respectively, may also be attributed to
the structural relaxation as the V-O; bonds become stiffer between the layers after the
relaxation. The reversibility of the Raman modes with temperature can be explained by the

excellent catalytic behavior of V,0s. The structural phase transition to y'-V,Os is further
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ruled out with the absence of characteristic Raman mode at 602 cm™ [34], in the studied
temperature range of 300-650K (Fig. 2.7a).

2.4.3 Temperature-dependent UV-Vis absorption spectroscopic measurement

We have carried out the UV-Vis absorption spectroscopic studies in the reflection geometry
to understand the optical properties in the light of electronic transitions. Absorption spectra
were recorded using a UV-Vis absorption spectrometer (Avantes) in the range of 300-800
nm. A bare SiO,/Si (100) wafer was used for reference to nullify the reflected contribution
from the substrate. Figure 2.8a shows the UV-Vis absorption spectra of the sample. As there
are Au NPs present in the sample, to investigate the role of Au in the absorption spectrum of
V,0s, we performed the absorption studies for Au NPs as well as bulk V,0s also. Au NPs of
diameter ~ 40 nm shows a strong absorption peak at 528 nm, whereas bulk V,0s shows four
peaks around 560 to 630 nm. A faint absorption edge at ~ 342 nm may indicate the presence
of theoretically forbidden interband transition in the bulk V,0s powder [24,35]. The feature
may have appeared because of the finite size of V,Os powder and the measurements being
performed at room temperature. On the other hand, V,Os nanostructures in the presence of
Au NPs show two strong absorption peaks at 342 and 565 nm. The peak at 565 nm (2.19 eV)
matches with the previous report and can be attributed as the indirect transition from R to I”
point [24-29]. The peak at 342 nm (3.63 eV) may have shown its strong presence due to the
plasmonic effect of Au NPs influencing the effective polarizability of the hybrid system [36].
Au NPs with a diameter of 40 nm on SiO, matrix is reported to show luminescence ~3.4 eV
corresponding to energy gap at L —symmetry point [37]. To understand the origin of
metallicity in V,0s, temperature-dependent UV-Vis absorption of the as-grown V,0s

nanostructures was studied. The Tauc’s plot of the as-grown material, using (ahv)™? vs. hv
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for indirect band gap semiconductor (absorption co-efficient, a; Planck’s constant, #;

frequency, v), at different temperatures ranging from 300 to 650K are shown in figure 2.8b.
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Figure 2.8 (a) UV—Vis absorption spectra of the grown sample, Au NPs, and bulk V,0s. (b) Tauc’s
plot of indirect band gap V,Os nanostructures using UV-Vis spectra at different temperatures. The
slopes are drawn to determine the band gap value, as inscribed in the insets for the plots at different
temperatures.

An indirect band gap of 2.14 eV, which matches with the previously reported value of 2.1 eV
for V,0s [24], was recorded at 300K. The band gap decreases with increase in temperature
and is measured to attain a value of 2.07 eV at 650K. The decrease in band gap by an amount
of 70 meV indicates a downward shift of the split-off bands with an increase in temperature,
as also inferred from the thermal activation energy analysis (Fig. 2.6b). Vanadyl Oy plays an
important role in creating these split-off conduction bands [38,39]. Inspired by the Oy

vacancy, the split-off conduction bands are reported to approach deeper down from the
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conduction band at /" point due to the breakdown of pdr bond between O; and nearest V
atom [14,38,39].

2.4.4 Temperature-dependent photoluminescence spectroscopic measurement

For further analysis, we carried out temperature-dependent photoluminescence (PL) studies
to examine the changes in electronic states with temperature. The PL spectra for the V,0Os
nanostructures were recorded with an excitation laser of wavelength 325 nm (UV; He-Cd)
and 2400 gr.mm ' grating using the same Raman spectrometer. In order to perform
temperature dependent measurements, the samples were kept in a Linkam (THMS600) stage.

Figure 2.9 shows PL spectra of V,0s nanostructures with increasing temperature from 80 to

650K.
ok | 500K =
o i -5k
4k 4k
3k F3k
2k g 2k
P L1k
o >
= - e ek
=HLS 300K ) GODK
= sk G 5k
o 5k -4k
o 4K 3k
2 2K 2
ok F1k
:‘ 4
;_:; o 6k
— Bk L5k
TS
Bic 2 L4k
5k : _ L3k
4k -' %
3k A g
2k '( ]
. 1k
1k

182022 24 26 28 182022 24 26 28
Energy (eV)

Figure 2.9 PL spectra at different temperatures ranging from 80 to 650K. Peaks are fitted with

Gaussian function. Symbols indicate data points, and lines indicate fitted curves.
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We observed three sharp peaks at 2.1, 2.5 and 2.7 eV, recorded at 80K, which can be
explained as an indirect transition from R to I point, a direct transition at /" point and a direct
transition at R point, respectively [24,40]. The observation of PL peaks for indirect transition
in V,0s is facilitated using the near resonance condition where laser excitation of 325 nm is
selected close to the plasmonic assisted absorption peak of the hybrid system at 342 nm (Fig.
2.8a). At room temperature (300K), the peaks are blue shifted slightly to ~ 30 meV. The
trend continues up to 500K, which is quite expected with increasing temperature.
Surprisingly above the transition temperature at 550K, three new peaks arise around 1.89,
2.0, and 2.4 eV along with the previously observed peaks. With increasing temperature, the
split-off conduction bands in the V,Os electronic structure are found to approach deeper
down from the conduction band around 70 to 100 meV at /" point due to the breakdown of
pdr bond between Oy and nearest V atoms (Figs. 2.6a and 2.8b).*! The origin of the newly
evolved peaks can be understood because of the indirect transition from R to /" point (1.89
and 2.0 eV for the two split-off bands) and a direct transition at /" point (2.4 eV) of the new
electronic levels, caused by oxygen vacancies (considering dotted split-off curves in Fig.
2.6a) [41,42]. With further increase in temperature up to 650K, the intensity of newly
evolved low energy vacancy related peaks increases whereas, the intensity of band edge
peaks decreases. Thus, the above observation supports the loss of O; from the system with an
increase in temperature [43,44] as also observed in the temperature-dependent Raman
spectroscopic studies (Fig. 2.7). Reduction of an oxygen atom donates two electrons back to
the structure. The breakdown of pdz bond between O; and nearest V atom results in
delocalization of electrons towards neighboring V cation by occupying the partially filled V

3d states in the conduction band [45], leading to an increase in the number of carriers in
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conduction band. The increased number of carriers in conduction band is responsible for the

decrease in resistance above the transition temperature and the observed metallic behavior.

2.5 Summary:

V105 (001) nanostructures were grown by vapour transport mechanism using Au as catalyst.
The Raman spectroscopic analysis and GIXRD measurements confirm the orthorhombic
phase of the as-grown material. Temperature-dependent electrical properties showed a
transition of semiconducting to metallic behavior at a temperature of 550K. Phonon softening
behavior in the temperature-dependent Raman spectra indicated loss of vanadyl oxygen (Oy)
as the possible reason for the observation of the metallic V,Os phase above the transition
temperature. Reduction of the band gap with increasing temperature, as observed in the
Tauc’s plot, with the appearance of new peaks in the PL spectra and in the thermal activation
energy calculations, implies the downward movement of split-off bands from the conduction
band. The downward shift of split-off bands with an increase in temperature is due to the
breakdown of pd bond between O; and nearest V atom, inspired by the formation of vanadyl
O; vacancy. The breakdown of pdzr bonds helps in accumulating electrons towards
neighboring V atom to occupy the partially filled V 3d bands, leading to the increase in the
number of carriers in the conduction band, which is finally made responsible for the decrease

in the resistance and the observed metallic behavior.
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CHAPTER 3

STABILIZATION OF METASTABLE PHASES AT ROOM
TEMPERATURE AND STRUCTURAL PHASE TRANSITION IN VO,

“Change is more often a rapid transition between stable states than a continuous
transformation at slow and steady rates.”

— Isaac Asimov
3.1 Introduction:

Transition metal oxides are of great scientific as well as technological interest in developing
the next generation of power-efficient electrical and optical devices [1]. Being a transition
metal, most of the oxides of V undergo metal to insulator transition (MIT) as a function of
temperature [2]. Among all oxides of V, however, VO, finds tremendous attraction and turns
out to be the center of extensive research because of its first order, reversible MIT at the
technologically important temperature of 340K, which is very close to room temperature
[3,5]. A structural phase transition (SPT) from a low-temperature monoclinic M1 (space
group P2,/c) to a high-temperature rutile tetragonal R (space group P4,/mnm) is also
associated with the MIT [3-5]. Besides M1, another two metastable phases of monoclinic M2
(space group C2/m) and triclinic T (or monoclinic M3; space group C 1) are also reported to
evolve during the phase transition from M1 to R [6]. The M2 and T phases can be stabilized
at room temperature by doping with metals of lower valency than V*'(e.g., A", Ga™, Cr")
[7-9]. The phase stabilization of the metastable phases is alternatively reported by applying
tensile strain along the rutile ¢ axis (cg) [10,11]. In all the phases of VO,, there are two
interpenetrating parallel chains of V surrounded by six O atoms forming distorted
octahedron. In the high temperature R phase, all the V chains are parallel and periodic [12];
whereas in the low temperature monoclinic M1, M2 and triclinic T phases there are
significant differences in the arrangement of V along cz axis. The V forms pair (dimerized)

53



and the pairs tilt along the cy axis in the M1 phase, making the unit cell double of the unit
cell in R phase (schematic in Fig. 3.1) with the approximate crystallographic relationship as
ami <> 2¢r, by < ar, and ey > br - cr [7,13]. In the M2 phase, one set of V chains along
with the cr axis pairs without twisting, while the V ions in the nearest neighbor V chains, do
not pair but twist away from cr axis. The crystallographic relationship with the R phase is
b < 2cr, avp < 2ar, and oy <> -br [13]. The triclinic T phase is intermediate between the
M1 and M2 phases, in which paired V chains in the M2 phase are reported to be twisted

slightly [14].

2cg o ayy < by
2ag <> 2byy > ayp
cmt < br—cg

v © by

C
-

N,

A

(&
<,

Figure 3.1 Schematic structural diagram of different phases of VO, (a) rutile tetragonal, R; (b)
monoclinic, M1; and (¢) monoclinic, M2. Red balls denote V atoms, each surrounded by O octahedra

(not shown in the figure) with principal axis perpendicular to the shaded plane.

In addition to temperature, other driving forces such as external electric field [15],
hydrostatic pressure [16], intense illumination [17], and strain [18] can also introduce phase
transition in VO,. Moreover, the transition temperature (7¢) tunes with the variation of carrier
density [19], applied strain [20], or doping [21] showing significant change in the optical,

thermal and electrical properties of VO,. These characteristics make VO, a promising
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material for various electrical, thermal and optical devices such as smart windows [22], gas
sensors [23], electrical switches [24], and cathodes for Li-ion batteries [25]. Doping in bulk
M, V(100 can lead to decrease in the T, value for M = W', Mo™®, Ta”, Nb" [26], and an

increase is reported in the 7, value for M = Al”, Ga®™, cr” [7-9].

The present chapter describes the growth and phase transformation among the various
stable and metastable phases of VO, by external stimuli like temperature and pressure. The
stabilization of the metastable phases of VO, at room temperature is made in a novel
technique by introducing defects in the system, for the first time, via two ways: (i) hole
doping by the creation of native vacancy defects and (ii) Mg doping with optimal proportion.
Temperature and pressure induced phase transitions among the various phases of VO, are
analyzed by synchrotron XRD and Raman spectroscopic measurements. We argue a first
order MIT prompts a second order SPT without any latent energy leading to SPT and MIT
observed at the same time in VO,. Pressure and temperature dependent XRD and Raman
spectroscopic studies along with the calculations of bulk modulus and mode Gruneisen
parameters further help in finding the order of phase transition and the contribution of
phonon modes towards thermal expansion. We have also performed a systemic study of the
polarized tip-enhanced Raman spectroscopy (TERS) to explore the -crystallographic
orientation of VO, single nanorods as well as to identify the corresponding Raman mode
frequencies. The assignment of phonon frequencies corresponding to each lattice vibration is
made possible by density functional theory (DFT) calculations of phonon density of states
using PHONOPY model. The phonon mode responsible for the phase transition is also

identified using the polarized and high-temperature TERS measurements.
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3.2 Growth of VO,:

3.2.1 Hole doping by the creation of native vacancy defects

VO; nano and micro structures were grown on crystalline (c-)Si(111) substrate by vapor
transport process using atmospheric pressure chemical vapor deposition (APCVD) technique
as described in chapter 2; section 2.2.2. Bulk VO, powder (Sigma-Aldrich, 99%) was used as
a source, and commercial Ar (99.9%) was used as the carrier gas. The source was placed in a
high pure (99.99%) alumina boat inside a quartz tube. The reaction chamber was kept in a
furnace and was pre-evacuated up to 10~ mbar. Substrates were kept 10 mm away from the
source in two positions, (i) parallel and (ii) normal to the stream of carrier gas. The
temperature of the quartz tube was programmed to rise to the optimized growth temperature
(1150K) with a ramp rate of 15K min™. The synthesis was carried for 4 h with different
optimized O exposure by flowing 10, 20, 30 and 40 sccm (sample, S1, S2, S3, and S4,
respectively) of Ar (99.9%) containing ~2x10° ppm of O.

3.2.2 Mg doping with optimal proportions

V1-xMg,O; nano- and micro-structures were grown by vapor transport process on high pure
(99.99%) alumina boat using mixed VO, powder and Mg powder (Sigma-Aldrich, 99%) as
the source and Ar (99.9%) as the carrier gas. Substrates were kept at 10 mm away from the
source in two positions, (i) parallel and (ii) normal to the stream of carrier gas. The synthesis
was carried out at 1100K for 3 h. The concentration of the Mg dopant was controlled by
changing the flow rate of the carrier gas. The synthesis was carried with the optimized flow
of Ar (99.9%), e.g., 20, 40, 60, 80, and 100 sccm (samples, S6, S7, S8, S9, and S10,
respectively) in the presence of Mg powder. Sample S5 was prepared with the flow of 20

sccm Ar, keeping other growth conditions same except the Mg powder.
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3.3 Phase Confirmation of the Pristine Samples:

3.3.1 Morphological analysis

The FESEM images of the pristine samples are shown in figure 3.2. The samples grown on
the substrates parallel to the stream of carrier gas was found to form nanorods; whereas,
those for normal to the stream of carrier gas found grow as micro-crystals. The average width
of the micro-crystals is 2 to 5 um (Fig. 3.2a). The insets of figure 3.2a show magnified
images of microrod of width ~2+0.5 um. On the other hand, figure 3.2b shows the nanorods
of average width ~ 100 to 200 nm. The insets of figure 3.2b show typical nanorod of
diameter 150+5 nm. We have used the micro-rods for pressure and temperature dependent
Raman and XRD studies and a typical single nanorod (insets of Fig. 3.2b) for the polarized

TERS studies.

Figure 3.2 FESEM images of as-grown (a) micro and (b) nanorods. Insets show magnified images of
micro and nanorods.

3.3.2 Structural analysis

Structural properties of the as-grown samples were studied using extreme conditions x-ray
diffraction (ECXRD) in beamline-11, installed at Indus-2 synchrotron facility at Raja
Ramanna Centre for Advanced Technology (RRCAT), India, with A = 0.76089 A using
Si(111) channel-cut monochromator. A MAR345 image plate area detector was used to
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collect two-dimensional (2-D) diffraction data. The sample to detector distance and the
wavelength of the x-ray beam were calibrated using NIST standards of LaB6 and CeO..
Calibration and conversion/integration of 2-D diffraction data to 1-D, intensity vs. 26, were
carried out using the FIT2D software. The XRD pattern of the samples with different
exposure to O is shown in figure 3.3a. In the case of samples S1 and S2, the diffraction peaks
confirm the presence of monoclinic M1 phase of VO, (JCPDS # 04-007-1466) [27]. Whereas
the diffraction peaks for samples S3 and S4 match with the T phase of VO, (JCPDS # 01-
071-0289) [28].

14 16 18 20 22 24 26 28 30 32 34 14 16 18 20 22 24 26 28 30 32 34
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Figure 3.3 The XRD pattern of the pristine samples (a) S1, S2, S3 and S4 grown via hole doping and
(b) S5 (control without Mg), and S6, S7, S8, S9 and S10 grown via Mg doping. The crystallographic

(hkl) planes of the corresponding phases are indicated.
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The x-ray crystallographic studies of the samples with different Mg dopant are shown in
figure 3.3b. In sample S5, the diffraction peaks confirm the presence of monoclinic M1 phase
of VO, (JCPDS # 04-007-1466) [27]. Whereas the diffraction peaks for sample S6 resemble
the T phase of VO, (JCPDS # 01-071-0289) [28]. The samples S7 to S10 are found out as the
M2 phase of VO, (JCPDS # 00-033-1441) [29].

While focusing on the diffraction peaks at lower 20 values, the diffraction peak at
20=13.67° represents the (011) plane corresponding to monoclinic M1 phase (equivalent to
(110)gr plane) of VO, for samples S1 and S5 [27]. In sample S4, the diffraction peak is
observed at 206=13.69°, indicating a compression in (011) lattice plane. Compression in one
direction generally is coupled to an expansion in the perpendicular direction. Thus, the
compression in (011)y; plane leads to tensile strain along the cg axis. In the case of samples
S3, S4 and S6, two diffraction peaks observed at 26 = 13.47° and 13.81° may correspond to
(-201) and (201) planes of T phase of VO,. Similarly, for samples S7 to S10, the diffraction
peaks equivalent to (-201) and (201) planes of the M2 phase of VO, are observed at around
20 = 13.38° and 13.84°. The twin peaks in samples S6 to S10 are equivalent planes of (110)r
phase, which are responsible for twin crystalline formation. The T and M2 phases of VO, are
reported as the strained (tensile strain along the rutile c axis) stage for the M1 phase of VO,
[11, 30]. In the present study, the role of substrate in introducing strain in these samples is
ruled out as they all are synthesized on the same substrate [31]. Since, the samples S1 to S4
were grown for different percentage of the flow of Ar (containing ~2x10° ppm O); there
would be a departure from perfect stoichiometry in VO,, because of different amounts of O
present in the carrier gas. Presence of excess O in the sample S4 is more probable, as it grows

with the highest amount of O exposure at high temperature (1150K). We were unable to
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stabilize M2 phase of VO, by varying O stoichiometry, as with the increase in Ar flow rate
above 40 sscm the samples stabilized in the V,Os phase. However, for the samples grown in
the presence of Mg powder, with a different percentage of the flow of Ar, there would be a
different percentage of Mg dopants present in the samples. The dopants can introduce strain

in the sample and help in stabilizing the M2 phase of VO,.

3.3.3 Raman spectroscopic analysis

Raman spectroscopic analysis was carried out to obtain further information about the phases
present in the as-grown samples. The Raman spectra for the samples collected at room
temperature are depicted in figure 3.4. Eighteen Raman-active phonon modes are predicted
by Group theoretical analysis for all low-temperature phases of VO, (for M1: 94,+9B,, and
for M2 and T: 104,+8B,) at /" point with different symmetries [6,16].

However, we observed twelve vibrational modes for samples S1 and S5 (Fig. 3.4).
Observed Raman modes at 141, 190(4,), 225(4,), 258 (either Ag or Bg,; Ag/B,), 307(44/B,),
335(4,), 390(4g/By), 440(44/By), 497(A4/B,), 611(4y), 665(By), 823(By) cm’ in case of
sample S1 (Fig. 3.4a) confirms the presence of pure M1 phase of VO, [32,33]. All Raman
modes in case of sample S1, except 141, 440 and 826 cm™, are blue shifted by an amount of
~2-3 cm’ in sample S2. In case of sample S3, we observed thirteen Raman modes at 130
(4g), 195 (A4y), 223 (Ay), 262 (Ay/B,), 306 (A4g), 340 (A,), 381 (A44/B,), 403 (A/B,), 440
(44/By), 501 (44/By), 578, 622 (A,), and 828 (By) cm™. In case of samples S4 and S6, thirteen
mode frequencies are observed at 121, 201(d4y), 228(4,), 267(Ay/B,), 304(A4y), 343(4,),
374(A4/By), 413(By), 445(A44/By,), 503(A44/By,), 572(4y), 636(A4y), and 828(B,) cm™ (Fig. 3.4),
which resembles the reported data for T phase of VO, [6,19]. For samples S7 to S10, we

observed eleven Raman modes at ~ 50, 203 (4,), 217(4,), 229(4y), 273(44/Bg), 297(4y),
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341(d,), 432(44/B,), 454(44/B,), 651(4y), and 831(B,) cm’ (Fig. 3.4b), which exactly

resembled the reported M2 phase of VO, [6,19].
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Figure 3.4 Raman spectra with proper symmetry notations of the pristine samples (a) S1, S2, S3 and
S4 grown via hole doping and (b) S5 (control without Mg), and S6, S7, S8, S9 and S10 grown via Mg

doping, collected at room temperature.

Raman spectroscopic studies confirm the presence of all the three different phases of pure
VO, i.e., M1 phase in samples S1, S2, and S5, T phase in samples S3, S4, and S6, and M2

phase in samples S7, S8, S9, and S10.

3.4  Structural Phase Transition in VO,:

3.4.1 Spectroscopic study of structural phase transition as a function of pressure

As metastable M2 phase is the maximum strained (tensile) phase of VO,, compressive stress
may lead to a structural transition to a stable phase of VO,. To investigate the nature of
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structural changes with stress, we performed the Raman spectroscopic studies at room
temperature on samples S7, S8 and S9 (stabilized in M2 phase of VO,) as a function of
hydrostatic pressure.

200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800

—291 GPa ] L M, ——2.96 GPa :

5 58 '(C)Msg '

m o GL ; UL“H\-—\/_ZVJ‘-!\_/“ - W-
o —1.16 GPa B
L T ]

——2.15GPa 3 ——1.73GPa
b ——1.23GPa ——1.30GPa
M
] ——027GPa E ——0.16 GPa
. - w

~
[~

o

H’

Intensity (arb. unit)
Intensity (arb unit)
Intensity (arb. unit)

\um A

200 300 400 500 600 700 800 200 300 400 500 600 700 800 200 300 400 500 600 700 800

Raman Shift (cm™) Raman Shift (cm™) Raman Shift (cm™)

Figure 3.5 Raman spectra of samples (a) S7, (b) S8, and (c) S9 as a function of increasing hydrostatic

pressure. The phases of VO, at the corresponding pressure are indicated.

At atmospheric pressure, the samples S7, S8, and S9 show Raman spectra corresponding to
the M2 phase of VO, [6,19] (Fig. 3.5). With increasing hydrostatic pressure to 1.16 GPa the
Raman spectra show peaks at 121, 201(4,), 225(4g), 267(Ag/B,), 304(4,), 343(4y),
374(A4/By), 409(A44/By), 440(A44/By), 501(A/By), 572(Ay), 636(A4y), and 828(B,) cm™ in sample
S7, which resemble the reported data for the T phase [6,19]. With further increase in pressure
to 2.8 GPa observed Raman bands at 140(4,), 190(4,), 221(A4,), 258 (Ay/B,), 307(44/By),
335(4,), 391(A44/By), 440(44/By), 494(A4/By), 621(4y), 665(By), 823(Bg) cm’ confirm the
presence of pure M1 phase of VO, [32,33] (Fig. 3.5a). The structural phase transition from

M2 to T and T to M1 proves the structural relaxation of the strained M2 phase stabilized by
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Mg doping. For the sample S8, the structural transitions from M2 to T phase and T to M1
phase are observed at 1.23 and 2.91 GPa, respectively (Fig. 3.5b). The same for sample S9 is
observed at 1.30 and 2.96 GPa, respectively (Fig. 3.5c). In the pressure releasing cycle, all
three samples show reversible transitions from M1 — T — M2 with negligible hysteresis.
The Raman spectra for sample S7 with complete pressure cycle is shown in figure 3.6a. As
samples S8 and S9 are doped with higher percentages of Mg, they are expected to be under
more tensile strain than sample S7, and the transition pressure is expected to be high
according to the phase diagram of VO, [11]. We have plotted the Raman frequency shift with
pressure. In the ® vs. P diagram (Fig. 3.6b), distinct changes are clearly observed in the
spectra above 1.6 GPa for sample S7; (i) the Raman band at 218 cm™ disappears, (ii) five
new bands appear at 124, 378, 414, 504 and 576 cm’, (ii1) the bands at 297, 341, and 435
cm’ show blue shift, and (iv) the Raman bands at 203, 228, 273, 651, and 831 cm’ show red
shift. These are clear indications of a structural phase transformation from M2 to T phase of
VO, [6,19]. With an increase in pressure ~2.8 GPa, again several changes are observed in the
Raman spectra (Fig. 3.6b); (i) the bands at 341, 415, and 576 cm™ disappear, (ii) the bands at
127, 409, 504, 576, and 636 cm™ show red shift, and (iii) the 440 cm™ band shows a blue
shift. These changes indicate another structural phase transition from T to M1 phase of VO,
[32,33]. The Raman band observed at 651 cm™ arises due to V-O stretching vibration. The
stretching mode is observed to shift from 651 to 636 cm™ at 1.6 GPa due to transition from
M2 to T phase and 636 to 621 cm™ due to transition from T to MI phase indicating the
length of V-O bond to be relaxed from strain. Raman mode at 203 and 229 cm™ correspond
to the V-V vibration along and perpendicular to the cr axis, respectively [34]. The observed

shift 0f 2.95 cm™'/GPa for the Raman mode at 203 cm™ larger than that of 0.68 cm™/GPa for
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229 cm™ with pressure confirms that the distortion along the cg axis is responsible for the
phase transition. The Raman mode frequencies vary similarly with pressure for the samples

S8 and S9 (not shown in the thesis), except for slightly higher values of transition pressure.
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Figure 3.6 (a) Raman spectra of sample S7 as a function of hydrostatic pressure. The phases of VO,
at corresponding pressure are indicated. Solid arrow and dashed arrow indicate increasing and
decreasing pressure, respectively. (b) Raman mode frequency vs. pressure of sample S7. Changes in

the spectral frequencies are recorded at 1.6 GPa and 2.8 GPa, signifying a phase transformation.

We have calculated the isothermal mode Gruneisen parameter [yir = (K/wi)(dwi/dP)|r; where
K is the bulk modulus obtained from high-pressure XRD measurements described later] to
find out the contribution from implicit anharmonicity of the Raman modes for sample S7.
Table 3.1 lists the mode frequencies (w;) with the corresponding y;r with less than 10% error.
Positive and negative values of Gruneisen parameters indicate the corresponding Raman
modes contributing positively and negatively to thermal expansion, respectively [35]. The
negative values of y;r for a few Raman modes in the M2 phase become zero or positive in the

M1 phase indicating the complete relaxation of the phase from the strain.
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Table 3.1 Frequencies (w;) and Gruneisen parameters (y;r) of Raman modes of sample S1.

M2 T M1

w; VT Wi T Wi nir
203 -2.09 121 1.95 140 1.24
217 0.64 201 -3.58 190 0
229 -1.23 225 -0.87 221 0.15
273 -0.52 267 -1.48 258 0.25
297 2.86 304 0.82 307 0
341 0.83 343 0.71 335 0
432 2.27 374 4.27 391 1.44
651 -2.39 409 -1.56 440 1.81
831 -0.68 440 1.36 505 0.61

- - 501 0.16 621 0.74

- - 572 1.97 665 -

- - 636 -1.86 823 0.08

- - 828 -0.23 - -

3.4.2 Crystallographic study of structural phase transition as a function of pressure

To confirm the structural phase transition, we performed XRD studies at room temperature as
a function of hydrostatic pressure (Fig. 3.7). In the absence of any pressure, all the samples
maintain the M2 phase of VO,. Whereas, with an increase in pressure to 1.82 GPa in sample
S7, the XRD pattern resembles the T phase of VO, (JCPDS # 01-071-0289) [28]. With
further increase in pressure to 3.42 GPa, the XRD pattern resembles the M1 phase of VO,
(JCPDS # 04-007-1466) [27] (Fig. 3.7a). This is similar as observed from high pressure
Raman study. (Fig. 3.5a). In the case of sample S8, the structural phase transitions from M2
to T and T to M1 are observed at 1.85 and 3.85 GPa, respectively (Fig. 3.7b). The phase

transition pressure for M2 to T and T to M1 in sample S9 are observed at 1.91 and 4.00 GPa,
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respectively (Fig. 3.7c). The XRD patterns for these samples are compared after the pressure

is released, and the initial structure is found to be recovered (Fig. 3.8a).
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Figure 3.7 XRD pattern for samples (a) S7, (b) S8, and (c) S9 as a function of increasing pressure.

The phases of VO, at corresponding pressure are indicated.

The structural transition from T to M1 is reported as the first order transition by Mitrano et
al. [36] because of the observed mixed-phase behavior in XRD and Raman studies. They also
reported that the normalized unit-cell volume did not show any discontinuity around the
phase transition, which contradicted their claim of the first order phase transition. To
understand the nature of the structural phase transition, we have plotted the normalized
volume as a function of pressure (Fig. 3.8b). The normalized volume varies continuously

with pressure, which resembles previous reports [36,37].
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Figure 3.8 (a) XRD pattern for sample S7 as a function of hydrostatic pressure. The phases of VO, at
corresponding pressure are indicated. Solid arrow and dashed arrow indicate increasing and
decreasing pressure, respectively. Pressure dependence of the (b) unit-cell volume and (¢) bulk

modulus for samples S7, S§, and S9.

Considering the thermodynamic parameter volume (V) as the order parameter of the
structural transition, we have calculated the first derivative of volume, bulk modulus K =
V(dP/dV)|p. The K vs. P curve shows discontinuity around the phase transition (Fig. 3.8c).
The value of K for the M2 phase is ~ 140 GPa, which reduces to ~ 110 GPa for the T phase
and again increases to ~150 GPa for the M1 phase of VO,. We also found the values of bulk
modulus, K from the pressure vs. volume plot in the individual phase fitted to a third order

Birch-Murnaghan equation [38] (Fig. 3.9).
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Figure 3.9 Pressure vs. reduced volume of sample S7 for (a) M2, (b) T, and (¢) M1 phase. Data fitted
to a third order Birch-Murnaghan equation result in K = 140 £ 2 GPa for M2 phase, K = 109 + 2 GPa

for T phase and K = 150 £ 4 GPa for M1 phase.

The bulk modulus values were found out as 140+2, 109+2, and 150+4 GPa for M2, T, and
M1 phase, respectively. The values of K match well with the reported values [36]. We have
also calculated the bulk modulus using electronic density functional theory, as implemented
in the Vienna ab initio simulation package (VASP). The structure was first relaxed by
relaxing the cell volume, then the cell shape and at last by the positions of atoms in at least
four cycles. Moreover, minimum two more cycles were run using the converged k-grid and
plane-wave energy cutoff to obtain the correct ground-state relaxed atomistic configurations,
till the total energies converged to a precision of less than 10™° eV//atom and the Hellmann-
Feynman forces became less than 10 eV/A. The bulk modulus for all the three phases of
VO, was calculated using ELATE software using the Voigt, Reuss, and Hill methods. The
values for bulk modulus were estimated as 257+3 GPa for M2, 125+4 GPa for T, and 25412
GPa for M1 phase of VO,. The deviation of the estimated values of bulk modulus from the
experimentally observed values may be because of the inherent non-stoichiometry in the
oxide samples, and limitation of the methodology adopted in the present calculation. The
calculated and experimentally observed values of bulk modulus for M1 and M2 phases are
close to each other, whereas it decreases in the case of T phase. The volume per formula unit
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is large in case of T phase, and thus the lesser value of bulk modulus is expected than that for
M1 and M2 phases of VO,. In view of these results, the structural phase transition from
M2—T and T—>MI is seen as a continuous second order transition. Our observation supports
the negligible latent heat value for M2—T and T—MI1 transition measured by Pouget ef al.
[39] using differential scanning calorimetry. The observed mixed-phase behavior in some
reports [40,41] may arise due to the coexistence of grains from both the phases with a

variation of strain.

3.4.3 Spectroscopic study of structural phase transition as a function of temperature

To study the phase transition as a function of temperature, we have carried out the
temperature-dependent Raman spectroscopy for the samples with different Mg concentration.
Figure 3.10a shows the Raman spectra for sample S7 with increasing and decreasing

temperature.
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Figure 3.10 (a) Raman spectra for sample S7 as a function of increasing and decreasing temperature.
(b) Variation of transition temperature for the samples S7, S8, and S9 with different Mg

concentration.
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All the Raman modes disappeared at 85 °C (358K), confirming the transition to the metallic
R phase [31]. With a decrease in temperature, the Raman modes reappear with a hysteresis of
15 °C confirming the reversibility of the phase transition. Samples S8 and S9 also followed
the same trend with a slight increase in the transition temperature. The transition
temperatures for samples S8 and S9 are recorded as 88 (361K) and 90 °C (363K),
respectively. The variation of transition temperature with Mg concentration is shown in
figure 3.10b. The atomic percentage of Mg for the samples S7, S8, and S9 are calculated
from x-ray photoelectron spectroscopy described in chapter 4.

To understand the electronic and structural contribution to the phase transition, we have
plotted the shift in Raman frequency with temperature for sample S7 (Figure 3.11). All the

Raman mode frequencies exhibit red shift with increasing temperature.
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Figure 3.11 Raman mode frequency vs. temperature of sample S7.
The maximum frequency shift is observed for the Raman band at 203 cm™ (V-V vibration)

and 651 cm™ (V-O vibration) indicating the reconstruction of V-V and V-O length along the
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cr axis [34]. We have calculated the isobaric mode Gruneisen parameter [yp = (-
1/ow;)(dewi/dT)|p]; where o (= 6x10° K™ is the thermal expansion coefficient obtained from
high-temperature XRD measurements, which is close to the reported value of 5x10° K™ [42]
to find out the contribution from explicit/true anharmonicity of the Raman modes for sample
S7 [43]. We also measure the ratio (1) of yir and yip to find out the relative contribution of
implicit (volume dependent) and explicit (phonon-phonon interaction) anharmonicity. Table
3.2 lists the mode frequencies (wi) with the corresponding yip and y;ir values along with n
(=yi1/ yir) value [43].

Table 3.2 Frequencies (w;) and relative contribution of isothermal (y;r) and isobaric (y;p) mode

Gruneisen parameters of Raman modes for sample S7.

w_i T Jip =it 7))
o) (Klwi)(doy/dP)r | (Vo) (doydD)p | 10T
203 2.1(x0.2) 74.6(x0.5) 0.03
217 0.6(+0.05) 55.6(x0.5) 0.01
229 -1.2(£0.1) 13.2(£0.2) 0.09
273 -0.5(0.05) 11.1(x0.2) 0.05
297 2.9(+0.3) 30.6(+0.5) 0.09
341 0.8(0.1) 17.8(£0.2) 0.04
432 2.3(x0.2) 28.0(x0.3) 0.08
651 -2.4(£0.2) 24.2(+0.2) 0.10
831 20.7(20.05) 3.6(x0.1) 0.09

For all the Raman modes, the value of n<<1, which implies most of the contribution is due to
explicit anharmonicity. A similar trend is observed for samples S8 and S9 also (not shown in
the thesis). From the above observations, it is clear that the frequency shift is dominated by

phonon-phonon interaction.
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3.4.4 Crystallographic study of structural phase transition as a function of temperature

We also carried out the temperature-dependent XRD measurements to examine the structural
changes around MIT. Figure 3.12 shows the XRD patterns of sample S7 with increase and
decrease in temperature. At room temperature (25 °C), the samples maintain the M2 phase of
VO, [27], whereas, with an increase in temperature to 70 °C, the coexistence of both M2 and
R phase of VO, is observed [44] (Figure 3.12a). With further increase in temperature to 85 °C
(358K), the XRD pattern resembles the pure R phase of VO, [45] confirming the structural
phase transition. With a decrease in temperature, the sample returns to its original M2 phase

with a hysteresis of 25 °C.
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Figure 3.12 XRD pattern for sample S7 as a function of (a) increasing and (b) decreasing
temperature. The phases of VO, at corresponding transition temperature are indicated. (c) Zoomed
view of the XRD pattern at lower 26 values with (k4/) indices showing the coexistence of M2 and R
phase of VO,. Solid and dashed arrows represent the increase and decrease in temperature,

respectively.
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We have plotted the diffraction pattern at lower 20 values (Fig. 3.12c¢) with proper (hkl)
notations to have a clear view of the coexistence of phases. The coexistence of both M2 and
R phase for the temperature range 70 to 80 °C (343 to 353K) (increase in temperature) and 45
to 55 °C (318 to 328K) (decrease in temperature) confirms the M2—R transition as first
order (Fig. 3.12). Samples S8 and S9 also followed the same trend with a slight increase in

transition temperature (Fig. 3.13).
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Figure 3.13 XRD pattern for samples (a) S8 and (b) S9 with temperature. The phases of VO, at
corresponding transition temperature are indicated.

Thus, our observation also supports high latent heat value (770 cal/mole) for the M2—R
transition measured by Pouget ef al. [42] using differential scanning calorimetry as an

indicative of first order phase transition.
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3.5 Origin of Structural Phase Transition:

In general, phonons play a significant role in structural transitions. The role of phonons in the
phase transition of VO, has been discussed by Yuan et al. [46], predicting that the breaking of
the V-V bonds lead to an immediate electronic phase transition from an insulating to a
metallic state while the crystal lattice remained monoclinic in shape. Whereas, Kim et al. [5]
reported that the metallic R phase of VO, should not occur simultaneously with the first
order MIT at ~ 340K. They considered a monoclinic and correlated metal (MCM) phase
between the MIT and the SPT supporting the Mott phenomenon [47]. To understand the
origin of the SPT, we have carried out TERS study on a typical horizontally lying VO, single
nano-rod. Polarized Raman spectroscopy not only confirms the crystalline phase and
crystallographic orientation of the sample but also helps in understanding the lattice
dynamics by finding the mode symmetries. As TERS is accomplished with directional field
enhancement, the identification of corresponding Raman mode frequency responsible for the
structural phase transition is made possible using polarized and high-temperature TERS

studies substantiated by DFT calculations for the phonon density of states.
3.5.1 Crystalline phase and crystallographic orientation of the VO, nanorod

We have chosen a typical nanorod of diameter ~150+5 nm (inset of Fig. 3.2b) for the
polarized TERS study. The x-ray crystallographic structural study of nanorods using Cu K,
radiation source (A=1.5406 A) shows (011) plane analogous to the M1 phase of VO, (Fig.
3.14a) (JCPDS # 04-007-1466) [27]. The single peak at 27.98° in the GIXRD spectra
suggests a preferential orientation of the VO, nanorods with the (011) plane parallel to the

surface of the substrate. Observation of Raman modes at 141, 190(4,), 225(4,), 258 (either
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Ag or By,; Ay/By), 307(Ay/By), 335(4y), 390(44/B,), 440(Ay/By), 497(44/By), 611(4,), 665(By),

823(B,) cm’ (Fig. 3.14b) confirm the presence of pure M1 phase of VO, [32,33].
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Figure 3.14 (a) GIXRD spectrum of the as-grown sample indicating crystalline (4k/) planes of (011)
corresponding to the M1 phase of VO,. (b) Raman spectrum collected from the single nanorod on Si
substrate (¢) The TEM image of a cross-section plane perpendicular to the VO, nanorod growth
direction. Upper inset of (¢) shows the SAED pattern of the selected portion (red box) with zone axis
[100]. Lower inset of (c) shows the low magnification TEM image of the interface between VO, and
Si substrate. (d) The HRTEM image of the VO, crystal taken along [100] zone axis. (e¢) FFT pattern

(inset of 3(c)) and IFFT image of the nanorod indexed to the monoclinic phase of VO, with [100]

zone axis. (f) EELS spectra of the VO, nanorod.

The TEM studies are performed for further confirmation of the crystalline orientation
of VO, nanorod. Figure 3.14c shows the TEM image taken from the cross-section plane
perpendicular to the growth direction of the VO, nanorod. A typical low-magnification TEM

micrograph is shown (lower inset of Fig. 3.14c) for the interface between VO, and Si
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substrate. The TEM image and corresponding selected area electron diffraction (SAED)
pattern (inset of Fig. 3.14c¢) is indexed to the monoclinic phase of single-crystal VO, with
zone axes along [100]. The HRTEM image (Fig. 3.14d) shows interplanar spacing of 0.451
nm corresponding to the inter-plane spacing of the (010) and (001) planes of monoclinic
VO; crystals [48]. The inverse fast Fourier transformed (IFFT) image (Fig. 3.14e) of the FFT
pattern (inset of Fig. 3.14¢) of the selected area (in the red box of Fig. 3.14c) shows the same
interplanar spacing of 0.451 nm (inset of Fig. 3.14d). The Fourier transformed clear lattice
fringes confirm the good crystallinity of the nanorod. It is therefore confirmed that the
nanorod is oriented by (011) face and its axis is along the [100]y direction. Figure 3.14f
shows a typical EELS spectrum of the nanorod. The unfilled 3d bands of V are strongly
hybridized with O 2p bands in vanadium oxides. Therefore, both the V-L, ; edges and the O-
K edge are expected to reflect the V oxidation state. The first two strong peaks around 517
and 523 eV are assigned as V-L3 and V-L2, and are attributed to excitation from V 2pj3/, and
V 2pi; to unoccupied V 3d states, respectively. The doublets around 530 - 542 eV are
attributed to the excitations from O ls to hybridized O 2p - V 3d bands with #y, and,
e, symmetries, respectively [49,50]. The two well-separated O-K peaks confirm the oxidation
state of V as +4 [51]. The EELS spectrum provides an estimation of ~1:2 for the atomic ratio

of V/O, which suggests that the nanorods are VO, [52].

3.5.2 Polarized TERS study on the VO; nanorod

TERS is capable of enhancing the spatial resolution in the sub-diffraction limit [53,54]. The
TERS study mainly utilizes the advantages of optical confinement using plasmonic metal
nanostructures, especially Au and Ag [55,56]. The major reports based on TERS studies are

mainly focused on covalently bonded materials such as bio-organic or carbon molecules with
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an enhancement factor (EF) of eight orders [53,54]. However, it is being used extensively for
characterizing non-carbonaceous materials, including partially ionic compounds [57-59].
Moreover, as the TERS is accomplished with directional field enhancement, the
identification of corresponding phonon mode frequency is also made possible using polarized
measurement [60].

The schematic of the TERS technique used for the investigation of phonon modes of
VO, nanorods is shown in figure 3.15a. A surface probe microscopy (SPM) glass probe with
an Au nanoparticle (~100 nm) attached at the tip, working in the tuning fork feedback
mechanism (Fig. 3.15a), is used as the TERS probe. The excitation interaction volume
generated due to the penetration of laser (far-field) and evanescent waves (near-field) in the
nanorods are also schematically depicted in figure 3.15a. The growth direction of the
nanorod (long axis) is chosen as the X direction, whereas the incident and the scattered light
propagation direction is considered along with the Z direction. The parallel, Z(XX)Z and
perpendicular, Z(XY)Z polarizations were configured using a half wave plate and a polarizer.
The first and last letters in the Porto notation represents the direction of the propagation of
the incident light (Ki) and scattered light (K;), respectively. Whereas, the second and third
letter inside the parenthesis represents the direction of the electric field polarization of the
incident light (E;) and the scattered light (Es), respectively. The far-field and the near-field
measurements were carried out at room temperature (300K) and were plotted in the same
graph. The near and far-field Raman spectra of the VO, single crystal at two different
conditions of parallel (XX) and cross (XY) polarization are shown in figures 3.15b and 3.15¢,
respectively. Among group theoretically predicted eighteen Raman active modes for M1

phase of VO, at I" point (94,1t9B,) [16] we observed twelve modes at 140, 189, 220, 257,
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306, 339, 390, 440, 495, 609, 662, and 821 cm™, which resemble well with the previously
reported data [32,33]. The Raman modes observed at 189 and 220 cm™ are reported to arise
because of V-V vibration [16,34]. The intensity ratio of the two Raman modes around 200
cm’ flips between parallel (XX) and cross (XY) polarization condition. The intensity flipping
confirms that these two phonon modes are approximately perpendicular and parallel to the V-

V dimer direction.
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Figure 3.15 (a) Schematic representation of the experimental set up used for the near-field TERS
measurements of VO, nanorod. (b) Raman spectra at parallel Z(XX)Z polarization with (dotted line)
and without (solid line) TERS tip, and (c) Raman spectra at cross Z(XY)Z polarization with and
without TERS tip.

The EF values for the recorded TERS spectra are estimated using the relation expressed in

the equation 3.1 [61],
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I
EF =| 2 e (3.1)
I Vi

without—tip
where Lyim-tip and Lwitmou-iip are the recorded Raman mode intensities with and without the
presence of TERS probe in the near- and the far-field regime of the sample, respectively. Ver
is the laser excitation interaction volume of the far-field configuration and Vyr is the
effective interaction volume constituted by the near-field evanescent waves with the presence
of TERS probe. We consider a cylindrical interaction volume (Fig. 3.15a) for the near-field
configuration as V =m(d/2)*5, where, § is the penetration depth of laser excitation through the
sample and d/2 is the radius of the cylindrical interaction volume. In case of the near-field
Raman spectral acquisition, presence of the TERS probe may confine the laser light and
concentrate the field strength into a spot with a diameter ~100 nm (~size of Au nanoparticle).
Therefore, Vnr is found to be ~2x10° nm® by assuming that the evanescent waves can
penetrate the sample up to a distance of the order of a half-wavelength. However, for the far-
field configuration, cylindrical interaction volume cannot be considered, as the focused laser
beam diameter (~1.5 p) is one order larger than the diameter of the nanorod (~150 nm). We
have considered the interaction volume of the nanorod by the exposed laser beam as a
rectangular prism of length a, width b, and height c. In the present study, a is the beam
diameter; 1.5 p, b is the width of nanorod; 150 nm, and c is the height of the nanorod ~300
nm as measured from low magnification TEM image of the interface between VO, and Si
substrate (lower inset of Fig. 3.14b). Thus, Vr is calculated ~6.8x10” nm® by considering the
volume of the rectangular prism as V=axbxc. The typical value of EF is calculated as ~66
(+2), which is one order higher than that for without tip for the Raman mode at 189 cm™ in

the parallel (XX) polarization condition. The value of EF’ for the Raman mode at 189 cm’” in
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the cross (XY) polarization is calculated to be ~7. Whereas, in the case of Raman mode at 220
cm’, in both parallel and cross-polarization condition the value of EF is ~0. The value of EF
(with less than 3% error) for all the Raman modes in XX and XY polarization configuration is

listed in table 3.3.
Table 3.3 Raman enhancement factor (EF) for the observed phonon frequencies in recorded TERS

spectra at different polarization conditions of XX and XY.

Frequency (em™) | EFxx EFxy Frequency (cm™) EFxx EFxy
140 0 0 390 21 9
189 66 7 440 0 0
220 0 0 495 0 0
257 28 18 609 13 5
306 258 0 662 0 -
337 0 0 821 - 0

The maximum value of EF is found out as 258, which is two orders higher than that for
without tip for the Raman mode observed at 306 cm™, in XX configuration. For all the Raman
modes, the EF is higher in the case of the parallel (XX) polarization than that of the cross
(XY) polarization condition (Table 3.3). As the TERS is capable of directional enhancement,
it can be affirmed that the enhancing field vector is along the X direction, which is considered
as the growth direction of the underlying 1-D VO, nanorod.

For further investigation, the electric field distribution for the TERS set up (Fig.
3.16a) is mapped by the 3D finite-difference time-domain (FDTD) method. The localized
field distribution due to the TERS tip on VO, nanorod and the near-field intensity mapping
for the system coupled with the TERS tip was simulated and extracted using the
commercially available (Lumerical FDTD Solutions, Canada) numerical simulations. The
TERS tip was designed by placing an Au sphere of diameter 100 nm on a conical glass tip.

The coupled Au tip and VO, nanostructure system were excited by a plane wave source of
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514.5 nm excitation wavelength injected along the Z-axis direction with a polarization in the
X-axis direction. The perfectly matched-layer (PML) boundary conditions were used in the
simulation with a simulation time of 1000 fs so that the energy field decayed fully. The mesh
size was set as 2 X 2 x 1 nm during all the numerical simulations. Further, the tip was
positioned 10 nm above the sample surface to simulate the approximate gap expected during
a typical scan. The near-field intensity maps for the VO, nanostructures were extracted and

compared with the experimental data.

100 nm

Figure 3.16 (a) The schematics of simulated structures projected in XZ—plane for coupled TERS tip
with VO, nanorod and (b) The near-field distribution maps in XY—plane for VO, nanorod. The color
bars indicate the relative strength of the field.

The schematics of the simulated structure for VO, nanorod (Fig. 3.16a) and its
projection in XZ-plane (Fig. 3.16b) are shown. The near-field distribution map projected in

XY-plane (Figure 3.16c) and XZ-plane (Fig. 3.16d) for coupled Au-VO; nanorod system
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show that the field is confined at the interface along the X-axis, supporting our polarized
TERS analysis.

3.5.3 Density function theory based PHONOPY calculation

Electronic density functional theory, as implemented in the Vienna ab initio simulation
package (VASP) [62,63], was used for the total energy calculations. The projector
augmented wave (PAW) pseudopotentials [64,65] in the Perdew-Burke-Erzenhoff (PBE)
flavour to approximate the exchange-correlation functional, as supplied with VASP, were
used for all the calculations. They were tested for convergence with respect to both the plane-
wave energy cutoff and the k-grid. Gamma centered A-point meshes were used for all the
systems. The converged plane-wave energy cutoff was 550 eV along with 5x5x5 k-point
grid. The convergence of plane-wave energy cutoff and k-points were achieved to a precision
of 0.1 meV/atom. The Methfessel-Paxton scheme of order two [66] was used for smearing
the states with a smearing parameter of 0.2 eV. The structure was first relaxed by relaxing the
cell volume, then the cell shape and at last by the positions of atoms in at least four cycles.
Moreover, minimum two more cycles were run using the converged k-grid and plane-wave
energy cutoff to obtain the correct ground-state relaxed atomistic configurations, till the total
energies converged to a precision of less than 10" eV/atom and the Hellmann-Feynman
forces became less than 10 eV/A. The phonon dispersions were then calculated by the
frozen phonon method with 2x2x2 supercells of the primitive cell of the Bravais lattice using
PHONOPY code to carry out the pre- and post-processing of the calculations and plotting of
the phonon dispersions [67]. The absence of any imaginary frequency confirms the structure
as stable. The calculated and observed phonon modes are tabulated (Table 3.4). The phonon

dispersion curve using the DFT of the phonon density of states is shown in figure 3.17a.
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Table 3.4 Calculated and experimentally observed zone center optical modes in the M1 phase of VO,

Calc. mtl)\des (cm’ Expt. Observe (cm™) | Calc. modes (cm™) Expt{.c gﬁﬁe”e

152 Ag 140 379 Ag 390
174 Ag - 430 B, -

188 B, 189 441 B, 440
217 A - 483 B, -

220 B, 220 504 Ag 495
243 B, 257 599 B, -

293 A 306 603 Ag 609
323 A - 686 A 662
349 B, 339 758 B, 821

From the phonon dispersion curve, it is confirmed that the Raman modes around 200 cm™ are
dominated by V-V vibrations, as reported by experimental studies [16]. We observed two
Raman modes at that frequency range; 189 and 220 cm™ (Figs. 3.15b and 3.15c). The
observed mode at 189 cm™ can be compared with the calculated phonon frequency of 188
cm’'; whereas the observed mode at 220 cm™' can be assigned to the theoretically predicted
phonon frequencies of either of 217 and 220 cm™ or a cumulative contribution from both.
The schematic atomic displacement of the Raman modes of 188, 217, and 220 cm’ are
shown in figure 3.17b. The Raman mode at 188 cm™' is originated due to the V-V interaction
along [100] direction of the M1 phase VO,. On the other hand, the phonon vibrations at 217
and 220 cm™ correspond to the vibration of V atoms at a direction, which is nearly
perpendicular to that of 188 cm™. The 1-D VO, nanorod is oriented by (011) face, and its
growth direction is along the [100]y direction, as confirmed by GIXRD (Fig. 3.14a) are
TEM (Figs. 3.14a-c) studies. So, the V-V interaction along [100] direction (crystallographic
X-axis, used in Fig. 13.15a) is responsible for the Raman mode frequency observed at 189
cm’. Whereas, the V-V vibrations, nearly perpendicular to [100] axis, give rise to phonon

frequency at ~220 cm’™.
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Figure 3.17 (a) Calculated phonon dispersions by the frozen phonon method with 2x2x2 supercells
of the primitive cell of the Bravais lattice. (b) Schematic atomic displacement is shown for the 188,
217 and 220 cm™ phonon modes. The directions of the displacements of atoms are shown by the

arrows. The V and O atoms are shown with large (dark blue) and small (red) balls, respectively.

In the polarized TERS studies (Figs. 13.15b-c), the Raman mode at 189 cm™ shows large
enhancement in the parallel (XX) and less in the cross (XY) polarization conditions. Whereas,
no enhancement is observed for the Raman mode at 220 cm™, in both the XX and the XY
polarization conditions. Thus, the above studies confirm that the Raman modes at 189 cm’™
and 220 cm™ are responsible for the vibration along X and Y axes, respectively using the

unique property of directional enhancement in the TERS.
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3.5.4 High-temperature TERS study

In order to study the role of phonons in the phase transition in VO,, high-temperature TERS
spectra were collected at a temperature range from 300 to 360K (Fig. 3.18). The Raman
spectrum collected at 300K shows the vibrational modes for the pure M1 phase of VO,
[32,33]. Whereas, at an intermediate temperature of 330K, we observed a rearrangement in
the Raman spectra. The Raman modes at 199, 216, 222, 271, 293, 339, 432, 450, 650, and
831 cm™ (Fig. 3.18) resemble with the reported M2 phase of VO, [6,19,68]. The structural
change from M1 to M2 phase at a higher temperature is also observed by other groups [6,13].
The M2 phase sustained up to a temperature of 340K. However, all the Raman modes

disappeared at 345K (metallic R phase), confirming the MIT in VO, [31,69].
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Figure 3.18 High-temperature TERS study on VO, nanorod with a temperature range from 300 to

360K.
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We observed a shift in frequency ~ 2 cm™ for the Raman mode at 220 cm™, which is quite
expected due to thermal expansion of the lattice [70]. However, we observed a frequency
shift of ~ 10 cm™ in case of phonon mode 189 cm™ in the same temperature range. Strelcov
et al. [6] reported the same for the VO, nanostructures doped with Al. They observed no
frequency shift for the mode ~220 cm™ in the structural transition from M1—T—M2 by
doping, whereas the Raman mode of ~189 cm™ experienced a frequency shift of 10 cm™. The
above observations demonstrate two facts: (i) The V-V interaction along [100] direction
(corresponding Raman mode at 189 cm™) is responsible for the structural phase transition,
and (ii) the MIT in VO; is not dominated by electron-lattice interaction, as one can still
observe the insulating M2 phase in Raman spectra for a temperature range from 330 to 340K,
in contrast to the report by Yuan et al. [46] The V-V dimers are reported to break and form a
zig-zag pattern to stabilize the M2 phase [6,46]. The separation of V-V pairs due to increase
in temperature only provokes the stabilization of intermediate M2 phase and does not prompt

the metalicity in the system.
3.6 Summary:

Metastable phases of VO, were stabilized at room temperature by introducing defects in the
system via two ways: (i) hole doping by native vacancy creation (M1 and T) and (ii) Mg
doping with optimal proportion (M1, T, and M2). Pressure-induced structural phase
transitions from M2 —T—MI1 phases of VO, are observed in both XRD and Raman
spectroscopic studies. The transition pressure for M2—T and T—MI1 are observed to
increase with the increase in doping concentration following the phase diagram of VO,. The
structural transition M2 —T and T—MI is found to be second order continuous phase
transition from the continuous change in the volume and a discontinuity in the bulk modulus
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with hydrostatic pressure. However, the temperature-driven M2—R phase transition is found
out as first order from the coexistence of both the phases for a narrow span of temperature.
First order Mott-type MIT initiates a second order SPT without any latent energy leading to
SPT and MIT observed simultaneously in VO,. Further, the pressure and temperature
dependent Raman spectroscopic studies help in finding the isothermal and isobaric Gruneisen
parameters for the phonon modes and their relative contribution towards thermal expansion.
The explicit anharmonicity (phonon-phonon interaction) is found to be dominant over the
implicit (volume dependent) one for the M2 to R transition. In general, phonons play a
significant role in structural transitions. The assignment of individual phonon mode,
especially the one responsible for the structural phase transition in VO,, is made possible
using the directional field enhancement capability of TERS corroborated with FDTD and
DFT calculations. Polarized TERS studies in the backscattering configuration confirmed the
crystallographic orientation of VO, single nanorod, which was further reconfirmed by
detailed high-resolution transmission electron microscopic analyses. High-temperature TERS
studies confirm the fact that the separation of V-V dimers along [100] direction is responsible
for the structural phase transition from M1 to M2 phase of VO, at 330K, but it does not

induce metallicity in the system.
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CHAPTER 4

PHASE TRANSITION IN VO,: METAL-TO-INSULATOR
TRANSITION VS. STRUCTURAL PHASE TRANSITION

“Life is pleasant. Death is peaceful. It’s the transition that’s troublesome”

— Isaac Asimov
4.1 Introduction:

The metal-to-insulator transition (MIT) in vanadium dioxide gains tremendous attention in
scientific society because it is accompanied by a structural phase transition (SPT) [1-3]. The
simultaneous occurrence of MIT and SPT have led to a ‘chicken-and-egg’ debate on the
driving mechanism of the phase transition [4,5]. Biermann et al. [6] argued that VO, should
be considered as a renormalized Peierls insulator (band-insulator) where the opening of the
bonding-antibonding gap is driven by dimerization and renormalized down by interactions.
Insulating and nonmagnetic nature of the M1 phase of VO, suggests that it may be a typical
Peierls insulator with all the V chains dimerized [7]. However, it is also found that uniaxial
strain [8], or doping of trivalent metals in VO, [7,9,10], leads to another monoclinic phase of
VO, (M2), where V ions in alternate chains are only dimerized. Since the M2 phase with
alternative non-dimerized V chains is also insulating, dimerization alone can not drive the
MIT. According to Zylbersztejn and Mott [11], Sommers and Doniach [12], and Rice ef al.
[13], Coulomb repulsion is responsible for opening the energy gap in the semiconducting
phases of VO,. Qualitative proposal of electronic structures of VO, was reported long ago by
Goodenough [14]. The O 2p orbitals stay 2.5 eV below the Fermi level in the electronic band
structure of VO, [15,16] and form the valence band with © and 6 bonds. In VO, there is one

d electron per V atom, and the d levels of the V ions split into two states, namely, the lower-
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lying triply degenerate . and higher-lying doubly degenerate eJ states (schematic in Fig.

4.1).

Splitting due to V-V pairing
Lifting dua to V-V twisting

Figure 4.1 Schematic electronic band structures for the semiconducting and metallic phases of VO,,

The #,, multiplet splits again into an a, state (d W )andaneg (d _,d vz ) doublet due to the

tetragonal crystal field [14]. In the low-temperature semiconducting phase, V atoms form
pairs in the rutile ¢ (cr) direction and split the a;, bands into lower (bonding, ai,) and upper
(antibonding, ai,’) bands. Moreover, the V-V pairs twist and thereby enhance the Vd-Op
hybridization, which leads to a rise in the e band above the Fermi level. Thus, a gap of ~ 0.7
eV opens up to stabilize the insulating phase [4,14]. It is important to note that the density
functional theory (DFT) with local density approximation (LDA) [4], however, fails to open

the band gap between a;, and eg bands. On the other hand, LDA along with cluster

dynamical mean field theory (C-DMFT) does manage to open up an energy gap of correct

magnitude by taking account the correlation effects (Hubbard U) [6]. However, in the
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metallic phase, the energy gap collapses and the Fermi level crosses partially filled a1, and
eg bands. Thus, whether electron-phonon coupling or strong electron-electron correlation is
responsible for triggering the phase transition in VO; is still under dispute; whether it can be
understood in the Peierls scenario, or by invoking electronic correlation, indicating decisive

role played by Mott physics.

The present chapter deals with the origin of the MIT and SPT in VO, and the
correlation between them in details. We address the effect of defects in changing the
transition temperature of VO, invoking dimensional reduction in V chains. The dimensional
reduction leads to Mott-Hubbard MIT, and the insulating phase of VO, can be considered as
one-dimensional (1-D) non-interacting Heisenberg spin 2 chains undergoing Peierls type
SPT. The role of V vacancy (Vy) in increasing the transition temperature is discussed by
introducing finite-size 1-D Heisenberg spin 2 chain model in the hole rich (acceptor doped)
system. The correlation between MIT and SPT is analyzed by the observation of low-
frequency collective spin excitation (spin-wave) in VO,. As spin-wave propagates
independently from the charge-density waves (spin-charge separation, according to
Tomonaga-Luttinger (TL) liquid theory), the SPT and MIT are understood by separate
phenomenological model. The experimentally observed Raman modes at low-frequency are
compared with the calculated frequency for the spin-wave considering perturbation due to
spin-lattice coupling. The significant deviation of Stokes to anti-Stokes intensity ratio of the
low-frequency Raman mode from the usual thermal factor exp(hv/KgT) disobeying
Boltzmann’s distribution law and the orthogonal dependency of the phonon and spinon
vibration in the polarized Raman study confirm it to be originated from spin excitation. The

role of doping in shifting the frequency of spin excitation as well as in increasing the
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transition temperature while maintaining the same structural phase is discussed in details

introducing finite-size 1-D Heisenberg spin %2 chain model.

4.2  Metal-to-Insulator Transition in VO5,:

4.2.1 Raman spectroscopic studies

In the previous chapter, we have seen that the variation in oxygen stoichiometry can stabilize
the metastable phases of VO, at room temperature. From x-ray diffraction (Fig. 3.3a in
chapter 3) and Raman spectroscopic measurements (Fig. 3.4a in chapter 3) we found that
samples S1, S2, and S3, S4 were stabilized in M1 and T phases of VO,, respectively.
Presence of excess O in the samples S3 and S4 is probable, as they are grown with higher
amount of O exposure at high temperature (1150K). The excess O creates Vy for maintaining

the charge neutrality by the defect reaction (in Kroger-Vink notation),
O, => V' H4h 207 4.1)

where O™ are oxygen anions in the lattice and the four holes, 4" are created at the V sites
adjacent to the Vv site. These holes are trapped at the V sites of the neighboring chains by
converting V*" to V" or &° (spin S = 0) states leading to acceptor doping [17]. V** is located
at the center of the oxygen octahedron with principal axes perpendicular to (110)m; lattice
plane [4]. The V-O bond length is reduced as the V*" is replaced by V', and two apical O*
of the octahedron shift closer to each other, which in turn reduce the (110) lattice plane
spacing of M1 phase. In sample S2, the diffraction peak was observed at lower 26 value than
that of M1, indicating a compression in (011) lattice plane (Fig. 3.3a in chapter 3).
Compression in one direction generally is coupled to an expansion in the perpendicular

direction. Thus, the compression in (011)y; plane leads to tensile strain along the cr axis.
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The shortening of V-O bonds around each V' ion also reduces the twisting of V*'-V*
dimers (the spin-Peirls singlets of the § = '2 chains) away from the cr axis in its
neighborhoods, which reflects in the hardening of the Raman modes 189 cm™ (V-V), 220
cm’ (V-V) and 609 cm™ (V-O) from samples S1 to S4 (Fig. 3.4a in chapter 3). The increase

in Vy introduced tensile strain along the cr axis and produced the T phase.

To study the phase transition in the samples, we have carried out the temperature-
dependent Raman spectroscopic study for the samples S1 to S4. Figure 4.2 shows the Raman

spectra of the samples in the temperature range 300 - 360K using Linkam (THMS600) stage.
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Figure 4.2 Raman spectra of the samples (a) S1, (b) S2 (c) S3, and (d) S4 as a function of
temperature. Underlined temperatures denote the corresponding transition temperatures and phase
reversibility. The peak observed at 521 cm™ in (b) for sample S, above 340K correspond to Si

substrate.

All the Raman modes disappear at 340, 342, 348 and 353K in samples S1 (Fig. 4.2a), S2
(Fig. 4.2b), S3 (Fig. 4.2fc), and S4 (Fig. 4.2d), respectively, confirming the transition (7;) to
metallic R phase for these samples at different temperatures. Going from S1 to S4, the 7.
value increases by 13K. In samples S2 and S3, a noticeable change is observed in the Raman

spectra indicating pure T phase for S2 and pure M2 phase for S3 at 340K [8,18]. All Raman
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modes, however, disappeared at 342 and 348K leading to a transition from T—R and M2—R
phase, respectively. So for sample S3, the phase evolution is T>M2—R with the rise in
temperature. In sample S4, the T—>M2 phase transition is observed at 320K and M2—R at

353K.
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Figure 4.3 Raman spectra of the samples (a) S1, (b) S2 (¢) S3 and (d) S4 with increase and decrease
in temperature. Solid and dashed arrows denote the increase and decrease in temperature,
respectively. Underlined temperatures denote the corresponding transition temperatures and phase

reversibility.

All the four samples show reversible phase transition with a decrease in temperature with
hysteresis values of 5, 10, 13 and 15K for samples S1, S2, S3, and S4, respectively (Figure
4.3). Hysteresis of values ranging from 3 to 40K depending on doping, size distribution,

nucleation, and crystallographic orientation are reported for VO, [1-3].
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4.2.2 Resistivity measurement

To study the MIT in VO,, temperature-dependent resistance measurement was carried out in
a voltage range of 2 V using two Au coated contact tips and a source measurement unit
(Agilent B2911A). Temperature-dependent resistance measurement shows a sharp drop in
the resistance value of four orders for all the samples S1 (at 342K), S2 (344K), S3 (352K)

and S4 (355K) confirming the MIT in VO, (Figure 4.4a).
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Figure 4.4 (a) Resistance measurements for the VO, samples S1, S2, S3 and S4 as a function of
temperature showing a drop in resistance of four orders indicating metal-insulator transition (shown
by vertical dashed lines). (b) Reversible temperature-dependent resistance measurement for sample
S1 with a hysteresis value of ~8K (shown by vertical dashed lines). Symbols are for the experimental

data, and connecting lines are guide to eyes.

The reversibility of MIT is shown for sample S1 in figure 4.4b with a hysteresis value of 8K.
The hysteresis values for samples S2, S3, and S4 are found out as 10, 12, and 16K,

respectively, which resemble the observed hysteresis in the Raman studies (Fig. 4.3).
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4.2.3 X-ray photoelectron spectroscopic studies

In order to understand the reason behind the increase in 7. with an increase in oxygen
exposure, x-ray photoelectron spectroscopic (XPS) studies were performed for all the
samples. The Shirley type background-corrected XPS spectra for different elements and their

characteristic electronic transitions for samples S1 to S4 are shown in figure 4.5.

Intensity (arb. unit)

Sé s EE ET T e we 5% S S w6 T

Binding energy (eV)
Figure 4.5 High-resolution XPS spectra of samples (a) S1, (b) S2, (¢) S3, and (d) S4 with
corresponding electronic transition of different elements. Open circles represent the data points, solid
arrows and circles represent the fitted curves. In the left panel curves with red and blue arrows
correspond to V*" and V*" oxidization states, respectively. In the right panel, red arrows correspond to
lattice oxygen, and blue arrows correspond to oxygen from SiO, or absorbed oxygen species. Black

small dots represent Shirley type background correction.
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For sample S1, V 2ps3, spin-orbit spectrum (Fig. 4.5a) can be fitted into a single peak with
the binding energy (BE) value 516.2 eV and is assigned to V*" oxidization state [19]. In
sample S2, the spin-orbit spectrum can be fitted by two peaks with BE values 516.3 and
518.4 eV (Fig. 4.5b). The V 2p;), peak, observed at lower BE value of 516.3 eV for sample
S2, can be assigned to V** oxidization state. The peak identified at higher BE value of 518.4
eV can be assigned to V°* oxidization state [20]. These peaks are observed at 516.3 eV (V")
and 518.3 eV (V") in sample S3 (Fig. 4.5¢) and at 516.3 eV (V*") and 518.2 eV (V") in
sample S4 (Fig. 4.5d). The ratio of area under the curves of the two peaks can be a
quantitative measure of the ratio V>*/V*". This ratio increases progressively from samples S1
to S4. Table 4.1 contains the positions of the corresponding peaks and V>*/V*" ratio for all

the four samples.

Table 4.1: Binding energy values of V*" and V> and V>*/ V*' ratio for samples S1 to S4.

Sample V* (in eV) V> (in eV) V7 v
S1 516.2 - 0
S2 516.3 518.4 0.083
S3 516.3 5183 0.215
S4 516.3 518.2 0.279

Similarly, the oxygen spin-orbit spectrum for all the samples can be fitted by two peaks
(Figs. 4.5a-d). O 1s peak for lower BE value at 531.2 eV (S1), and 531.3 eV (S2, S3, S4) are
attributed to O in the lattice [19], and that of higher BE values at 532.5 to 534 eV correspond
to O from SiO; [21,22] or absorbed O species. Significant increase in the amount of lattice O
and V>*/V* ratio from samples S1 to S4 indicates that increasing gas partial pressure leads to

increasing oxygen excess (or equivalently increasing Vv concentrations, 7, ). We have

105



already discussed how Vv is consistent with the increased tensile strain from samples S1 to
S4 in section 4.2.1.

The V** 2psp and O 1s peak are shifted towards higher BE in samples S2, S3, and S4
in comparison to sample S1. Higher oxidation states are reported to have larger chemical
shifts of spin-orbit levels than lower oxidation states in comparison to neutral atom [17]. In
samples S2 to S4, the existence of both V** and V" states is responsible for the shift in BE
values towards higher energy values. In the V>'=V*" chain, V°" is more electronegative due
to the induced localized holes; therefore, V-O hybridization and strong V-V interaction
results in the shifts of O 1s and V*" 2p core levels toward higher BE values [17]. A plot of the
T. and Raman active modes frequencies vs. V>*/V*' ratios, which is eventually proportional

to n, , are shown in figure 4.6a.
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Figure 4.6 (a) Variation of transition temperature with V>"/V** ratios (cc n, ) with a polynomial fitting

(red curve) exponent of 3/2 and a constant value C corresponding to 7¢ at #n, = 0 (340K). Bars

denote errors in x and y axes. (b) Raman shift with V>*/V*" ratios for the four samples.

The transition temperature increases with V°'/V*" ratio of the samples SI to S4 with a

polynomial fitting exponent of 3/2 (Fig. 4.6a). The lowest frequency is red-shifted by an
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amount of 20 cm™. On the other hand, most of the other modes are blue-shifted with the
increase in V>7/V*" ratio (Fig. 4.6b), which confirms the role of Vy concentration in

increasing local strain.

4.2.4 Role of finite-sized Heisenberg spin 'z chain in modifying T,

The insulating phases of VO, consist of dimerized 1-D long Heisenberg chains of V ions
[4,17]. In the M1 phase, all V ions pair into dimers that are tilted away from cr-axis. Excess
oxygen, or equivalently Vy leads to sites with V" or &° states (holes in the spin ¥ chains). If
the & sites are pinned at the nearest neighbors of Vy sites [17], they effectively cut off the 1-
D spin chains into smaller fragments. The average size of the chains decreases with increase
in Vy concentration. Spin-Peierls transition temperature in the finite-size system is larger
than the transition temperature in the infinite system. The correlation length of order

parameter near phase transition temperature scales as,
E(T) (T =T ) e, (4.2)

where, £(7) is the correlation length at temperature 7, and T, is the thermodynamic (infinite

system limit) transition temperature and v is the critical exponent.

In a thermodynamic transition, correlation length diverges at the transition
temperature. In a finite-size system, when the correlation length becomes of the order of the
system size ‘L’ at a temperature 7, > T, the phase transition occurs. Substituting 7=7, and
&)= L (where L being the average length of the Heisenberg chains) in the scaling equation

(4.2), we get
(T'c - Tco) oc L_l/v

Since the average size of the chains is inversely proportional to the Vy concentrations we get,
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(T, =T.0) 1y " e (4.4)

It may be noted that », is proportional to the experimentally measured ratio of V*?and V™

ions (Table 4.1). From the experimental fit, we find v =% (with C = T, = 340K in Fig. 4.6a),
which matches exactly with the theoretically predicted value of critical exponent for
dimerization transition in finite-size spin "2 Heisenberg chain [23-25]. Increase in the T,
value with a decrease in sample size was also reported by few earlier workers in small
particles [26], and thin films [27], invoking the presence of strain in the system. In our case,
the particle size does not change, but the Vy concentration changes with the increase in
oxygen exposure leading to the reduction of the effective lengths of the Heisenberg chains as
described earlier. Different concentration of Vy essentially means different average length of
the 1-D chains introducing finite-size effect on 7.. The concentration of d-electrons at V
sites is the only crucial parameter determining the 7. On the other hand, unrelaxed strains in
the materials do not influence 7.. However, it profoundly affects the structural type of the
insulating phase. Local strain prevents V-V dimers from twisting in one chain, and
consequently de-pairing the dimers in adjacent chains, promoting M2 or T phase instead of
M1 phase at intermediate temperatures. The T, is reported to increase in Cr”, Al”, Ga™ ions
doped VO, [7-9]. These systems fall in the same universality class as our hole rich materials,
because every trivalent metal ion also produces an adjacent V' site, just like every Vy
induces adjacent d° sites. It is also significant that trivalent atom substitution stabilizes M2
and T phases [7-9], as observed in our materials, due to local lattice strains in the doped
materials. So, the increase in 7 with increase in Vy concentration as well as the appearance

of intermediate phases during phase transition can be understood as a finite size effect in 1-D

half-filled band.
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W™ Mo™, Ta™ Nb™ doping in VO,, on the other hand, reduce the 7. [28]. We
speculate that substitution with metal ion having valency more than four leads to doubly
occupied d* V sites. The doubly occupied sites can easily delocalize in the lattice (upper
Hubbard band state), and one has to go down in temperature to arrest them into an insulating
state, and thereby reducing the transition temperature in these materials. Thus, the reduction
from three-band to one-band along with the dimensional reduction from 3-D to 1-D can
explain both increase and decrease in the 7. value of VO, by doping with a metal having

valency less and more than four, respectively.

4.3  Structural Phase Transition in VO5,:

The significant differences in the arrangement of V chains along cr axis stabilize the
insulating and metallic phases of VO,. As discussed in chapter 3, the V chains are periodic
and equally spaced with V-V separation of 2.86 A in the high-temperature R phase [11]. On
the other hand, the V atoms form dimers alternately and tilt along the cg axis in the M1 phase
with V-V separations of 2.65 (bonding) and 3.12 A (anti-bonding) along ay; <> 2cg axis
[9,14]. In M2 phase, one set of V chains pair along the cr axis without being twisted and the
V-V separations being 2.53 A (bonding) and 3.25 A (anti-bonding) along by <> 2cg axis;
while the V ions in the nearest neighbor V chains do not form pair but twist with respect to
the cg axis with V-V separation of 2.93 A [14]. The triclinic, T phase is reported as dimerized
M2 phase [4]. To study the SPT in VO,, we have chosen the samples grown via Mg doping
as GIXRD (Fig. 3.3b in chapter 3) and Raman spectroscopic (Fig. 3.4b in chapter 3) studies
confirm the presence of all the three different structural phases of pure VO, ( M1 in sample

S5, T in S6, and M2 in samples S7, S8, S9, and S10).
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4.3.1 Stabilization of metastable phases

In order to determine the dopant percentage in the samples, the XPS studies were carried out
for the samples S5, S6, and S7. The XPS spectra for different elements for samples S5 to S7
with the characteristic electronic transitions are shown in figure 4.7.

For sample S1, V 2p spin-orbit spectrum (Fig. 4.7a; 2™ panel) can be fitted with two
curves with BE values of 516.3 and 523.7 eV, which are assigned as the transition from 2ps,
and 2p1, spin-orbits of V** oxidization state, respectively [19, 20]. No trace of Mg was
observed in sample S5 (Fig. 4.7a; 1° and 4™ panels). In case of sample S6, Mg 1s and Mg
Auger peaks are observed at 1304 and 306.1 eV, respectively [29], which are reported to be

observed for the Mg ion bonded with O (Fig. 4.7b; 1* and 4™ panels).
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Figure 4.7 XPS spectra of the samples (a) S5, (b) S6, and (c) S7 denoted with the electronic transition
of different elements. Open and solid symbols represent the data points and fitted curves,

respectively. Black small dots represent Shirley type background correction.
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The V 2p spin-orbit spectrum for sample S6 can be fitted by four peaks with BE values
516.2, 518.2, 523.6, and 524.8 ¢V (Fig. 4.7b; 2™ panel). The V 2py/; and 2p3)» peak, observed
at BE values of 516.2 and 523.6 eV, respectively for sample S6, can be assigned to V**
oxidization state. The peaks observed at BE value of 518.2 and 524.8 eV can be assigned to
2p1, and 2ps); transitions for V>* oxidization state [20]. In sample S7, the peaks are identified
at 516.3 and 523.7 eV for 2p;, and 2ps, transition of V*" oxidization states, respectively.
Similarly, for V>* oxidization state, the peaks are identified at 518.2 eV and 524.8 eV as 2p1,,
and 2ps); transitions in sample S7 (Fig. 4.7¢c; 2nd panel). The spin-orbit spectrum for Mg s
and Mg Auger peak, in the case of sample S7, are observed at 1304 and 306 eV, respectively
(Fig. 4.7b; 1* and 4t panels) [29]. On the other hand, for all the samples, Ols peak at low BE
value (530 eV) is attributed to lattice O, and Ols peak with high BE value (531.5 eV)
corresponds to absorbed O species (Fig. 4.7; 3" panel) [21,22]. The atomic percentage (at.
%) of Mg, V, and O are calculated from the area under the curves considering appropriate

sensitivity factors for each element and are tabulated (Table 4.2).

Table 4.2 The atomic percentage of the elements and V> V**ratio calculated from XPS spectra.

Sample | V* (at.%) | V> (at. %) | O (at. %) | Mg (at. %) | V" V*'ratio

SS 31.66 0 68.34 0 0
S6 21.42 8.19 69.57 0.81 0.38
S7 19.77 8.50 69.75 1.97 0.43

For the samples S8 to S10, we observed nearly similar results as that of sample S7 in XPS

analysis except for a small increase in at. % of Mg. We have performed Laser-induced
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breakdown spectroscopy (LIBS) to reconfirm the identification of the trace elements present
in the samples (Fig. 4.8a). The plasma emission was produced in an air atmosphere using a
Q-switched Nd: YAG laser (Quantel, Brilliant) operated at 532 nm, with a pulse duration of
8-10 ns and repetition rate of 10 Hz. The laser beam was focused at the target surface by a
plano-convex quartz lens of focal length 15 cm; producing a spot size of about 400 um in
diameter. Plasma emission was collected at an angle by an optical fiber of 600 pm aperture
(LTB, Germany), coupled to a fused silica collimator with a focal point of 8.7 mm and
imaged onto the Aryelle 200 spectrometer (LTB, Germany). The dispersed light was
detected by a CCD detector coupled to the spectrometer. We have performed LIBS to

reconfirm the identification of the trace elements present in the samples.
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Figure 4.8 (a) LIBS spectra for the samples S5 to S10 showing peaks for V and Mg in VO, matrix.
(b) Normalized XANES spectra at V K-edge for the samples S5 to S7 (solid lines). The XANES

spectra for slandered VO, and V,Os foils are also shown for comparison (dotted lines).

Figure 4.8a shows the LIBS spectra for the samples S5 to S10. In sample S5 there is no trace
for Mg, whereas, in sample S6, the emission lines of Mg (II) at 279.55 and 280.27 nm proves
the presence of Mg in the sample [30]. In the case of samples S7 to S10, the intensity of Mg

lines increases simultaneously (Fig. 4.8a). The V lines were identified between 437 to 441
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nm for all the samples [31]. The XPS and LIBS study confirm the presence of Mg in samples
S6 to S10, which help in stabilizing the T and M2 phase of VO, by introducing strain in the
system. The replacement of V** (d') by Mg ion is more likely to produce an adjacent V> (d°)
sites in the neighbouring chains. We have also carried out the x-ray absorption near edge
structure (XANES) measurements to find out the oxidation state of the V in the samples (Fig.
4.8b). The x-ray absorption near-edge structure (XANES) measurement was performed at
beamline-9 of Indus-2 synchrotron source at Vanadium K-edges in a transmission mode by
putting the powder sample sandwiched between the scotch tapes. The removal of background
and data normalization were performed using ATHENA software. The background removed
extended x-ray absorption fine structure (EXAFS) data were fitted using ARTEMIS
software. By comparing spectra, we confirm sample S5 is in +4 oxidation state, whereas

samples S6 and S7 are in mixed +4 and +5 oxidation states (Fig. 4.8b).

4.3.2 Observation of collective spin excitation at low-frequency

In the Raman spectroscopic study of the samples S5 to S10 (Fig. 3.4b in chapter 3), we
observed Raman peaks at the low-frequency side (~50 to 140 cm™) which were not predicted
by the DFT calculation for phonon density of states (Table 3.4). The low-frequency modes
for the samples are shown in figure 4.9. The 141 cm™ band in sample S5 is reported as Ag
mode in few of the earlier reports [32,33]. However, it is also reported as an external mode
[34], which can be viewed as relative motions of structural units with respect to each other.
The mode is observed at 121 cm™ in sample S6 and ~ 50 cm™ for samples S7-S10 (Fig.
4.9a). The low-frequency Raman mode for samples S7-S10 shows a continuous blue-shift
(inset of Fig. 4.9b) with the increase in doping while the other Raman peaks do not show any

shift in frequency (Fig. 4.9b) with doping.

113



(b)

—S7
— S8
—S9
—— 810

Intensity (arb. units)

20 40 60 80 100 120 140 160
Raman shift (cm™)

Intensity (arb. units)
Intensity (arb. units)

40 60 80 100 120 140 160 100 200 300 400 500 600 700 800
Raman shift (cm™) Raman shift (cm™)

Figure 4.9 (a) Low-frequency Raman spectra of the samples S5 to S10. (b) Raman spectra for the

samples S7 to S10. The inset in (b) shows Raman spectra for samples S7 to S10 at lower frequencies.

As discussed in section 4.2.1, the insulating phases of VO, consist of dimerized 1-D long
Heisenberg chains of V ions [4,33]. In 1D spin 2 Heisenberg system, the Hamiltonian reads
as,

Hy =] 258 S50 coveeeeeeeeie i (4.5)
where J ( > 0) is the exchange interaction between neighbouring spins (S). The low-energy
physics of this system is usually explained by a TL liquid with spinon excitation [35]. The
Hamiltonian Hy and the corresponding Raman operator Ry commute with each other, and no
Raman scattering is expected without additional perturbation. However, small perturbation vy
exists due to spin-lattice coupling leading to the bond dimerization [36]. A perturbation due
to static bond dimerization is termed as,

Vo= (1Y U Si1 oo, (4.6)
where u is the distortion. Now the effective Hamiltonian becomes an exactly solvable Sine-

Gordon (SG) model,

H'=Hy+ [ Zudsin(V2IQ) ..o, (4.7)
0
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where x = jao; ao is the lattice spacing, and ¢ is the canonical part of Bosonic fields.

There are three kinds of spinon excitations; soliton (S), antisoliton (S’), and some breathers
(By), which are the soliton-antisoliton bound states. The n™ breather’s mass E, is related to E;
(mass of soliton) via,

Ey = 2E; S0 [1/(8/K-2)] v e oo (4.8)

with n = 1,...., [4/K-1] [37]. In SU(2)-symmetry, the soliton mass and second breather mass
can be evaluated as
Ec1.5u""J, and Ex=V3E; oiooiiiiiiii (4.9)
Soliton, antisoliton and the first breather form a spin-triplet with energy E,. The
second breather is a singlet excitation. Raman scattering from 1-D spin 2 chain is
theoretically explored by Sato et al[36] It is reported that in the case of dimerized chain,
Raman intensity due to the triplets gives rise to a continuum background at frequencies @ >
2E,. Spin singlet breather B, appears as a o-functional peak at w=F, using form-factor
approach (provided T<J) [38,39]. However, in a practical case, a broadening in 6-functional
peak is expected as the experiment is carried out at non-zero temperature. Pouget et al. [40]
reported the values of J for the different phases of VO, by the nuclear magnetic resonance
(NMR) and susceptibility studies. The value of J for the M1, T, and M2 phases of VO, are
found out as ~500K, ~350K, and ~320K, respectively [40]. The distortion (#) dependence of
Raman mode due to spin-wave is also reported for CuGeOs, TiOCr, and others [41-43]. We
have calculated the distortion (u=Al/l, where [ is the distance between two spins) for the three
samples S5(M1), S6(T) and S7(M2) as u; = 0.07, u, = 0.08, and u3 = 0.12, respectively. The
Raman mode frequencies for the samples in M1 (S5), T (S6), and M2 (S7) phases are
calculated, using equation 4.9, as @ ;=152 em’, w,=117 cm™, and w3=66 cm’, respectively.

The calculated and experimentally observed peaks are shown in figure 4.10a. The little
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variation of experimental and calculated frequency is expected as the distortion u as well as
exchange interaction J depends on doping concentration and temperature. Since the breather

3], where u is the dimerization order parameter, its

mode frequency is proportional to u
variation with temperature mimics temperature dependence of order parameter. A
background luminescence is observed in the case of sample S7 (Fig. 4.10a), which may be
due to the tilted non-dimerized and randomly dimerized V- chains as reported by Sato et al.

[36].
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Figure 4.10 (a) Typical Raman spectra of all the samples S5, S6, and S7 and corresponding 6-
functional peak at the calculated Raman mode frequency (b) Stokes and anti-Stokes spectra for the
samples S5, S6, and S7. The spin-wave and the phonon mode used for calculation of (Ig//,s) ratio are
denoted by arrow and star sign, respectively.

To reconfirm the origin of low-frequency Raman modes, we have calculated the
intensity ratio of the Stokes to anti-Stokes (/s//xs) Raman spectra for both the spin-wave and

phonon vibration as a function of temperature. The Stokes and anti-Stokes Raman spectra

collected at room temperature are shown in figure 4.10b. The presence of spin-wave in both
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Stokes and anti-Stokes sides close to the Rayleigh line for all the three samples are denoted
by an arrow mark (Fig. 4.10b). The frequency-shift, as well as the integrated Is/Iss ratio for
the collective spin excitation at the lowest frequency and the closest phonon mode, originated
due to V-V vibration ~200 cm™ (denoted by “*’ in Fig. 4.10b) are plotted as a function of

temperature for all three samples (Fig. 4.11).
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Figure 4.11 The frequency-shift with temperature for samples (a) S1, (b) S2, and (c) S3. The
observed and calculated Stokes to anti-Stokes (/s//5s) ratio with temperature for samples (d) S1, (e)
S2, and (f) S3. The solid and empty symbols represent calculated and observed (/s/lxs) ratio,
respectively, with corresponding error values.

The Is/Ias ratio is compared with the Boltzmann’s distribution law:

Is _ (m)4eﬁia’? ....................................... (4.10)

Ias V+Uy,
where v is the excitation frequency, v, is the phonon frequency, /4 is the Planck's constant, K
is the Boltzmann’s constant, and 7 is the temperature. The calculated values from equation

(4.10) and experimentally observed values of Is/Ixs ratio for both the spin-wave and the
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closest phonon mode are tabulated (Table 4.3). The calculated Is/Ias ratios are plotted in

figure 4.11d-f as a function of temperature.

Table 4.3 Comparison between calculated and experimentally observed /s//xs ratio for both the spin-

wave and closest phonon mode with temperature in the three samples.

Sample S5
Spin-wave Phonon mode
— 4 hoy, — 4 hoy,
TK) |y (cm™) Is (v vm) eKsT | v (ecm™) Is (v vm) eKsT
I 46 v+ o, I4s v+ o,
100 150+0.1 5.88+0.2 8.12 200+0.1 | 15.66%0.5 16.32
150 | 148.7+0.1 | 5.47+0.2 3.91 199+0.1 | 5.97+0.35 6.2
200 | 146.5+0.1 | 1.79+0.15 2.69 197.8+0.1 | 3.94+0.25 4.06
250 143.4+0.1 | 2.1940.1 2.15 194.3+0.1 | 2.78+0.2 2.81
300 141.9+0.1 | 1.62+0.1 1.86 191.3+0.1 | 2.20+0.1 2.31
310 141.4+0.1 | 3.44+0.1 1.81 191+0.1 | 2.13+0.1 2.24
320 140.5+0.1 | 2.95+0.1 1.77 190.4+0.1 | 1.81+0.1 2.17
330 139.6+0.1 | 1.74+0.1 1.73 190+0.1 1.31+0.1 2.11
Sample S6
-1 IS U—0Uny 4 hom -1 IS U—Unp 4 hom
T | o(em?) | 7 (v - vm) kol | o(em’) | (v - vm) Kot
100 127.8+0.1 | 3.41+0.2 5.95 205.94+0.1 | 16.44+0.5 17.72
150 124.1£0.1 | 2.334+0.2 3.12 205.1+0.1 | 6.30+0.25 6.55
200 | 116.9+0.1 | 1.93+0.15 2.20 204.2+0.1 | 3.62+0.25 3.98
230 111.3+0.1 | 3.11%0.1 1.91 203.44+0.1 | 3.00+0.2 3.27
250 102.2+0.1 | 2.54+0.15 1.72 202.6+0.1 | 2.75+0.1 2.94
280 101.8+0.1 | 1.4440.1 1.61 202.1+0.1 | 2.35+0.15 2.59
300 100.9+0.1 | 1.25%0.1 1.55 201.7+0.1 | 2.13+0.1 2.41
320 | 100.0+0.1 | 1.94+0.1 1.50 201.1+£0.1 | 2.17+0.1 2.27
Sample S7
ay | I r oo\t o | I em g
@) | veem) | g (v - vm) kol | o(em™) | g (v - vm) €K
250 | 63.0+0.1 | 1.02+0.05 1.40 202.6+0.1 | 2.85+0.15 2.94
280 | 58.9+0.1 | 1.03+0.08 1.32 202.1+0.1 | 2.45+0.12 2.59
300 55.6+0.1 1.07£0.1 1.27 201.7+0.1 | 2.30+0.1 2.41
310 | 50.0+0.1 | 1.00+0.07 1.23 201.1+0.1 | 2.24+0.1 2.33
320 48.4+0.1 1.18+0.1 1.22 200.0+0.1 | 2.15+0.1 2.26
330 | 47.3£0.1 | 1.11+0.08 1.20 198.9+0.1 | 2.11+0.15 2.19

It is clear from figure 4.11 that though there is a continuous red-shift with an increase

in temperature (Fig. 4.11a-c) for both the spin-wave and phonon mode, there is a significant
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mismatch between the observed Is/Ixs ratio and the calculated one for the spin-wave (Fig.
4.11d-f). However, Is/Ixs ratio for the closest phonon mode ~ 200 cm’! follows the usual
thermal factor of exp(hv/KgT) following Boltzmann’s distribution law. Whereas, the lowest
frequency mode for all the three samples shows a considerable deviation of Is/Ias ratio from
the usual thermal factor exp(hv/KgT) disobeying Boltzmann’s law and thus confirming the
mode to be originated from spin excitation [44,45].

We also performed the polarized Raman scattering on three single micro-rods of the

samples S5, S6, and S7. The incident excitation wave is considered along the Z direction,

whereas, the growth direction of the micro-rods (Cr axis) is chosen along the X-axis.
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Figure 4.12 Raman spectra at parallel (XX) and cross (YX) polarization condition for the three

samples S5, S6, and S7.
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According to Porto notation, in the parallel, Z(XX)Z and perpendicular, Z(YX)Z
polarization configurations, the first and fourth letters represent the direction of the
propagation of the incident (K;) and scattered light (Kj), respectively, whereas the second and
third letter inside the parenthesis represents the direction of the electric field of the incident
(E;) and the scattered light (E;), respectively. Figure 4.12 shows the Raman spectra with both

parallel (XX) and cross (YX) polarization configurations for the three samples.

In case of parallel (XX) polarization, the intensity of the Raman mode arising due to
V-V vibration parallel to Cr axis (denoted as o1 in Fig. 4.12) is more than that of the mode
arising due to perpendicular to the Cr axis (denoted as @2 in Fig. 4.12) [4,18,46]. Whereas,
the peak-intensity flips in case of cross (YX) polarization condition. The above observations
imply the micro-rods are aligned along the X-axis, i.e., along the Cr direction [46]. However,
the intensity of the low-frequency Raman-modes (denoted as “*’ in Fig. 4.12) for all the three
samples is observed to be high in case of cross-polarization condition (L to Cr axis), and
falls rapidly for parallel polarization (|| to Cr axis). As the spin chains are aligned along the
Cr direction, the spinon vibration is expected to be produced parallel to the X-axis.

In an electromagnetic (EM) wave, the electric field vector (E) and magnetic field
vector (B) propagates orthogonally to each other. As the excitation EM wave was incident
along Z direction; while the FE field propagates along the Y-axis, the B field propagates along
X-axis and vice-versa. The spins get excited by the magnetic field of the electromagnetic
wave; therefore the maximum intensity is expected for the cross-polarization (YX) condition
where E and B field propagates along the Y-axis and X-axis, respectively. Thus the
orthogonal dependency of the phonon and spinon vibration in the polarized Raman study

reconfirms the origin of the low-frequency Raman modes as spin excitation.
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4.4  Metal-to-Insulator vs. Structural Phase Transition and the Origin of Phase

Transition in VO;:

We have carried out the temperature-dependent Raman spectroscopic analysis to study the
phase transition of the V;MgiO, samples. Figure 4.13a shows typical temperature-
dependent Raman spectra for sample S5. All the Raman modes disappear at 340K for S5,
345K for S6, 348K for S7, 350K for S8, 355K for S9, 358K for S10 samples confirming the
transition to metallic R phase [4,33]. The transition temperature is found to increase with an

increase in Mg dopant (Fig. 4.13b).
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Fig. 4.13 (a) Raman spectra of the samples S5 as a function of temperature. The transition
temperature is underlined. Solid and dashed arrows denote the increase and decrease in temperature,

respectively, and (b) Variation of transition temperature with at. % of Mg dopant.

Doping of Mg leads to sites with V>* or ¢ states (holes in the electron chains). The d° sites
effectively cut down the length of the infinitely long 1-D spin chains into smaller fragments
[33]. The average size, L of the spin-chains decreases with increase in d° states, i.e., with an

increase in Mg dopant. The temperature for Spin-Peierls transition in the infinite-sized
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system is lesser than that of in the finite-sized system as observed in the case of hole-doped
samples S1 to S4. Takayoshi et al. [37] reported for 1D spin %2 Heisenberg chains that the
finite energy gap increases linearly with 1/L. As the doping concentration of Mg increases
from samples S7 to S10, the average length of finite-sized spin 2 Heisenberg chains
decreases, which in turn increases the factor 1/L. The increase in 1/L results in an increase in

E; in SU(2) systems and thereby the Raman mode frequency @ increases as observed in

figure 4.9b (w=FE, and E,=+/3E,). The blue shift (inset of Fig. 4.9b) with an increase in
doping is observed only for the low-frequency spin excitation, while the other vibrational
modes remain unchanged (Fig. 4.9b) with doping. The variation in 7. with hole-doping,
while maintaining the same monoclinic, M2 symmetry in samples S7-S10 (Fig. 4.9b),
confirms that SPT does not have any role in MIT.

In the electronic band structure of VO, (Fig. 4.1), we have seen that Coulomb
correlation may be sufficient to cause level repulsion between a;, and overlapped aig,
eg states, leading to an orbital selection and a half-filled a1, band. The orbital nature of a;g
states is such that the hopping integral between V ions within a chain along cr axis is larger
compared to hopping in other two transverse directions (between V chains). In the high
temperature metallic phase, three bands of different orbital characters overlap. The inter-
orbital Coulomb repulsion pushes up the energy levels of the upper two bands, which leads to
transfer of electrons from the upper two bands to the lowest band. The electron transfer
process leads to further level separation between bands. This process stops when two upper
bands become empty, and the lowest band becomes half filled. The changes in lattice
parameters above transition temperature are driven by the changes in relative band fillings

with temperature. As soon as the lower band becomes half filled, the intra-orbital local

122



Coulomb repulsion (Hubbard-type) takes over and drives a Mott-type MIT. The Mott
insulating state is nothing but an assembly of parallel spin '% antiferromagnetic Heisenberg
chain. In 1-D, Heisenberg spin 2 chains are susceptible to spin-Pierls (dimerized phase)
transition accompanying SPT. The electronic transition goes successively from, three-band,
3-D metal to a single half-filled band, then to 1-D Heisenberg chain and finally to the
dimerized spin-Peierls insulator. Reduction to 1-D due to orbital selection is the reason for

SPT and MIT to happen at the same time, in a discontinuous fashion.

4.5 Summary:

The transition temperature (7;) of MIT is recorded to increase with the increase in oxygen
content for samples grown with different oxygen exposure. The presence of Vy (with excess
oxygen content) is found to generate unrelaxed local strain promoting T phase at the expense
of the M1 phase in the samples S1 to S4. On the other hand, random local strain due to Mg
doping is found out as the main cause for the evolution of the M1 phase into M2 and T
phases. However, unrelaxed local strain is not the driving force for the observed MIT. From
the spectroscopic analysis, we argue that the insulating phases of VO, should be viewed as a
collection of V ions along cr-axis of infinitely long Heisenberg spin 2 chains, which are
non-interacting to each other. The Raman modes at low-frequency are observed for the first
time in VO, and are explained by the soliton, anti-soliton and breathers vibrations of the
dimerized 1-D spin 2 Heisenberg chains for the gapped case. The structural phase transition
is explained by the observed low-frequency Raman modes (~ 50 to 140 cm™) and is
compared with the calculated singlet breather mode of the 1-D vanadium chains. The
orthogonal dependency of the phonon and spinon vibration in the polarized Raman study

helps in finding the origin of the low-frequency Raman modes as spin excitation. Moreover,
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it is found that the Stokes to anti-Stokes intensity ratio of the low-frequency Raman mode
differs considerably from the Boltzmann’s distribution law confirming it to be originated due
to spinon vibration. The Vy creates d° sites (V") at the nearest neighbours introducing finite-
size scaling effect; as the d” sites reduce the effective length of the Heisenberg spin % chains.
The increase in the 7, value with the concentration of Vy scales with a parametric value of %,
which matches with the reported scaling parameter of dimerized finite-sized Heisenberg spin
%2 chains confirming our phenomenological model for the increase in the 7. value with
doping. In fact, both the increase and decrease of 7. value by doping can also be explained
from our reduced 1-D band model. As spin-wave propagates independently from the charge-
density waves, the shift in the frequency of spin-wave with doping in the absence of any
structural phase transition confirms that the SPT does not prompt the MIT. It is argued that
MIT is driven by strong electronic correlation. The structural transition is of spin-Peierls
type, which is initiated due to the dimerized spins resulting from Mott transition at a lower
temperature. Mott type MIT prompts the spin—Peierls type structural transition because of

reduced one-dimensionality achieved in the lowest half-filled band.
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CHAPTER 5

APPLICATION OF VO, IN THE LIGHT OF PHASE
TRANSITION

“There are no such things as applied sciences, only applications of science.”

— Louis Pasteur

5.1 Introduction:

Transition metal oxides play the key role as the next generation of power-efficient electrical
and optical devices [1,2]. V is a transition metal ([Ar]3d°4s”) having valences ranging
between +2 to +5 with principal oxides in the form of VO, V,0s;, VO, and V;Os,
respectively [3]. However, the V-O phase diagram includes mixed-valence oxides containing
two oxidation states, such as V409, V5013, V5Ois, V7013, V6O11, and others allowing easy
conversion between oxides of different stoichiometry. The oxides of V are classified into two
groups, (i) Magneli phases (V,02n-1) and (ii) Wadsley phases (V,O2n:1), respectively [4]. It is
noteworthy that most of the Magneli phases undergoes a metal-to-insulator transition (MIT)
at certain temperature, such as, V,03; (~170K), V305 (~430K), V407 (250K), V509 (130K),
VeO11 (170K), V505 (70K), and V90,7 (70K) [3,5]. The Wadsley phases, on the other hand,
exhibit no MIT except for V¢O;3 (150K) [5]. VO, is particularly attractive among all the
oxides of V because of the MIT being near to room temperature (340K) [6-8]. In addition,
the MIT in VO, can not only be triggered by temperature but also with strain, pressure,
chemical doping, as well as intense optical or electrostatic fields [9-12]. Along with MIT,
significant changes also take place in the optical and structural properties of VO, [13,14].
The resistivity changes by four orders of magnitude through the transition [9], and the
material reflects the electromagnetic radiation in the infrared (IR) region at high-temperature

metallic phase, whereas it transmits IR at low-temperature semiconducting phase [13,15,16].
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However, the material is known to be transparent in the visible region [17]. These interesting
physical and chemical properties make VO, a promising material for electrochromic and
thermochromic devices [18,19], supercapacitors [20,21], energy storage devices [22],
batteries [23], bolometers [24], and chemical gas sensors [25-27].

In the present chapter we have explored three amongst the above-mentioned
applications of VO,; which are,
(1) Binder free supercapacitor, where we studied the influence of each structural phase and
corresponding oxidation states of VO, nanoporous structures grown on carbon fiber on
supercapacitor performance.
(i1) Advanced smart window, where we found VO, applicable for overall heat management
of closure by filtering blue light along with the IR reflection above the transition temperature.
(ii1) Methane (CH,) sensing near room temperature, where the evaluation of sensing response
of VO, around the transition temperature reveals a higher response for the semiconducting
state than that of a metallic one. We extended the CH4 sensing study towards the phase-pure
Wadsley V02,11 (between VO, and V;,0s) phases with in-situ oxidation to find the role of

oxidation states and phase-purity of these materials while operating at high temperature.

5.2 VO, as Binder Free Supercapacitor:

Supercapacitors (SCs) are one of the emerging technologies for energy storage devices
because of their longer cycle life, higher power density, and environmental friendliness
compared to conventional batteries [28-30]. Carbon materials, metal oxide or hydroxide, and
conducting polymer are choices of suitable candidates as electrodes for SC [31-33]. Carbon
materials provide good conducting pathways to the electrolyte ion for electric double layer
(EDL) formation, chemical stability, and excellent electrical conductivity [34]. However, the

charge storage capacity is limited [31]. The conducting polymer is also an attractive choice
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as a pseudo-capacitor [33], but the electrochemical stability is poor. In this context, transition
metal oxides (TMOs) are fascinating candidates on account of their variable oxidation states
and hence rapid redox kinetics [32]. There is an enormous impetus to improve the energy
density for their commercialization. Even though the availability of other TMOs [35,36,37],
such as RuO,, MnO,, Fe,03, ZnO, In,03, vanadium oxides are attractive candidates as SC
electrode owing to their catalytic nature as well as low-cost and abundant storage on earth
[38,39,40]. The poor charge storage properties and electrical conductivity of V-based
materials can be overcome by fabricating directly on the current collector. There are several
reports on SC properties of VO composites [33, 41-52]. VO, can be a good choice for
electrode because of its higher electronic conductivity and structural stability due to the
increased edge-sharing and the consequent resistance to lattice shearing during cycling as
reported by Lampe-Onnerud et al. [53]. Issues related to the presence of multiple valence
states of V [40], as well as its stability affecting capacitance retention and efficiency, is found
to impede further utility in SCs. In this context, role of varied structural forms of VO, on
super-capacitive behavior is yet to be understood. The present study not only stresses on the
betterment of results with vanadium oxide but also attempts to provide insight into how
different phases and metastable phases of VO, contribute and behave electrochemically.

5.2.1 Sample synthesis and phase confirmation

VO, samples were grown by vapor transport process using bulk V,0Os powder as source and
Ar (99.9%) as a carrier gas. Carbon paper, composed of an open mesh of carbon fibers, was
used as a substrate and placed on the high pure (99.99%) alumina boat inside a quartz tube.
The source was placed in an alumina boat, which was kept in a furnace and was pre-

evacuated up to 10~ mbar. The substrate was kept above the source and downstream to the
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Ar flow direction. The samples were prepared with Ar flow of 10, 20 and 30 sccm named as
S11, S12, and S13, respectively. The synthesis was carried out for 3 hrs at an optimized
growth temperature of 1150K. As-grown VO, structures on carbon paper were used as
binder-free SC electrode. Noteworthy to mention that fabrication of the electrode did not
require any additional steps such as preparing a slurry by mixing active material, binder and
conductive additive in a solvent, coating slurry on a current collector and drying at a certain
temperature for several hours.

To investigate the coating of VO, structure on the carbon fiber, FESEM analysis is

performed, and a typical micrograph is shown in figure 5.1.

2
R A

C-paper

S11

Figure 5.1 FESEM images of sample (a) S11, (b) S12, (c) S13, and (d) bare carbon fiber. Inset of (a)
shows the magnified image with a typical pore diameter of approximately 200 nm. Inset of (d) shows
the magnified image of bare carbon fiber. Cross-sectional FESEM images of sample (e) S11, (f) S12,
and (g) S13 showing thickness of VO, layer around 800(+50) nm. (h) Typical high magnification
image for the sample S13 shows the thickness of VO, layer as approximately 800 nm.

The conformal coating of VO, porous structure on the carbon fiber for three grown
samples S11 (Fig. 5.1a), S12 (Fig. 5.1b), and S13 (Fig. 5.1c) show similar morphology and

average pore diameter. The structure consists of nanopores with pore diameters of
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approximately ~200 nm, as observed from the inset of figure 5.1a. The cross-sectional
FESEM images for the samples S11, S12, and S13, are shown in figures 5.1e-g, respectively.
The thickness of the VO, nanoporous layer is found to be around 800(+50) nm for all the
samples (Fig. 5.1h for sample S13). FESEM image obtained from the bare carbon fiber
shown in figure 5.1d ensures the porous nature VO, after the growth.

Expectedly, V,0s gets reduced to VO, after reacting with C and releases CO, in forming
nanoporous structure [54],

2V505+ C —4V02+ COxg e (5.1

The ordered nanopores in the VO, structure can offer a large surface area and shortest
channel/pathways for the electrolyte ions for enhanced SC performance.

The crystallographic structural analysis and phase confirmation of VO, were studied by
glancing incidence x-ray diffractometer (GIXRD; Inel, Eqinox 2000) with a glancing angle
(0) of 0.5° in the 0-20 mode and Cu K, was used as the radiation source (A=1.5406 A).
Crystallographic structural analyses are shown in figure 5.2a for samples grown with varying
O content. The monoclinic M1 phase of VO, is confirmed in sample S11 from the diffraction
peak at 20 = 27.83°, which is assigned as (011) plane (JCPDS # 04-007-1466) [55]. Whereas
sample S13 shows diffraction peaks and corresponding (4kl) planes at 27.58° (201) and
28.14° (201) plane (JCPDS # 01-071-0289) indicating the presence of T phase of VO, [56].
In case of sample S12, observation of diffraction peaks and corresponding crystalline planes
at 20 = 27.83° (011)py, 27.58° (201)mz/r and 28.14° (2 01) mo/r confirm the presence of both
M1 and T phases of VO,. The presence of the T phase in the O rich samples (S12 and S13)

suggests that V** state is replaced by V°*, as described in chapter 3 [57].
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The mode of vibration and phase information of as-grown VO, structures are investigated
by Raman spectroscopy. The typical Raman spectra for the samples S11, S12, and S13 at

room temperature are shown in figure 5.2b.

Normalized intensity
Intensity

272 274 276 278 280 282 284 100 200 300 400 500 600 700 800 900 1000

20 (degree) Raman shift (cm™)

Figure 5.2 (a) GIXRD pattern and (b) Raman spectra of the pristine samples S11, S12, and S13.

Raman modes at 141 (4,), 190 (4,), 221 (4,), 259 (either A, or By; A4/B,), 308 (4,), 339 (4y),
389 (A44/By), 440 (Ag/By), 498 (A4/By), 612 (4,), 829 (B,) cm” confirm the presence of pure
M1 phase of VO, in sample S11 and is in good agreement with earlier reports [58,59]. The
Raman modes denoted as wo, ®;, and w, (Fig. 5.2b) correspond to V-O vibrations, the
vibration of V ions in the transverse and vibration of V ions along the ¢ axis, respectively
[60]. The two major differences observed between the Raman spectra of the sample S11 and
S13 are: (i) a blue shift of the Raman modes at 190 cm™ (@), and 221 cm™ (w2) by an
amount of 7 and 4 cm™, respectively; (ii) a significant blue shift of the Raman mode for 612
cm” (wo) and appearance of a new peak at 578 cm’, which indicates the signature for

presence of the T phase of VO, [10]. We have collected confocal Raman spectra to confirm
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the presence of pure VO, phases on the surfaces of the structures (Fig. 5.3). Raman signals
arising from carbon paper beneath of VO, could easily be identified by adjusting the depth of
focusing using confocal microscopy. The Raman modes below 1000 cm™ correspond to VO,

and above 1000 cm™ are due to carbon paper.
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Figure 5.3 (a) Normal and (b) confocal Raman spectra of the pristine samples S11 and S13. The

Raman modes below 1000 cm™ correspond to VO, and above 1000 cm™ are due to carbon paper.

The absence of Raman modes of carbon paper in confocal Raman spectroscopy confirms the
surface of the material is constituted of pure VO..

In order to determine the chemical oxidation states of V and O, XPS study was
employed on the VO; structures. The typical XPS spectra of V2ps,; and Ols peak of VO, are
shown in figure 5.4. Details of XPS result for the samples grown on Si substrate are
discussed in chapter 3, and we have shown that the substrate-induced strain effect plays no

role in stabilizing the metastable phases [57].
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Figure 5.4 High resolution XPS spectra of sample (a) S11, (b) S12, and (c¢) S13. Open circles
represent the data points, solid arrows and circles represent the fitted curves. In the left panel, solid
and empty arrows correspond to V*" and V°* oxidization states, respectively. In the right panel, solid
arrows correspond to lattice oxygen, and empty arrows correspond to oxygen from absorbed oxygen
species. The vertical dashed lines denote the corresponding BE values for V*2p;, and lattice Ols

states. Black small dots represent Shirley type background correction.

The presence of 2ps, peak at 516.3 eV is assigned as a V*" state, and only V*' state is
observed for sample S1. The full width half maxima (FWHM) of the peak corresponding to
V 2ps3 from sample S11 is found out as 1.7 eV (left panel Fig. 5.4a) which is increased to 2.0
(left panel Fig. 5.4b) and 2.1 eV (left panel Fig. 5.4c) in samples S12 and S13, respectively.
The higher FWHM is attributed to the presence of additional chemical state in the samples.

Hence, the peaks in sample S12 and S13 are deconvoluted, and a suitable peak fitting gives
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rise to a peak at 517.1 eV in addition to the peak at 516.3 eV. The peak evolved at 517.1 eV
is assigned as V" state in samples S12 to S13 as proposed in the XRD study. The ratio of the
area under the curves of the two peaks, i.e., V°"/V* increases progressively from S11 to S13.
On the other hand, Ols peak at low BE value of 530 eV is attributed to O in the lattice, and
that for high binding energy (BE) value at 531.5 eV corresponds to absorbed O species. The
intensity and area under the curve of Ols are found to increase from sample S11 to S13 (right
panel Fig. 5.4).

According to the phase-diagram of VO,, metastable T phase evolves with an increase in
temperature during the transition from monoclinic M1 to rutile R phase [61]. The zeta
potential of the three samples is found out to be -35.6, -30.3, and -14.4 mV for samples S11,
S12, and S13, respectively. The decrease in the value of zeta potential with an increase in the
V>*/V* ratio is in good agreement with the reported data [62]. The work functions of the
samples are calculated from scanning Kelvin probe microscopy (SKPM) measurements using
20 nm conductive Pt-Ir coated Si tip. The work function of the tip was calibrated using Au
reference and found out as 5.22 eV. Each line scan of SKPM mode is composed of a
topography scan and a subsequent contact potential difference (CPD) measurement (Fig.
5.5). The work function of VO, is reported to decrease with increasing temperature and
expected to be less in the T phase, than that of the M1 phase [63]. The work function of the
three samples are calculated from SKPM measurements as 5.35, 4.81, and 4.8 eV for samples

S11 in M1 phase, S12, and S13 with T phase, respectively, using the equation:

VCPD = ((1)1\/[ - d)s) L@ (52)

where ¢p and ¢s are work functions of the metal tip and the sample, respectively, and e is the
elementary charge.

139



C) () ()
.
©®,., (h) (i)
" v -120 -120
125} -170 | -170 -
= 75 ' — 220 | — =220
> [ > {
E 25 | E, 270 E 2270
N 25 ! N 320 N 320
5150 370 | 370
125 Bl e iy 420 bl MW wg g g, a0kl N0
0 0204 0608 1 0 04 08 12 1.6 0 02 040608 1
X[pum] X[pum] X[um]

Figure 5.5 Topography of samples (a) S11, (b) S12, and (c) S13 with (d)-(f) and (g)-(i) showing
corresponding SKPM images and the contact potential difference across the lines, respectively.

5.2.2 Supercapacitive performance

Supercapacitive performances of the VO, samples were investigated by cyclic
voltammetry (CV), charge-discharge profile and electrochemical impedance
spectroscopy (EIS) in three-electrode configuration using an electrochemical work
station (Metrohm-Autolab, model PGSTAT302N). Ag/AgCl (3M KCI saturated) and
Pt foil (1x1 cm?) were used as reference and counter electrodes, respectively. A carbon
paper (1 x 2 cm®) was used as a substrate for growth of all the samples, where (1x1 cm?) area
was masked to avoid any VO, deposition and used for making electrical contact. The rest
(1x1 cm®) area, completely coated with VO,, was used as working electrode. All the three
electrodes were mounted by a lid and immersed vertically down in 1M Na,SOy4 electrolyte

media. The cell is assembled such that only the VO, coated area is exposed to the electrolyte
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and the electrical contact area is away from the electrolyte level. The cyclic voltammetry
behaviors at scan rates ranging from 10 to 100 mV/s and charge-discharge cycles at
different current densities from 0.3 to 1.0 mA/cm® were carried out in a potential
window of 0.5 V. EIS was performed in the frequency range 10 kHz to 0.001 Hz with
open circuit potential, with an alternative current perturbation of 10 mV. The Nyquist
plots were drawn from the impedance data and were fitted with a suitable equivalent
electric circuit using EIS spectra analyzer software. Before, SC investigation, all
samples were presoaked in the electrolyte for better wettability.

Investigation for the SC performance of the as-grown VO, samples is carried out in the
three-electrode electrochemical cell. The specific capacitance is calculated using the
given formula:

C= (/1 dVy/v. A. ¥om cyclic voltammogram (CV) .................... (5.3)

C = (Itgy)/V fromcharge-discharge  .............ccooeiiiiiinininnn, (5.4)

where [ is the current, v is scan rate; A is exposed area of the electrode in the electrolyte, tg4
is discharge time, V is the potential window.

The cyclic voltammogram (CV) plots of the studied samples are carried out at
potential scan rate from 10 to 100 mV/s at a potential window of 0.5 V (Figs. 5.6a-c). The
near-rectangular CV with symmetrical shape is observed for the sample S11 at scan rates of
10 and 20 mV/s (Fig. 5.6a). The current density of the system is found to increase with
increasing scan rate, suggesting fast kinetics and reversibility of the system. The absence of
redox peak in sample S11 is attributed to mostly non-Faradic active sites for ion diffusion
[64]. Hence, the obtained result ensures the fast electron transfer, which is facilitated by VO,

nanoporous structure on the carbon fiber. The possible reactions are (i) surface
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adsorption/desorption of electrolyte cations on the vanadium oxide (Eqn. 5.5) and (ii)
intercalation/deintercalation of electrolyte cations in the bulk vanadium oxide (Eqn. 5.6):

(VO2)surface T Na™ + € <> (VO3 Na gurface -« evvveernnennnmenennnn. (5.5)

VO, +Na" +e <> VONa ..o (5.6)

It is noteworthy that unlike sample S11, the signature of the oxidation peak is observed for

both the samples S12 and S13 (Figs. 5.6b-c).
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Figure 5.6 Cyclic voltammogram of (a) S11, (b) S12 and (c) S13. (d) Areal capacitance versus scan

rate of the VO, samples.

The shape of CV plots for both the cases is unaltered with respect to the scan rate confirming
its reversible nature. Redox reactions in sample S12 and S13 can be initiated due to the
presence of mixed-valence states V** and V" in those samples. The areal capacitances of the
samples are calculated using equation 5.3. The estimated areal capacitance of samples S11,

S12 and S13 are 33.15+0.8, 1.39+0.06 and 2.16+0.04 mF/cm’, respectively. The error
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indicates the variation in collected data for spare samples of each type. The CV plot of the
bare carbon paper was also carried out at the same potential window of 0.5 V versus
Ag/AgCl, and the areal capacitance was found out to be 85 pF/cm” (not shown in figure). The
value is significantly smaller than those for any of the VO, coated samples showing that the
major contribution of areal capacitance is essentially from VO,.According to equation 5.1,
there was a loss of CO, from the substrate where the samples were synthesized by the CVD
technique at 1150K for 3 hrs. The loss of CO, affects the weight of C paper. In that case,
using weight of carbon paper as reference becomes ambiguous for measuring the weight of
VO,. So, following other references where active surface is taken for quantification [47, 65-
69], the capacitance value is described in F/cm®. Moreover, the surface area for all the
samples is approximately same as shown from FESEM studies (Fig. 5.1). Sample S11 shows
higher capacitance value than the reported values of other materials and the comparison is
listed in table 5.1.

Table 5.1 Comparison of supercapacitive performance of VO, structures with other nanostructures

Sample Areal Capacitance ~ References
mF/cm’

Multi-layer TiO; nanotube 0.06 Zheng et al. [65]

Carbon modified multi-layer 3.75

TiO; nanotube

Vertical graphene 0.56 Ghosh et al. [66]

MnQO;-Vertical graphene 5.64

AL Os3-TiO, 0.13 Du et al. [67]

Carbon nanotube 0.46 Zhou et al. [68]

Carbon nanotube/Polypyrrole 18.25

TiVN 15 Achour et al. [69]

Monoclinic (M1) VO, 33.15 Present work
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Although capacitance values of S12 and S13 samples in T phase are higher than those of
ALO;-TiO;, multi-layer TiO,, carbon nanotube, and vertical graphene nanosheets, however,
they are one order lower than that of sample S11 (M1 phase). The observed result, which
matches well with the existing report by Tang et al. [46], is attributed to the O content of VO,
structure. The quasi-rectangular shape of CV plots and decreased capacitance at higher scan
rates (Fig. 5.6d) are attributed to the inaccessibility of electrolyte ion interior of the active
material. The higher capacitance value for sample S11 can be understood from the formation
of a double layer at the interface. The work function of sample S11 is found to be 5.35 eV,
whereas, in case of samples S12 and S13, the work function values are ~ 4.8 eV (Fig. 5.5).
As the work function of C is 4.81 eV [70], it is quite expected that at the interface of VO,/C,
there is a probability of formation of space charge region for sample S11 only. EDL at S11/C
interface contributes to the space charge capacitance for sample S11.

The SC behavior of VO, nanoporous structures is also confirmed from the charge-
discharge profile at different current density ranges from 0.3 to 1.0 mA/cm® (Figs. 5.7a-c).
Excellent SC behavior includes a linear and symmetric charge-discharge profile for samples
S11 and S12, as shown, respectively, in figures 5.7a and 5.7b. The insignificant potential
drop of 0.03 V in discharge profile of sample S11 is attributed to the charge transfer
resistance and electrode-electrolyte resistance (Fig. 5.7a). At a current density of 0.3
mA/cm’, the specific capacitance of sample S11 is found to be 20.7 mF/cm®. The reduced
specific capacitance of 14.7 mF/cm’ is observed at a higher current density of 1 mA/cm’.
However, a non-linear charging-discharging profile is observed for the sample S13, implying
the poor surface charge capability in the sample, which may be correlated to the low value of

zeta potential for this sample. Sample S13 is in the T phase of VO, containing the maximum

144



amount of V°© (d°) states (holes), and it can resort to the oxidation process easily to maintain
charge neutrality. The obtained capacitance values of samples S12 and S13 are 0.47 and 0.68
mF/cm?, respectively. Low capacitance values of samples S12 and S13, as compared to that
for sample S11, match with CV results where one order higher value of areal capacitance is

calculated for sample S11.
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Figure 5.7 Charge-discharge profiles at current density of 0.3 to 1.0 mA/cm” (a) S11, (b) S12 and (c)

S13 (d) capacitance retention of the samples with charge-discharge cycle.

The cyclic stability is one of the key parameters for high-performance SC. Coulombic

efficiency of the samples is obtained from the equation,

where ¢, is the charge time.

The capacitance retention of 93.7% with a Coulombic efficiency of 98.2% for 5000

charge-discharge cycles suggests excellent rate capability, reversibility, and durability of
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sample S11 (Fig. 5.7d). The cyclic stability is found to be superior to recently studied
VO1(B)/C core-shell by Zhang et al. [71]. Whereas, sample S12 shows capacitance retention
of 89.8% with a Coulombic efficiency of 98.5% and sample S13 shows the capacitance
retention of 58.9% with a Coulombic efficiency of 95.6%. The low value of capacitance
retention in case of S13 (Fig. 5.7d) is because of poor surface charge potential as observed in
charge-discharge profile. All the samples were re-examined by Raman spectroscopy and
FESEM studies and found out to be stable after several runs.

To probe the frequency behavior of the VO, samples, EIS analysis is carried out, and
the extracted result in terms of Nyquist and Bode plots are shown in figure 5.8. The steeper
vertical line of sample S11 is observed form the Nyquist plot, as compared to those for
samples S12 and S13. The results further support the superior SC behavior of sample S11, as
compared to those for the other two samples. The intercept in real impedance axis is known
as equivalent series resistance (Rs) which includes resistances contributed from solution,
electrodes and electrode/electrolyte. The R is found to be 2.81 Q for samples S12 and S13
and 46 Q for sample S11 (Fig. 5.8a), representing good electrical contact between VO, and
carbon paper. The semi-circular arc represents the double-layer formation [72] between
active material and electrolyte. This signature is observed from the shape of CV plot (Fig.
5.6). However, a semicircular arc at high frequency is observed only for sample S11 from the
Nyquist plot, as depicted in the inset of figure 5.8a. The disappearance of semicircular arc in
samples S12 and S13 can be explained by the space charge polarization at the interface
between VO, and carbon paper, as expected from SKPM results which indicate similar work

functions for these samples and carbon.
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The phase angle with respect to the frequency (Bode plot) is plotted in figure 5.8b.

The phase angle of 81° at lower frequency region intuitively reveals the better-quality

supercapacitive behavior in sample S11, as it approaches a phase angle of an ideal SC of 90°.

Whereas, stability issue is observed for samples S12 and S13, which in-turn show reduced

phase angle at a lower frequency. These results support our charge-discharge data (Fig. 5.7).

The Bode plot (Fig. 5.8b) comprises a hump around 100 Hz for sample S11 confirming the

excellent electrolyte ion accessibility and capacitance retention [73]. Moreover, the time

constant of the system demarcating the power delivering capability is obtained from the Bode

plot at a phase angle of 45°. Two-time constants are estimated for the sample S11 are 1.87 s

and 5.8 ms, which again prove the contribution from space charge polarization at S11/C

interface. Time constants for samples S12 and S13 are found to be 5.8 and 6.9 ms. The low

time constants suggest the fast charge delivery capability of the VO,/Na,SO4 system.
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Figure 5.8 (a) Nyquist plot and (b) Bode plot of VO,/Na,SO, system

The specific (sp.) energy densities (E) and power densities (P) of the samples are calculated

using equations (5.8) and (5.9).
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The sp. power densities for sample S11, S12, and S13 are found out as 129.3, 21.7, and 24.5
uW/em?, respectively. The dependence of areal energy density on areal power density is

shown in the Ragone plot (Fig. 5.9).
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Figure 5.9 A Ragone plot of sp. energy density versus sp. power density for VO, nanoporous
structures. The data is compared with the published performance of other supercapacitors. Filled balls
represent the data points of this work for sample S11, S12, and S13. The dashed line guides to the
eye. The symbols represent the data from the literature with the corresponding references below.

The maximum measured energy density of the presently investigated supercapacitor for
sample S11 is 1.15 pWh/cm®, which is of same order to that for the flexible supercapacitors
comprising hierarchical nanostructures with carbon spheres and graphene oxide nanosheets
(7.96 pWh/cm®) [74], and is one order higher than Yarn supercapacitor based on
PANI/stainless steel (0.95 pWh/cm®) [75], graphene fiber supercapacitor (0.17 pWh/cm?)
[76], and Yarn supercapacitor based on CNT and Ti fibres (0.15 pWh/cm?) [77]. The energy
densities for sample S12 and S13 are 48 nWh/cm” and 75 nWh/cm®, respectively, which are
two orders less compared to sample S11 but higher than ZnO nanowire/MnQO, fiber
supercapacitor (27 nWh/cm?) [78].
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The supercapacitive study on the different structural phases of VO, nanoporous
structure shows that VO, sample with all V in oxidation state +4 shows better SC
performance because of the space charge region formed at the interface of VO, (M1) and

carbon paper.

5.3 VO, as Advanced Smart-Window:

VO, is reported to transmit IR at low-temperature semiconducting phase and reflect IR at
high-temperature metallic phase [13,15,16], whereas it is known to be transparent in the
visible region [17]. However, we observed a change in color of the VO, microcrystals from
white to cyan around the transition temperature. Generally, the optical property of a material
depends on the response of electron and its transition between electronic states due to
perturbation by the incident radiation. We performed temperature-dependent UV-Vis and
photoluminescence (PL) spectroscopy on VO, microcrystals stabilized in M1 phase of VO,
(sample, S1 as described in chapter 3) to study the change in the visible region around the
phase transition of VO,.

5.3.1 Temperature-dependent optical imaging

The optical images of the samples were captured at different temperatures using an optical
microscope with a 50X objective with numerical aperture (N.A.) of 0.45 using a white light
source. A change in color of the sample from white to cyan above transition temperature is
observed from optical microscopic images (Fig. 5.10a). We collected simultaneous Raman
spectra to monitor the phase transition. All Raman modes disappear at 340K (while
increasing the temperature), confirming the MIT and reappear again at 330K (while

decreasing the temperature), as shown in figure 5.10b.
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Figure 5.10 (a) Optical images of VO, micro-crystals at different temperatures and (b) Raman spectra

of the sample at the temperature range 300 to 360K. Solid and dashed arrows denote increasing and

decreasing temperatures, respectively.
To check whether there is any role of substrate in the observed colour change, we

captured optical images of freestanding VO, crystals taken out from the Si substrate at

different temperatures (Fig. 5.11).

Decreasing Temperature

Figure 5.11 Optical images of free-standing VO, micro-crystals with increasing and decreasing

temperature.
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The free-standing crystals also undergo the same behavior as observed for the crystal grown
on Si substrate, which confirms that optical changes at transition temperature is solely
material property and does not depend on substrate. The colour of the microcrystals changed
from white to cyan above transition temperature again retains their colour from cyan to white
below the transition temperature.

5.3.2 Optical properties with the understanding of electronic band-structure

UV-Vis spectroscopy is one of the useful tools for the determination of colour for transition
metal complexes. Transition metal ions can be colored (i.e., absorb visible light) because d
electrons within the metal atoms can be excited from one electronic state to another [79,80].
For further analysis of the observed change in color during phase transition, temperature-
dependent UV-Vis absorption spectra were recorded with the help of a light source of
excitation wavelength in the range of 200 to 800 nm. Figure 5.12a shows UV-Vis absorption

spectra at a different temperature ranging from 300 to 360K.
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Figure 5.12 (a) UV-Vis absorption spectra of the grown sample with increasing temperature. The
dashed line and solid line arrows indicate a change in slope and absorption tail, respectively, above
the transition temperature. (b) Schematic electronic band structure for the semiconducting and
metallic phases of VO, and (c¢) Photoluminescence (PL) spectra of the sample at different

temperatures. Inset in (c) shows the deconvoluted PL spectra at 340K.
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The broad absorption peak ranging the whole visible range for different temperatures
of 300 to 340K can be explained as intra-band absorption [81]. A strong absorbance in the
red region centered at ~ 650 nm is observed above the transition temperature ~350K.
Absorption tail ~700 nm (indicated by solid arrow) is a clear indication of red light
absorption above the transition temperature in the metallic phase. The alteration of the
upward positive slope in the blue region below 400 nm (indicated by dashed arrow) to
negative downward above the transition temperature confirms the reflection of blue light
above the phase transition temperature.

The electronic band diagram of VO, is described in chapter 4 (Fig. 4.1). The observed
colour change of the VO, micro-crystals is understood in the light of electronic transitions for
VO,. As discussed earlier, cluster dynamical mean field theory (C-DMFT) calculation using
electronic correlation (Hubbard U) can only explain the opening of an energy gap in the low-
temperature semiconducting phase of VO,. Thus, it is important to choose the proper value of
U to find the correct assessment of the energy gap. The typical value of U for transition metal
oxides is ~3 to 4 eV [82]. With the intra-atomic Coulomb repulsion U set to 4.0 eV,
Biermann et al. found out lower Hubbard band (LHB) about -1.8 eV below the Fermi level
and upper Hubbard band (UHB) at about +2.2 eV [83]. The optical absorptions ~2 eV and
below are attributed as an intraband transition or, free electron absorption in the previous
reports [84,85]. We claim that the absorption at red region (~2 eV), as observed from the
temperature-dependent UV-Vis spectra above the transition temperature, can be ascribed as
transition from filled eg bands to the UHB. We re-plotted the electronic band diagrams of
VO, with LHB and UHB at low temperature insulating, and high-temperature metallic

phases are shown schematically in figure 5.12b. For further analysis, temperature-dependent
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photoluminescence (PL) spectroscopic studies were performed. Figure 5.12¢ shows the PL
spectra of the as-grown sample in the temperature of 80-500K. At the lowest temperature of
80K no luminescence peak is observed with the laser excitation of 514.5 nm (2.41 eV),
which is quite expected, as the valence band of VO, (O2p) is ~2.5 eV below the Fermi level
in the semiconducting phase [84,85]. Although the half-filled lower-lying a;, bands (LHB)
may fall in the incident energy range, it will not participate in the PL process, as a single
electron added to this band will jump to the UHB. The observed low intense broad peak at
300K may be attributed as the emission from UHB to es band as the eg band is partially
filled at room temperature [86]. At the transition temperature of 340K two broad peaks are
observed at 1.85 and 2.09 eV (inset in Fig. 5.12c), which can be ascribed as transition from
filled a; and eg states, respectively, to the UHB which is ~2.2 €V above the Fermi level, Er
[83]. The intensity of the peaks decreases slightly with further increase in temperature up to
500K, which is natural for PL emission with increasing temperature. We carried out the PL
studies for sample S2, S3, and S4 also, which were stabilized in metastable phases of VO,
due to native defects (chapter 3). All of them show PL peaks at same energy value above the
transition temperature only (not shown in figure). However, we failed to measure any PL
peak up to the transition temperature starting form 80K, where defect may like to play a role
also. Absence of PL emission at low temperature confirms that the PL peaks correspond to
transition between band states instead of defects. The emission at ~2 eV above the transition
temperature supports the absorption of light at red region, as observed from UV-Vis
absorption spectroscopic study. As the color of material depends mostly on three primary

colors red, green and blue (R+G+B), the absorption of red light makes the sample cyan
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(G+B) above the transition temperature as observed from temperature-dependent optical

microscopic images, captured above the transition temperature (Fig. 5.10a).

The thermochromism in VO, has been studied for smart window applications so far
in the IR region, which supports the opening of the bandgap in the semiconducting phase.
The filtering of the blue light along with reflection of infrared above the MIT temperature

makes VO applicable as advanced smart windows for overall heat management of a closure.

5.4 VO, as Methane Sensor:

Gas sensors with low operating temperature for detecting perilous gases are in great
demand in the fields of environmental protection and human health. The identification of
CH4, the second-largest contributor to global warming after CO, [87], is difficult at
temperatures lower than 200 °C within the safety limit of 1000 ppm for 8 h due to its high
thermodynamic stability [88,89]. Catalytic materials, e.g., SnO; and ZnO, were used for CHy4
detection in the concentration range of a few hundreds of ppm [90-91]. However, high
operating temperatures and low sensitivity remain a longstanding challenge in this area of
research. In this regard, vanadium oxides form an interesting group of materials because of
their varying oxidation states between V>" and V>, VO, is particularly attractive because it
exhibits a first order MIT near room temperature (340K) [6-8]. The resistance drops by four
orders above the transition temperature [9]. As most of the metal-oxide gas-sensors works by
resistance-based mechanism, a systemic study of CH, sensing behavior of VO, around the
transition temperature needs to be probed. As VO, is extremely susceptible to change its
oxidation state and forming various metastable phases in the presence of air, we extended the
sensing study for the higher-order oxides of V than VO, (V,O2n:1). As most of the resistance-

based gas sensors work at high temperatures in air background, the chance of oxidation is
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very high, especially for multivalent oxide sensors [92]. Thus, the possibility of oxidation at
a higher temperature and sensing behavior of the corresponding phase for V,Oa4t1 in the
complete temperature range of gas sensing should be investigated systematically. We carried
out brief analysis of the phase-pure Wadsley (V,Oanr1) nanoparticle as CHy sensor as a

function of temperature and the role of oxidation state in sensing.
5.4.1 Methane sensing by VO; around the transition temperature

To study the CH4 sensing behavior of VO, around the phase transition (340K), we have
carried out the sensing performance at five different temperatures viz. 40 (313K), 50 (323K),
60 (333K), 70 (343K) and 80 °C (353K) for 50-500 ppm CH,4 (Fig. 5.13a). We prepared a
pallet of VO, nanoparticles (sample S1) for the gas sensing experiments. The sensing was
carried out in a custom-built exposure facility system using the chemiresistive method [93].
The sample was mounted on a PID controlled hot stage inside a double-walled stainless steel
chamber. The gas flow rates were controlled using mass flow controllers. The sensor
response upon exposure to gases was manifested as resistance changes, recorded in a
standard two probe method. Commercially procured gas mixtures of ultra-high pure grade
CH,, diluted in N; carrier gas was used along with synthetic air background. N, gas is
generated using TEXOL, laboratory N, generator. These gases were further passed through
moisture traps to remove any residual humidity.

In order to ensure the reliability of the results, each gas-sensing investigation is
repeated three times. There is hardly any response to CH4 at room temperature, and it starts
showing a significant change in resistance from 40 °C even for very low concentration of 50
ppm. It can be observed from the temperature-dependent resistance plot (Fig. 5.13b) that

above 60 °C the resistance value decreased by four orders confirming the metal-to-insulator
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phase transition in VO,. As VO, is an n-type semiconductor; upon exposure to CHy, the
resistance of the VO, sensor shows a decrease in resistance [94]. The resistance drop on each
exposure is consistent with the expected trend, and the magnitude of change increases with

the concentration of the exposed gas.
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Figure 5.13 (a) Transient response curves of VO, towards CH4 with temperature. Corresponding
concentrations of gases are inscribed in the respective regions. (b) Base resistance (R,) of the sample
with temperature, and (c) Comparison of sensor response with operating temperatures. Estimated
errors are within the size of data.
The reaction of CH4 at the metal oxide surface happens by the chemisorption of
oxygen followed by oxidation.
CH,(g) + 205 & CO, + 2H,0 +4e~ ... (5.10)
The sensor response expressed in % is defined as the ratio of change in resistance upon
exposure to gas to the initial resistance; (AR/R¢)*x100, where AR = (Ro — R,), R, is the
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resistance upon exposure to gas and Ry is the initial resistance. The response and recovery
times are calculated as the time used for changing the resistance from 10% to 90% of AR.

It is noteworthy that the response increases with an increase in temperature in the
semiconducting phase up to 60 °C but decreases above the transition temperature (Fig.
5.13c), which can be attributed owing to the formation of the metallic state in the sample
above the transition temperature. As the number of carriers increases in the metallic state, the
relative change of resistance upon exposer to CHy4 decreases resulting in a drop in sensor
response above the transition temperature. A maximum response value of 2.23% is obtained
for 500 ppm of CH, at an operating temperature of 60 °C. The average response time and
recovery time for 500 ppm gas at 60 °C are 55 s and 68 s, respectively. Pristine VO; is thus
shown as a promising candidate for gas sensing applications in the semiconducting state near

room temperature [27].
5.4.2 Oxidization of VO, to Wadsley V,0,,+1 phases at higher temperatures

With an increase in temperature above 200 °C, an increase in resistance around three orders
(Fig. 5.14a) is observed in contradiction with the metallic behavior of VO,. As the resistance
value of metallic VO, above transition temperature is in the orders of few Ohms; the sudden
increase in resistance indicates the oxidation of VO, to other VOy phases. To confirm the
phase of the VO4 sample, we have collected the Raman spectra of the sample (Fig. 5.14b).
The Raman peaks at 94, 137, 188, 275, 404, 475, 520, 685, and 990 cm’, confirm the
presence of pure V¢Oi3 phase [95,96]. VO3 is known as a mixed-valence oxide as it exists
between the V** and V°" oxidation states and reported to be stabilized with oxidation of VO,

at ~250 °C [97]. With further increase in temperature to 300 °C, the resistance of the sample
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increases two orders unlike the semiconducting nature (Fig. 5.14a). The Raman spectrum of

the sample at 300 °C (Fig.5.14b) resembles that of the V4O phase [95].
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Figure 5.14 (a) The change in resistance with temperature (b) Raman spectra of the V,0,,+; sample
with temperature ranging from 30 to 350 °C, and FESEM images of the sample (c) before and (d)

after heating indicating the similar structure of nanoparticles with size ~50 nm.

The Raman spectrum for sample at 350 °C showing modes around 105 (A,), 146 (Big or Byg;
Big/Bag), 198 (Ag/Bag), 286 (Big/Bsg), 305 (Ag), 405 (Bio/Bsg), 485 (Ag), 529 (A,), 703
(B1g/B3g) and 1006 (Ay) cm’ confirms the presence of phase pure V,Os (Fig. 5.14b) [98]. No
further oxidation is observed with increasing temperature as the sample reaches its maximum
oxidation state. All the V,Oun+1 phases (n = 2, 4 and 6) are found to be stable after bringing
back to room temperature, and we have studied the CH4 sensing response in the range from
50 to 500 ppm at operating temperatures of 40, 50, 100, and 150 °C for each of the stable

phases. The FESEM images collected before (Fig. 5.14c) and after (Fig. 5.14d) heating,
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indicate the similar structure of nanoparticles with size ~50 nm, which confirms that there is

no role of morphology in the variation of sensing response with heating.
5.4.3 Methane sensing by phase-pure Wadsley V,0,,+1 nanoparticles

V013 is known as a mixed-valence oxide as it exists between the V** and V" oxidation
states with 2:1 ratio [99]. It undergoes an MIT at 150K and is reported to be quasi-metallic in
nature at room temperature [99,100]. V4Oy is known as the missing link of the Wadsley
phases having a similar structure of that for V,0s_ but with the formal valence of V*"/V>'=1
[101]. The last member of the Wadsley family is V,0s with the maximum oxidation state of
+5. It forms a layered structure along the crystallographic ¢ axis with vanadyl oxygen at the
top-most plane [98].

The response transients of VO, towards CHy are studied as a function of

temperature (Fig. 5.15) for six different concentrations from 50 to 500 ppm.
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Figure 5.15 Transient response curves of (a) VO,, (b) VO3, (¢) V404, and (d) V,05 towards CHy

with temperature. Corresponding concentrations of gases are inscribed in the respective regions.

From the slopes of the transient plots, it is observed that the response and recovery times for
VO, (Fig. 5.15a) are very short for sensing performed at the semiconducting state. The

response and recovery times increase as the temperature is raised above the transition
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temperature of 340K (~70 °C). The resistance drop on each exposure is consistent for all
ViOant1 phases, and the magnitude of change increases with the concentration of the exposed
gas (Fig. 5.15).

The sensor response of the Wadsley phases towards CHy with different
concentrations as a function of temperature is shown in figure 5.16. The response increases
with increase in temperature for all the phases except for VO, (Fig. 5.16a) as it undergoes an

MIT at a comparatively low temperature of 340K.
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Figure 5.16 Comparison of sensor response of (a) VO,, (b) V403, (¢) V409 and (d) V,05 towards

CH, with operating temperatures for 50 to 500 ppm concentration.

The sample in the V403 phase started showing a significant response at 40 °C for 100 ppm
concentration (Fig. 5.16b). The maximum response was observed at an operating temperature
of 150 °C for V¢O;3 with response value 0f2.7% for 500 ppm of CH,. The average response

time and recovery time for 500 ppm gas at 150 °C are 90 s and 88 s, respectively. The
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comparatively less response of V4013 may be attributed due to its quasi-metallic nature above

the transition temperature of 150K.
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Figure 5.17 Comparison of sensor response of Wadsley phases towards CH4 with operating

temperatures for 500 ppm concentration. Estimated errors are within the size of data.

The response of V409 and V,0s to CHy gas is found to be substantial at 40 °C, even for a
very low concentration of 50 ppm (Fig. 5.16¢). At 50 °C V,0s shows a response towards CHy
as 2.7%, which is more than that of VO, (1.95%) at that temperature (Fig. 5.16d). Higher
responses were observed for V4O9 and V,0s as 4.3 and 6.52%, respectively at an operating
temperature of 150 °C. The average response and recovery time for 500 ppm gas at 150 °C
are 80 s and 95 s for V409 and 100 s and 120 s for V,0s, respectively. V409 and V,0s consist
of shear structure, which opens more active sites that allow target objects to be inserted and
extracted reversibly and thereby improving the sensor response. The top-most layer of V,0s
is composed of vanadyl oxygen, which forms dangling bonds at higher temperatures by
creating oxygen vacancies. The vacancy acts as an active site in sensing, leading to an

enhanced response at a higher temperature. The sensor response for VO,, V4013, V409 and
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V,0s phases with operating temperatures upon exposure to 500 ppm CHj is shown in figure
5.17. Among all the observed V,O,,+1 phases, V,0s is found out as the most suitable CHy
sensing material at all operating temperatures (Fig. 5.17) not only for its layered structure but
also for the non-availability of further oxidation state of V at a higher temperature. However,
CH4 sensing response in VO, is most suitable next to V,0s at 50 °C (Fig. 5.17) for all

measured concentrations (Fig. 5.16).

5.5 Summary:

Three of the various applications of VO, are studied in the light of its structural and metal-to-
insulator phase transition.

The potential ability of different structural phases and corresponding oxidation states of
VO, nanoporous structure for supercapacitor (SC) applications are studied. As VO,
undergoes several structural phase transitions as a function of temperature, external electric
field, hydrostatic pressure, intense illumination, and strain, our study provides insight on how
different phases and metastable phases of VO, contribute and behave electrochemically.
Monoclinic VO, sample with all V in oxidation state +4 shows better SC performance with
the capacitance of 33 mF/cm’, Coulombic efficiency of 98.2% and 93.7% capacitance
retention after 5000 cycles, as compared to those for VO, samples with triclinic and mixed
phases. A comparable high energy density is recorded for the sample with all V** in the
Ragone plot. The power densities of the samples also show their mutual dependence
indicating comparable values with the performance of other supercapacitors. The space
charge region, formed at the interface of VO, and carbon paper, is found to contribute to the
observed superior capacitance value for the pure M1 phase of VO, and ensures the potential

of monoclinic-VO; nanostructure as a promising and next-generation SC.
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The observed color change of the VO, microcrystals from white (R+G+B) to cyan (B+G)
is explained by the absorption of red light (R) above the transition temperature and is
analyzed with electronic band structure of VO, for both the semiconducting low and metallic
high-temperature phases. These thermochromic properties make VO, applicable as advanced

smart windows for overall heat management of a closure.

The comparison of CHy4 sensing response around the transition temperature of VO,
reveals a higher response for the semiconducting state than that of a metallic one. The
possibility of oxidation at a higher temperature and sensing behavior of the higher-order
oxides of V than VO, were investigated systematically. The controlled in-situ oxidation of
VO; to other Wadsley V02,41 phases, e.g., VcOi3, V4O and V,0s and their CH4 sensing
behavior show that V,0s provides maximum response for CHy due to its sheer structure and
thermal stability, whereas the fastest response and recovery is observed for VO, near room
temperature (40 °C). VO, is also found most suitable CH4 sensor after V,0s close to room

temperature (50 °C) for all measured concentrations.
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CHAPTER 6

SUMMARY AND FUTURE SCOPE

“Why should we look to the past in order to prepare for the future?
- Because there is nowhere else to look.”

— James Burke

The Thesis principally described the metal to insulator (MIT) as well as structural phase
transitions (SPT) of the vanadium oxides nano and micro-structures (VO, and V,0s), the
origin of the phase transitions and finally the applications of the materials in the light of
phase transformation. In the beginning, after a brief introduction of both the oxides, the
conflicts on the phase transition mechanism, change in the structure and properties around
the transition are discussed in detail. The role of vanadyl Oy oxide in initiating the MIT of
V,0s nanostructures and the post-transition structural relaxation of the sample are
deliberated. The stabilization of various phases of VO, by doping and transformation
between the phases by external stimuli like temperature and pressure are carried out to
analyse the SPT in VO,. The reason for the MIT and SPT in VO, and the correlation between
them is studied to resolve the long-lasting debate on the origin of phase transition in this

material. The applications of VO, in the light of phase transition have also been probed.

6.1 Summary of the Thesis:

6.1.1 Chapter 1
> Introduction of the transition metal oxides, especially V,0Os and VO, with the basic
structure and properties.
> The change in physical properties and structural relaxation of V,Os after a transition

1s discussed.
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> The electronic, optical and structural properties of various phases of VO, are
discussed in detail.

> To understand the conflict in the origin behind the phase transformation, brief
introductions of the proposed phase transition mechanisms, e.g., Mott and Peierls
transitions, are reviewed.

> The applications of VO, due to the interesting physical and chemical properties are

explored in the light of phase transition.

6.1.2 Chapter-2

> The metallic behaviour in V,0s above transition temperature was observed from the
temperature-dependent current-voltage measurements and is discussed considering the
observed emission peaks in the temperature-dependent photoluminescence (PL)
spectroscopic studies.

> The newly evolved PL emission above the transition temperature was understood in
terms of creation of defect states leading to the modification of conduction bands in the
V,0s electronic structure.

> The reversible temperature-dependent Raman spectra were analyzed for the allowed
vibrational modes of semiconducting and metallic V,0s phases to identify the vanadyl
oxygen responsible for the transition as well as to understand the relaxed structure after the
transition.

> The change in electronic band structure after the reduction of V,0s, prompting the
metallicity in the sample, is discussed using temperature-dependent UV-Visible absorption

spectroscopic studies and thermal activation energy calculations.
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> The breakdown of pdz (V-Op) bonds helps in accumulating electrons towards
neighboring V atom to occupy the partially filled V 3d bands, leading to the increase in the
number of carriers in the conduction band, which is finally made responsible for the

observed metallic behavior.

6.1.3 Chapter-3

> The stabilization of metastable phases of VO, was made possible in a novel technique
by introducing defects in the system, for the first time, via two ways: (i) hole doping by
native vacancy creation and (ii) Mg doping with optimal proportion.

> Temperature- and pressure-induced phase transitions among the various phases of
VO, was analyzed by synchrotron XRD and Raman spectroscopic measurements.

> The structural transitions M2 —T and T—M1 were found to be continuous (second
order) phase transition from the continuous change in the volume and a discontinuity in the
bulk modulus with hydrostatic pressure.

> The temperature-driven M2—R phase transition was found out as first order from the
coexistence of both the phases for a narrow span of temperature.

> The explicit anharmonicity (phonon-phonon interaction) was found to be dominant
over the implicit (volume dependent) one for the M2 to R transition.

> A systemic study of the polarized tip-enhanced Raman spectroscopy (TERS) was
carried out to explore the crystallographic orientation of VO, single nanorods as well as to
identify the corresponding phonon vibrations.

> The assignment of phonon frequencies corresponding to each lattice vibration was

made possible by density functional theory calculations of phonon density of states. The
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phonon mode responsible for the structural phase transition was also identified using the

polarized and high-temperature TERS measurements.

6.1.4 Chapter-4

> The effect of defects in changing the transition temperature of VO, was demonstrated
by invoking dimensional reduction in V chains.

> The role of V vacancy in increasing the transition temperature is discussed by
introducing finite-size 1-D Heisenberg spin 72 chain model in the hole rich (acceptor doped)
system.

> The correlation between MIT and SPT was analyzed by the observation of low-
frequency spin excitation (spin-wave) in VO,. As spin-wave propagates independently from
the charge-density waves (spin-charge separation according to Tomonaga-Luttinger liquid
theory), the SPT and MIT were understood by separate phenomenological model.

> The experimentally observed Raman modes at low-frequency were compared with
the calculated frequency for the singlet breather mode considering perturbation due to spin-
lattice coupling.

> The significant deviation of Stokes to anti-Stokes intensity ratio of the low-frequency
Raman mode from the usual thermal factor exp(hv/KgT) disobeying Boltzmann’s
distribution law and the orthogonal dependency of the phonon and spinon vibration in the
polarized Raman study confirmed it to be originated from spinon vibration.

> The role of doping in shifting the frequency of collective spin excitation as well as in
increasing the transition temperature while maintaining the same structural phase is

discussed in detail introducing finite-size 1-D Heisenberg spin ’2 chain model.
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> The phase transition in VO, was understood by the 1st order MIT driven by Mott

physics (R to M2) prompting the 2nd order Peierls-type SPT (M2 to T and T to M1).
6.1.5 Chapter-5

> The three imperative applications of VO, were explored in the light of its phase
transition; (i) Binder free supercapacitor, (ii) Advanced smart window, and (iii) Methane
sensing near room temperature.

> Each structural phase and corresponding oxidation states of VO, nanoporous
structures grown on carbon fiber was compared based on their supercapacitor performance.
> Among other structural phases of VO,, the M1 phase was found out as the most
suitable candidate for the supercapacitor applications with a specific capacitance value of 33
mF/cn’.

> VO, was found out as an eligible candidate for overall heat management of a closure
by filtering blue light along with the IR reflection above the transition temperature.

> The evaluation of sensing response of VO, around the transition temperature
revealed a higher response for the semiconducting state.

> Methane sensing performance of the phase-pure Wadsley V,O2,11 (between VO, and
V,0s) phases with in-situ oxidation were analysed to find the role of oxidation states and
phase-purity of these materials while operating at high temperature.

> V1,05 with the highest oxidation state of V°* showed superior sensor response
towards CH4 than other Wadsley phases.

> CH, sensing response in VO, is most suitable next to V,0s at 50 °C for all measured

concentrations.
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6.2 Future Scope:

> Study of the MIT in the other vanadium oxides such as VO, V,03, VO;3.

> As the origin of MIT in VO, is found out as Mott type and SPT can be separated from
the MIT, the application of VO, as Mott transistor can be probed.

> Doping with a metal having valency greater than V** (Nb, W) reduces the transition
temperature in VO,. Efforts need to be done to initiate the transition at room temperature
with minimal energy.

> As VO, is an n-type semiconductor, coupling with p-type semiconductor like CuO
can be composed to form a pn-junction diode, which above the transition temperature can

act as a Schottky diode.
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