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I 
 

 ABSTRACT 
 

Found in nature or synthesized, materials present amazing properties such as 

superconductivity, super-hardness, lightweight, or high-energy-density, among others. All 

these properties can be used in our benefit to improve or develop new applications. Although, 

many of these properties are not noticeable in the ambient conditions of pressure and 

temperature. Therefore, only when the materials are exposed to extreme conditions of 

temperature, pressure, radiation, etc., become notable. For those reasons, it is fundamental to 

understand their properties and how they are affected by different parameters such as the 

synthesis process, morphology, doping or external parameters (e.g. pressure, temperature). 

High-pressure studies have been shown to be an excellent tool for proving and study the 

robustness of material properties as well as for the synthesis of new materials. Changes as 

extreme and spectacular as converting oxygen gas into a superconducting metal or the well-

known graphite to diamond conversion among others have been made under high-pressure 

conditions. 

Among all the materials, and due to their interesting properties, in this doctoral thesis we 

have studied four ternary metal oxide semiconductors (InVO4, CrVO4, InNbO4 and InTaO4) 

and carbon nanostructured materials (single-walled carbon nanotubes (SWCNTs)) at ambient 

conditions as well as under high-pressure (static or dynamic compression) using different 

characterization techniques such as X-ray diffraction (XRD), Raman spectroscopy (RS), 

optical absorption, transmission electron microscopy (TEM), photoluminescence (PL) and 

electrical measurements.  

InVO4, InNbO4 and InTaO4 are wide metal oxide semiconductors having band-gap 

energy of 3.62(5), 3.63(5) and 3.79(5) eV, respectively, being InVO4 a direct band-gap 

semiconductor and, InNbO4 and InTaO4 indirect band-gap semiconductors. These compounds 

undergo, under pressure, to a structural phase transition from orthorhombic, in the case of 

InVO4, or monoclinic, in the case of InNbO4 and InTaO4, to another monoclinic system. This 

structural phase transition triggers interesting phenomena due to the modification of the 

electronic band structure of the compounds. Phenomena observed under compression include 

bandgap collapse about 1-1.5 eV depending on the compound, band crossing due to the 

change to the local maximum on top of the valence band and colour change. Also, the 

electrical resistivity of the materials is affected by this change in the band structure. All these 

results are discussed based on our theoretical band structure calculations.  

On the other hand, doping these compounds below 0.2% using Tb or Yb rare-earth 

elements, the crystal structure is barely affected as well as their phonon structure, but the 

band structure does, giving rise optical excitation and emission properties in the visible and 

near-infrared (NIR) spectral region. From optical reflectivity measurements, the two first 

direct transitions are reported at 3.7/4.2 eV in InVO4, 4.7/5.3 eV in InNbO4 and 5.6/6.1 eV in 

InTaO4. All the compounds present self-activated photoemission signals, which are discussed 
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in terms of the distorted polyhedral coordination around V, Nb and Ta atoms. Finally, the 

characteristic emission of Tb atoms in the green region (5D4→
7FJ) and the Yb atoms in the 

NIR region (2F5/2→
2F7/2) are analysed and discussed based on our theoretical calculations. 

Even though, being a prototype structure of a family of compounds denoted as CrVO4-

type materials, there is still scarce information on the behaviour under pressure of the CrVO4 

compound. Here, it is also studied CrVO4 having an orthorhombic structure under pressure 

up to 10 GPa. Crystal structure, phonon band structure, optical and electrical properties are 

analysed showing a structural phase transition similar to that in InVO4 with an increase in the 

vanadium atoms coordination from 4 to 6. This phase transition triggers also a band-gap 

collapse of 1.1 eV, a change in the phonon structure and a sharp decrease in the resistivity of 

the material. All these results are discussed in terms of our theoretical calculations and 

comparison with its isostructural partner InVO4. 

To conclude, we study the effects of the dynamic pressure of 0.5 Mbar (50 GPa) on 

SWCNTs, which is way beyond the limit of their structural stability in quest of new forms of 

carbon nanostructures. Thus, no nanotubes survived to this pressure. The recovered material 

is composed of two types of material, which are classified in a multi-layer graphene phase 

(MLG) with high defect concentration and multi-phase material, which dominates the 

sample. Even the reached conditions during the shock-compression were favourable for the 

diamond formation, we were unable to find traces of diamond-like carbon in the very 

inhomogeneous sample. The crystal size of both materials has been estimated at 13 nm for 

disordered carbon and 30 nm for MLG phase. The dispersion of the Raman modes was also 

studied using several lasers and the observations were supported by TEM analysis. 
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1. Introduction 

 

Nowadays, society is facing several global issues such as nuclear security, climate 

change, and energy demand, among others. From a material scientist point of view, one way 

to mitigate these issues realistically, promisingly, cheaply, and safely, is improving material 

performance. By studying material properties, it can be understood how they work and 

consequently, manipulated them in an appropriated way to improve their performance for a 

specific application. In this context, improvement of material performance will have a direct 

impact reducing energy demand, improving nuclear security and an economic repercussion, 

as the development of efficient-energy applications is highly demanded by industry [1][2].  

Mainly, the energy used by society is coming from oil, carbon, nuclear and gas as primary 

energy resources. Although, renewable resources such as hydropower, bioenergy, fuel cells, 

solar cells, geothermal, wind or marine are becoming an important part of the scenario (see 

Figure 1). Primary resources have the advantage that they are directly converted to energy 

(combustibles), easy to transport and storage but they are hazardous, limited and not 

environmentally friendly. However, in the renewable energies, it is needed to transform 

efficiently the energy from nature (sun, wind, water or geothermal) to human purposes, which 

is the main drawback but having the advantage of unlimited and environmentally friendly 

resources and waste. In this regard, material scientists face an important challenge in the 

improvement of materials properties for efficient energy conversion, transport and storage 

[3][4]. 

 

 

Figure 1: Comparative primary energy consumption over the past 15 years [3]. 

 

Materials are used in a vast range of applications for direct and indirect energy 

conversion, transmission, and storage technologies, as well as energy use, all of which impact 

climate change. They are used for nuclear technologies (both fission and fusion), solar energy 
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conversion, battery and fuel-cell technologies and hydrogen storage and generation among 

others, like lightning devices, scintillators, thermophosphors, superconductors, 

cathodoluminescences, photocatalysts, lightweight and superhard materials for devices, 

construction, transport (aircraft) or protection. However, the viability of such technologies is, 

in many cases, crucially dependent on the fundamental properties of the materials employed, 

with breakthroughs in materials science being essential for the successful deployment of new 

technology [5][6][7][8][9][10]. 

Fundamental properties such as crystal structure, electronic band structure or optical 

properties, among others, are critical determining materials performance. Besides, high-

pressure studies have proven to be an exceptional tool to test the robustness of the 

understanding of materials properties. Pressure is a fundamental thermodynamic variable, 

which without altering the crystal chemistry composition, provides unique possibilities to 

control the properties of materials. On top of that, high-pressure is a versatile tool for the 

formation of exotic materials not present at ambient conditions and create many functional 

materials with excellent performance such as superconductivity, metallization, superhard 

materials and high-energy-density materials [7][11][12][13][14].  

The study of materials under pressure has been employed during decades. In 1946, P. W. 

Bridgman was awarded the Nobel prize in physics for his research “General survey of certain 

results in the field of high-pressure physics” [15]. Later, Alvin Van Valkenburg and 

colleagues noticed that they can see through one of the diamond anvils while the sample was 

squeezed between them, this device, later called diamond-anvil cell (DAC), revolutionized 

the field of high-pressure research [16]. Using the DAC device, researchers were capable to 

squeeze materials up to 500 gigapascals (GPa). Most recently, using nanocrystalline 

diamond, pressures of terapascal (TPa) has been achieved [17]. All these advantages, together 

with the development and application of synchrotron radiation for a variety of high-pressure 

measurements, makes the high-pressure research growing exponentially across the globe with 

investigations covering a huge variety of topics form inorganic chemistry to food technology 

[18][19].   

Among all materials, ternary metal oxides and novel carbon nanomaterials are promising 

candidates because of their fundamental and technological importance due to their large 

variety of functional properties including their low cost and environment friendless 

[20][21][22]. In this doctoral thesis, it is studied from a fundamental point of view and 

pointing potential applications, four ternary metal oxide semiconductors compounds, which 

are InVO4, CrVO4, InNbO4, and InTaO4 and carbon nanostructured materials such as single-

walled carbon nanotubes at ambient conditions as well as under high-pressure.
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2. Materials Under Study (Background) 

 

In this section, it is presented the materials studied in the present doctoral thesis as well as 

their fundamental properties. It will be introduced previous studies done in these materials at 

ambient conditions as well as under pressure from experimental and theoretical works. In the 

case of ternary metal oxides, it will be also introduced the doping effects in such materials as 

it will be relevant for understanding part of the outcomes of this doctoral thesis. As 

commented previously in the introduction section, in this work, it is studied four ternary 

metal oxides semiconductors, which are InVO4, CrVO4, InNbO4, and InTaO4 and also, carbon 

nanomaterials such as single-walled carbon nanotubes. Here, we will revise their crystal 

structure, phonon and electronic band structure and their optical properties at ambient 

conditions as well as under pressure. We will comment on what has been done until now and 

what remains to be done to understand and improve their properties for future potential 

applications. 

 

2.1. Ternary Metal Oxides 

 

Due to their technological importance and their wide scope and long history of practical 

applications, applications from green technologies as photocatalyst for hydrogen production 

by means of photocatalytic water splitting [9][23] or degradation of propane (C3H8) and 

hydrogen sulphide (H2S) [24] to cryogenic phonon-scintillation detectors [25] as well as for 

nuclear-waste management industry [5][26], laser-host materials [27], and superprotonic 

conductors [28], among others, ternary metal oxides semiconductors have attracted the 

attention of the scientific community to study their properties and performance for possible 

applications. 

Ternary metal oxides form a rich family of compounds. They can be classified or grouped 

by their crystal structure system (see Figure 2) or their oxyanion as orthotungstates, 

orthophosphates, orthosilicates, orthovanadates and orthomolybdates among others, like 

some recently proposed orthoborates [19][29][30]. In fact, these classifications and 

specifically Bastide´s diagram [31] (see Figure 2) are useful tools based on crystal-chemistry 

arguments to qualitatively understand and make predictions on the high-pressure behaviour 

of ABO4 oxides. 

It is well known when pressure is applied to ABO4 oxides a phase transition is most 

probably induced. Phase transitions are accompanied of interesting phenomena such as 

reduction of sample volume, increase of bulk modulus, coordination change in the metal 

elements making the sample more compact, band-gap collapse, which can reduce the energy 

gap from the UV region to visible making the sample suitable for applications of solar energy 

or reduction of the material electrical resistivity until the point they become superconductors 

[13][19][20][21]. For these reasons, it is interesting to study ternary metal oxides properties 

at the ambient condition as well as under pressure.  
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Figure 2: Updated Bastide’s diagram for ABX4 compounds (r: ionic radius of A, B and X in the 

respective compounds). The dashed lines show the evolution of the ionic radii ratios with increasing 

pressure in a number of scheelite-structured compounds [21]. 

 

2.1.1. AVO4 ( A = In3+, Cr3+ ) compounds 

 

Among all ternary metal oxides, the orthovanadate family of the form AVO4 and 

specifically indium vanadate (InVO4) and chromium vanadate (CrVO4) are of special interest 

not only due to their technological application in cathodes for lithium-ion batteries [32], gas 

sensing [33], photocatalysis [34] or superprotonic conduction [28] but also due to their 

peculiar crystal structure and their magnetic properties [35][36]. Besides, CrVO4 has an 

energy bandgap in the visible region, which makes it suitable for the use of solar energy for 

photocatalytic and electrochemical applications [37]. 

Many of these applications are intimately and directly related to the crystal structure, 

which defines all the properties of the materials, as well as their electronic band structure. 

CrVO4 and InVO4 can be crystallized in many different forms. CrVO4-I, a metastable 

monoclinic [-MnMoO4-type structure, space group (SG): C2/m, No. 12, Z = 8], which is 

isomorphic to InVO4-I, has been synthesized by several methods [38]. In the case of InVO4, 

an undetermined structure (InVO4-II) has been also found [39]. CrVO4 has been also 

synthesized in another monoclinic system (CrVO4-IV, SG: Cmm2, No. 35) by soft chemistry 
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at 450 °C [40], and a metastable rutile-type structure (tetragonal system, SG: P42/mnm, No. 

136, Z = 1), which can be only synthesized under high-temperature and high-pressure 

conditions [41][42][43]. InVO4 and CrVO4 in the orthorhombic system (CrVO4-type 

structure, SG: Cmcm, No. 63, Z = 4), which is the most stable at ambient conditions and it is 

the one studied in this thesis, are isostructural compounds namely InVO4-III and CrVO4-III, 

respectively, or just phase III [44][45] (see Table 1 for lattice parameters). CrVO4, in the 

orthorhombic system, is a prototype structure model used to describe a mineral family with 

an isomorphic structure (CrVO4-type mineral family), which includes orthophosphates, 

orthosilicates and orthoborates, among others [19][29][30]. 

Table 1: Lattice parameter and volume of CrVO4-III and InVO4-III [44]. 

Lattice parameters of phase III 

 CrVO4  InVO4 

a (Å) 5.568(4)  5.738(5) 

b (Å) 8.208(7)  8.492(8) 

c (Å) 5.977(3)  6.582(6) 

V (Å3) 273.16(3)  320.72(2) 

 

The CrVO4-type crystal structure is composed of Cr(In)O6 octahedral units and VO4 

tetrahedral units as building blocks. Cr(In)O6 octahedra are edge-sharing along the c-axis 

forming chains, which are connected through VO4 tetrahedral units (see Figure 3). These 

structures are interesting from a crystallographic point of view to be studied under pressure 

since Bastide´s diagram (see Figure 2) locate them as intermediate structure between quartz-

like structures with four-fold coordinated cations and structures with six-fold coordinated 

cations; for instance, wolframites, as we will see later for the case of InNbO4 and InTaO4 

[44][45].  

 

 

 

Figure 3: Orthorhombic (Cmcm) crystal structure of CrVO4. 

Chromium or Indium 

Oxygen 
Vanadium 
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These VO4 tetrahedral units, as in many other ABO4 compounds, are responsible for the 

Raman-active modes of CrVO4-III and InVO4-III compounds (see Figure 4). Many of the 

thermal properties (thermal conduction and dissipation) of the materials are directly 

influenced by its phonon band structure. The phonon Raman-active modes can be classified 

as internal or external modes of these tetrahedral VO4 units. According to the literature and 

the group theory analysis, CrVO4 and InVO4 with orthorhombic CrVO4-type structure have 

15 Raman active modes at Γ point: Γ = 5Ag + 4B1g + 2B2g + 4B3g. All Raman modes have 

been recently identified for InVO4-III [44][46] and, in CrVO4-III were partially reported by 

Tian et al. [47] and completed by Bera et al [48][49]. In Table 2, it is listed the Raman modes 

for CrVO4 and InVO4 compounds at ambient conditions and their assignment (the 

experimental data for CrVO4 are from Article III included in this thesis and reference [44] for 

InVO4). Usually, the high-frequency modes ( > 900 cm-1) are assigned to the symmetric 

bending (1) and asymmetric stretching (3) of V-O bonds. On the other side, the low-

frequency modes (< 250 cm-1) are due to pure translation (T) of VO4 tetrahedra units. The 

intermediate modes (250-400 cm-1) correspond to pure rotation (R) and symmetric bending 

(2). The modes (400-500 cm-1) are related to symmetric (2) and asymmetric (4) bending 

modes [44][46][47][48][49]. 
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Figure 4: (left) Raman spectra for orthorhombic (phase III) of CrVO4 and InVO4 at ambient 

conditions. (right) Possible vibrational bands of VO4 groups [49]. The Raman spectra data is taken 

from article II and III included in this thesis for better comparison. 

Similar features can be identified in the Raman spectrum of CrVO4-III and InVO4-III at 

room conditions (see Figure 4). For instance, the most intense peaks are the modes at the 
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highest frequency and there is a phonon gap approximately between 500 and 650 cm-1 (See 

Figure 5 (left)). As can be seen in Figure 5 (left), the highest phonon frequencies are 

dominated by the V and O atoms. On the other side, the lowest frequencies are dominated by 

In and O atoms and between, the intermediate modes, a combination of contribution from V 

and In together with O can be seen. To our knowledge, no phonon spectra or phonon density 

of states (PDOS) for CrVO4 has been calculated yet but it is expected to have similar phonon 

structure according to their Raman spectra and their structural similarities (part of Article III). 

Table 2: Raman frequencies of orthorhombic CrVO4 and InVO4 at ambient conditions. 

 Orthorhombic phase III 

  CrVO4  InVO4 

Mode 
 𝝎a 

(cm-1) 
Assignmentb  𝝎c 

(cm-1) 
Assignmentd 

ω1  168 T(B3g)  135 T(B3g) 

ω2  189 T(B1g)  191 T(B1g) 

ω3  248 T(Ag)  218 T(Ag) 

ω4  277 R(B1g)  252 R(B1g) 

ω5  301 R(B2g)  342 R(B2g) 

ω6  349 (Ag)  348 (Ag) 

ω7  378 R(B1g)  377 R(B1g) 

ω8  381 (B3g)  389 (B3g) 

ω9  416 (Ag)  390 (Ag) 

ω10  449 (B2g)  456 (B2g) 

ω11  502 (B3g)  637 (B3g) 

ω12  669 3(B1g)  755 3(B1g) 

ω13  756 3(Ag)  847 3(Ag) 

ω14  924 1(Ag)  914 1(Ag) 

ω15  930 3(B3g)  918 3(B3g) 

aValues from Article III included in this thesis. bAssignment based on the literature and theoretical 
calculations from Article III included in this thesis. cFrom reference [44]. dFrom reference [46]. 

 

Figure 5: (left) Phonon spectra and phonon DOS and (right) Electronic band structure of InVO4-III 

[46]. 

Phonon 
Gap 

Band 
Gap 

(Direct) 
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Many applications such as photocatalysis, devices for light emission diodes (LED) or 

conversion of solar energy to electricity, among others, are directly related to the electronic 

band structure of the compounds and specifically to the bandgap between the top of the 

valence band (TVB) and the bottom of the conduction band (BCB). This is because this 

energy gap difference is the minimum energy needed to promote a bounded electron from 

TVB to a free electron in the BCB in the materials, which can transport the energy in electric 

form. Figure 5 (right) shows the electronic band structure of InVO4-III. As in many ABO4 

compounds, a common feature is that the states at the BCB are composed mainly of B d, 

electronic levels and O 2p states dominate the upper part of the valence bands. According to 

the theoretical calculations of S. Lopez-Moreno et al. [46], InVO4-III is a direct bandgap 

semiconductor of 4.8 eV at the Y-Y k-points in the Brillouin zone. However, looking to the 

literature, it can be seen significant discrepancies reporting the band gap value as well as its 

nature (direct or indirect) of InVO4-III from theoretical and experimental works ranging from 

1.8 to 4.8 eV [46][50][51][52][53]. In this regard, it is needed to clarify unambiguously the 

energy gap of such compound, which is part of the topic of the article I included in this thesis. 

On the other hand, there is no electronic band calculations and DOS for CrVO4-III 

compound; however, its energy gap of about 2.4-2.6 eV is well established (see Figure 6) and 

accepted to be a direct gap semiconductor [48][49][54]. In Article III included in this thesis, 

it is reported the electronic band structure and DOS calculations for CrVO4-III. 

 

Figure 6: (left) Tauc plot with a linear fit to determine the energy band gap in Fe1-xCrxVO4 solid 

solutions for orthorhombic (x = 0.90-1.0) phases and (right) bandgap plot [49]. 

Measuring photoluminescence (PL) and photoluminescence excitation (PLE) is 

interesting for applications on emission devices such as LEDs, scintillator or laser 

technologies, as give us information on the emitting wavelength, efficiency, CIE and colour 

rendering index, which we will see in Article II. InVO4-III possess characteristic PLE and PL 

spectra, which can be seen in Figure 7. The PLE spectrum of InVO4-III has an intense 

increase around 3.6 eV, which well corresponds to the fundamental bandgap energy. Roel 

van der Krol et al. [53], assign wrongly this absorption to an indirect absorption band in 

InVO4-III and not to the fundamental direct absorption. This is clarified in Article II, and 
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represents, to our understanding, an original and important contribution of this thesis on the 

topic.  

On the contrary, the PL emission spectrum shows a broad band ranging from 1.5 to 2.8 

eV. Different reasons have been discussed in the literature for the origin of this broad PL 

emission band. In the work of Roel van der Krol et al. [53], and based on their absorption 

band assignments, they tentatively explain the PL signal due to the presence of donor-

acceptor pair, which involves a deep donor state and an acceptor state that is located at about 

∼0.3 eV above the valence band (see Figure 7).   

 

Figure 7: (a) Room-temperature photoluminescence emission and excitation spectra for InVO4 

powder. (b) Energy diagram that illustrates how a donor-acceptor pair can explain the observed 

emission spectrum [53]. 

Alternatively, these signals have been explained in terms of the presence of VO4
3- 

tetrahedron. As discussed by J. Zhou et al. [55], which shows very similar PLE and PL 

spectra as in R. van der Krol´s work (see Figure 7 and Figure 8 for comparison). The PL 

signal is due to the charge transfer (CT) of an electron from the oxygen 2p orbital to the 

vacant 3d orbital of V5+ in the tetrahedral VO4
3- groups. They comment that the VO4

3- group 

has a ground 1A1 state and four excited states 1T1,
 1T2,

 3T1,
 3T2 as it can be seen in Figure 8. 

By peak fit analysis of the PL and PLE spectra, they assigned two absorption bands from 

ground state 1A1 to the excited states 1T, which corresponds to the fundamental and the 

second direct transitions optical absorptions bands in InVO4-III as it is discussed in Article II. 

The PL emission signal, which is spin-frbidden in an ideal tetrahedron with Td symmetry 

become partially allowed when this degraded to a C3v symmetry generating the 3T levels (see 

Figure 8). The PLE and PL signal as well as the reflectivity and absorption properties of 

InVO4-III will be discussed in detail in Article II as there is scarce information in the 

literature about these properties on such material.  
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Figure 8: (a) PL and PLE spectra of the Sr3La(VO4)3 samples; the green bands denoted as Em1 and 

Em2 are obtained by fitting the emission spectrum; the blue bands denoted as Ex1 and Ex2 are obtained 

by fitting the excitation spectrum. (b) Schematic illustration of excitation and emission processes for 

the VO4 tetrahedron with Td symmetry in a vanadate phosphor. (c) Schematic illustration of the 

symmetry degradation of the VO4 tetrahedron in Sr3La(VO4)3 [55]. 

Another interesting parameter to measure is the resistivity of the materials for electronic 

applications such as transistors or superconductors. Only R. van der Krol et al. has estimated 

the conductivity of InVO4-III about 4 × 10-8 Ω-1 cm-1, which gives a resistivity at ambient 

conditions of 25 × 106 Ω cm. InVO4-III is an n-type semiconductor according to the anodic 

nature of the photocurrent measured by R. van der Krol´s work [53]. On the other hand, 

CrVO4-III is a p-type semiconductor with conduction dominated by holes and in the extrinsic 

regime, due to a small polaron hopping. The conduction mechanism has been associated with 

the presence of impurities and defects in the crystal structure, specifically with cation-

deficient centres [56][57]. According to Gupta et al. [56], the resistivity of CrVO4-III is 

estimated at 8.1 kΩ cm, which is consistent with our results as it can be seen in Article III. 

 

2.1.2. InBO4 ( B = Nb5+, Ta5+ ) compounds 

 

The same as ternary oxides of the form AVO4, indium niobate (InNbO4) and indium 

tantalate (InTaO4) have a large variety of applications (see, for instance, references 

[9][20][21][23] and references therein). InNbO4 and InTaO4 present very similar properties 

because they are isostructural with similar ionic radii for Nb5+ and Ta5+. At ambient 

conditions, they crystallize in the wolframite structure (monoclinic system, space group P2/c, 

Z=2) with two kinds of octahedral units, specifically, Nb(Ta)O6 and InO6. These polyhedral 

forms separate infinite edge-sharing “zigzag” chains that run along the c-direction. The InO6 

chains are connected through Nb(Ta)O6 octahedral units to form the three-dimensional 

network (see Figure 9). The volume of InO6 unit is almost the same for both the niobate and 

tantalate compounds; however, a slight expansion of TaO6 in InTaO4 leads to the larger 

lattice parameters [58][59] (see Table 3). 
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Figure 9: Monoclinic (P2/c) crystal structure of InNb(Ta)O4. 

 

Table 3: Lattice parameter and volume of InNbO4 and InTaO4 [58][59]. 

Lattice parameters 

 InNbO4  InTaO4 

a (Å) 4.8316(3)  4.818(4) 

b (Å) 5.7552(3)  5.760(5) 

c (Å) 5.1327(3)  5.146(5) 

β (°) 91.2151(3)  91.35(3) 

V (Å3) 142.69(4)  142.77(3) 

 

 

Due to their similar structure, InNbO4 and InTaO4 have very similar Raman spectra (see 

Figure 10 (left)). Group theory analysis predicts a total of 18 Raman active modes for 

wolframite structure with point group symmetry (C2h), of which 8 are Ag and 10 are Bg 

modes (see Table 4). The typical spectra consist of two frequency regions. Four Raman bands 

in the high-frequency region (two Ag and two Bg) separated by a phonon gap of nearly 130 

cm-1 from rest of the Raman modes lying in the low-frequency region. The Raman mode at 

the highest frequency of 817 cm-1 is the Ag mode involving the motion of O and Nb/Ta 

atoms, while the mode with the lowest frequency is a Bg lattice mode that involves the 

motion of In and Nb/Ta atoms (see Figure 10 (right)) [58][59]. 

  

 

 

 

Oxygen 

Niobium/Tantalum 

Indium 
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Figure 10: (left) Raman spectra for the monoclinic phase of InNbO4 and InTaO4 at ambient 

conditions. (right) Simulation of theoretical vibrations of 106 and 804 cm-1 modes [58][59]. Blue 

atoms: Niobium or Tantalum, Red atoms: Oxygen, Brown atoms: Indium. 

 

Table 4: Raman modes and their assignment for the ambient monoclinic phase of InNbO4 and 

InTaO4. 

Raman active modes 

Modes InTaO4 InNbO4 Assignment 

w1 112 121 Bg 

w2 115 122 Ag 

w3 145 151 Bg 

w4 167 185 Bg 

w5 187 196 Bg 

w6 221 245 Ag 

w7 277 279 Ag 

w8 286 294 Bg 

w9 301 331 Bg 

w10 367 353 Ag 

w11 413 402 Ag 

w12 422 411 Bg 

w13 489 470 Bg 

w14 521 502 Ag 

w15 653 634 Bg 

w16 663 652 Ag 

w17 684 675 Bg 

w18 830 818 Ag 

 

InTaO4 is a wide bandgap semiconductor with 3.8 eV having an indirect bandgap nature. 

Until the recent work of D. Errandonea et al.[59], this compound showed discrepancies in its 

reported band gap value as well as its bandgap nature. Errandonea et al. showed that the 

bandgap of InTaO4 is indirect in the Y→Γ-B direction of the Brillouin zone (see Figure 11 

ω = 106 cm-1 

ω = 804 cm-1 
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left). TVB is dominated by the 2p oxygen states the same as in CrVO4-type compounds and 

the BCB is dominated by the 5d states of Ta atoms with a contribution of 5s In states. In the 

case of InNbO4, there are discrepancies in the literature about their band gap value and 

nature. For that reason and the above-mentioned importance of a well characterize electronic 

band structure, it is needed the characterization and study of the electronic band structure of 

InNbO4. This is discussed in Article I included in this thesis. 

 

Figure 11: (left) Band structure and (right) DOS of InTaO4 at ambient conditions [59]. 

 

InNbO4 presents a weak self-activated fluorescence around 2.9 eV reported by Blasse et 

al. [60] at cryogenic temperatures and also by Feng et al. [61] in nanofibers (see Figure 12, 

left). In addition, InTaO4 presents self-activated luminescence. Brixner et al. [62] report that 

a properly prepared InTaO4 exhibits self-activated PL around 3 eV, and Zeng et al. [63] 

observed the PL signal for InTaO4 nanofibers and nanoparticles with a broad peak centred at 

2.7 eV (see Figure 12, right). However, they do not give a satisfactory explanation, apart 

ascribing these signals to the presence of oxygen vacancies, which cannot be discarded. We 

discuss in article II a possible origin due to the presence of distorted Nb(Ta)O6 octahedron. 

Furthermore, the electrical properties of such compounds are discussed in Article I, as there is 

scarce information in the literature about their resistivity at ambient conditions.  

 

Figure 12: (left) Photoluminescence spectra of InNbO4 nanofibers [61] and (right) 

photoluminescence of InTaO4 [63]. 
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2.2. Ternary Metal Oxides Under High-Pressure 

 

There are several ways to improve, alter and modify material properties. One of them is 

through high-pressure. High-pressure is an interesting tool because it modifies the crystal 

structure without altering the chemical composition. The high-pressure technique has been 

extensively used for the study of ternary metal oxides. Investigations under high-pressure 

have played an important role in the clarification of the nature of the fundamental bandgap in 

such compounds. Such studies have also been shown to be an excellent tool for improving the 

knowledge of the influence of structural modifications on physical properties of InVO4, 

InNbO4, and InTaO4 [44][46][58][59]. 

It has been shown that the orthorhombic InVO4-III phase, under compression, suffers a 

structural phase transition from orthorhombic system to a monoclinic system having a 

wolframite crystal structure (phase V) (see Figure 13). This transition has been observed at 

about 7 GPa and is accompanied by a large volume collapse of about 14% with a drastic bulk 

modulus increase from 69 to 168 GPa. The volume collapse is due to an increase of the 

polyhedral coordination around the vanadium atoms. This study is the only modification of 

InVO4 reported up to date with 6-fold coordination vanadium atoms [44]. 

 

Figure 13: (left) Powder XRD patterns of InVO4 at selected pressures. Cu and gasket peaks are 

identified. Ticks indicate the position of Bragg peaks of phases III and V. (right) crystal structure and 

lattice parameters of InVO4 for phase III and phase V [44]. 
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Theoretical calculations were in good agreements with the reported experimental results 

of D. Errandonea et al. [44][46][52]. Additionally, theoretical calculations predicted 

interesting phenomena on InVO4 under pressure [46][52]. Apart of the volume collapse and 

bulk modulus increase, it was predicted that under pressure, the electronic bandgap, as well 

as the phonon bandgap commented previously, will collapse from 4.8 eV to 1.8 eV at the 

structural phase transition. In the case of the phonon gap, it will close completely. Until now, 

no experimental work on the study of electronic properties of InVO4 under pressure has been 

performed (this work is part of Article I). However, the experimental Raman modes reported 

at high pressures showed that a smaller phonon gap exists between 530-680 cm-1 [44]. Also, 

the high-frequency Raman modes at the phase transition are strongly affected by the 

coordination change in vanadium atoms because, as we commented previously, these modes 

are intimately related to the vanadium polyhedral coordination. All these changes, and 

especially the bandgap collapse, makes interesting to study the electronic properties under 

pressure of the orthorhombic InVO4 phase for potential applications in the visible range. In 

the case of CrVO4, there is no in-situ high-pressure study until now as it is the work done in 

Article III included in this thesis.   

In the case of the monoclinic InNbO4 and InTaO4, similar high-pressure behaviour was 

observed for both compounds [58][59]. Both compounds experience an isostructural phase 

transition monoclinic-monoclinic beyond 10.8-13 GPa sharing, at the high-pressure phase, 

the same space group (P2/c) as that at low pressure (see Figure 14). Similar to what happened 

in the InVO4, a volume collapse of 10-13%, which is accompanied by a bulk modulus 

increase was observed. In this case, an increase of coordination number in the oxygen anion 

around In and Nb(Ta) cations from six to eight at the phase transition were also observed. As 

the high-pressure phase is isostructural to the low-pressure phase and they share the same 

space group, the number of Raman modes predicted are the same, however, due to the 

coordination change at the phase transition, the Raman modes change in frequency and slope 

(dependence of frequency with pressure).  

Only the optical properties of InTaO4 has been studied of the two compounds under 

pressure (InNbO4 will be studied in this doctoral thesis, Article I). As we commented 

previously, InTaO4 is an indirect bandgap semiconductor with 3.8 eV. Under pressure, before 

the structural phase transition, a curious phenomenon is observed. At 7 GPa, an electronic 

band-crossing occurs, which means that the maximum of the valence band change. At 

ambient conditions, the TVB is located at Y point of the Brillouin zone. However, there is a 

second maximum very close in energy at the Z point, which become predominantly after 7 

GPa (see Figure 11). Also, this phenomenon changes the evolution rate of the energy gap 

(eV/GPa) under pressure. InTaO4, at the phase transition, also suffers a bandgap collapse like 

what it was predicted by theoretical calculations for InVO4 compound. In this case, 

theoretical calculations and experiments are in good agreement showing that, at the phase 

transition, the bandgap close 1.3 eV and changes the nature from indirect to direct bandgap 

[59]. For that reason and animated for the above-mentioned interesting phenomena, it will be 

studied InNbO4 compound under pressure in Article I. 
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Figure 14: (left) Powder XRD patterns of InNbO4 at selected pressures. Pressures (in GPa) are 

indicated on the right-hand side y-axis. (right) crystal structure and lattice parameters of InNbO4 for 

low- and high-pressure phase [58]. 

 

2.3. Doping of the Ternary Metal Oxides 

 

As we discussed in the previous section, high-pressure techniques are excellent tools for 

altering materials properties changing their crystal structure rather than their chemical 

composition. However, chemical techniques, such as doping, modify the crystal structure 

very slightly for doping below 1%, thus remaining the structure almost identical to the un-

doped sample. Although doping in very small proportions, introduce localized electronic 

levels that have a significant impact on the electronic and optical properties. In the case of 

ternary metal oxides and specifically for InMO4 (M = V5+, Nb5+, Ta5+) have been shown to be 

good host materials for rare-earth ions, being the luminescence properties useful for LEDs 

and improves their performance as photocatalytic material [64][65][66][67]. 

It has been shown that InVO4 is a good host material for rare earth ions as well as for 

metal elements [64][66][68][69]. Normally, these atoms in octahedral coordination possess 

an ionic radius similar to that in indium (In3+ = 0.8 Å), for that reason, when doping the 

material, the foreign element more likely will substitute the indium atoms. Additionally, the 

foreign elements can be also in interstitial place, which in Raman spectroscopy will appear as 
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an extra phonon. Although, K. Rakesh et al.[68] chose Ti atoms due to its electronegativity 

and ionic radii for replacing vanadium (V5+) atoms tetrahedral coordinated in InVO4-III. 

By doping InVO4-III, the photocatalytic activity, as well as its photoluminescence, can be 

tailored for a specific application or improved (see Figure 15). N. Wetchakun et al. [69] 

demonstrated that by doping InVO4-III using Cu up to 1%, the photocatalytic activity 

increases due to ability of the Cu dopant to act as a charge carrier trap site for electrons. Z.R. 

Shi et al. [70] changed the colour emission of InVO4-III by doping it with Eu3+ atoms from 

yellow region to the red region when changing the doping level from 1 to 40 mol%.    

 

 

Figure 15: (left) Photocatalytic degradation of methylene blue as a function of the irradiation time 

under visible light for all samples [69]. (right) CIE of InVO4 doped with different concentrations of 

Eu3+ ion [70]. 

Similar results have been observed for InNbO4 and InTaO4. Preferential doping sites have 

been studied by Y. Song et al. by first-principle calculations showing that the bandgap energy 

of InNbO4 can be tailored depending on the site substitution of Fe or La atoms. Also, another 

theoretical work showed that by doping InNbO4 with non-metal elements, the bandgap 

energy can be reduced to the visible light region [67]. Several theoretical and experimental 

works can be found reporting doped InTaO4 using different element [62][72][73][74]. 

However, despite the extensive experimental and theoretical works on doping InVO4, 

InNbO4, and InTaO4 compounds by using non-metal and metal elements, mainly only three 

rare earth elements (Eu3+, Tm3+, and Dy3+) [75] have been used for doping such compounds 

and only one work has been reported on Tb-doped InTaO4 [62]. Besides, as commented 

previously, InVO4, InNbO4, and InTaO4 can be self-activated phosphors depending on the 

synthesis process, which can lead to modification of the morphology, pH, and M/In molar 

ratio and consequently of the luminescence properties. For these reasons, we explore the 

effects of doping InVO4, InNbO4, and InTaO4 using other rare-earth elements such as Tb3+ 

and Yb3+, which have been extensively used for visible and NIR applications. This is the 

main topic of article III included in this doctoral thesis. 
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2.4. Carbon Nanostructures 

 

Carbon is one of the most abundant elements in the universe known from long ago. 

Mainly, carbon is extracted from coal deposits and manufactured to a form suitable for 

commercial purposes. In nature, carbon can be found in three different allotropes, which are 

graphite, diamond and amorphous. 

Graphite and diamonds are well-crystallized materials. ABA-type stacking Graphite 

crystallizes in a hexagonal system (space group Fmmm) with a laminar structure composed 

of layers called graphene. The crystal can be described as a 2D hexagonal lattice constituted 

of graphene planes. Each carbon atom inside the graphene plane is covalently (sp2) bounded 

to three of them with a bond length of 0.142 nm and the layers are Van der Waals bonded to 

each other (see Figure 16). This is the main reason why graphite is a soft material in the 

direction transverse to the basal plane. Other stacking types give rise to different structures 

such as ABC staking with a rhombohedral structure or the one called Highly Orientated 

Pyrolytic Graphite (HOPG) [76][77]. 

 

Figure 16: (left) Graphite crystal structure and (right) diamond crystal structure [77]. 

 

Diamond crystallizes in a face-centred cubic structure (space group Fd3̅m) with 0.356 nm 

lattice parameter. The carbon atoms in this structure are covalently (sp3) bounded. Diamond 

is an insulator, but it is a strong heat-conducting material and having a wide bandgap of about 

5.45 eV. On the other hand, amorphous carbon is a short-range ordered structure with no 

periodicity as in crystalline material. In these structures, the carbon atoms can be found sp1, 

sp2 or sp3 forming chains and rings of different sizes and shapes [76][77]. 

The major revolution of carbon materials and, specifically the carbon nanomaterials, was 

with the first isolation of graphene (a single layer of graphite) in 2004 by Andre Geim and 

Konstantin Novoselov who were awarded jointly the Nobel Prize in physics (2010) “for 

groundbreaking experiments regarding the two-dimensional material graphene” [78]. 

However, other carbon nanostructures were previously discovered and awarded by the Nobel 
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Prize in chemistry (1996) to Robert F. Curl, Jr., Sir Harold W. Kroto and Richard E. Smalley, 

“for their discovery of fullerenes” [79]. Also, carbon nanotubes (CNTs) by S. Ijima in 1991 

reported in his work “Helical microtubules of graphitic carbon “ [80]. After these discoveries, 

a huge family of carbon nanostructures materials were designed or discovered (see Figure 17). 

 

Figure 17: Classification of carbon-based nanomaterials based on their dimensionally [81]. 

These discoveries have opened new ways of engineering materials and new scenarios 

(experimental) to study the properties and quantum effects in 0, 1 and 2D materials. 

Graphene called the attention due to their amazing properties such as high electron mobility 

faster than that in silicon, conducts heat better than diamond and has an electrical 

conductivity better than copper, among others, as its strength due to the covalently sp2 

bonded carbon atoms and light-weight as it is one-atom-thick material. Even though graphene 

is a one-atom-thick layer, it absorbs 2.3% of the shine on light due to the most interesting 

property, which is its zero-overlap semimetal bandgap with a characteristic shape called 

“Dirac cones”. Although, most of the applications require a semiconductor material (non-zero 

band gap) for electronic devices such as transistors. In this regard, carbon nanotubes open a 

way of tailoring the properties of graphene just rolling up a graphene layer with different 

diameters and chirality having the unprecedented mechanical graphene strength which makes 

them suitable for a huge range of applications [82][83].    
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2.4.1. Single-Walled Carbon Nanotubes 

 

As commented previously, when a graphene layer is rolled up a carbon nanotube is 

generated (see Figure 18). Depending on the direction and the number of graphene layers 

rolled up, the resulting nanotube can have different chiral vector and layer number. The 

direction of rolling up a graphene layer can be classified into three groups which are called 

armchair, zigzag and chiral and single (S)-, double (D)-, or multi-walled carbon nanotubes 

(MWCNTs) for the different number of layers. The crystal structure of nanotubes can be 

described by their chiral vector (Ch) and translational vector (T) or by their diameter (dt) and 

the angle (θ). n, m and t1, t2 are integers and a1,a2 corresponds to the lattice vector basis in 

Figure 18 [82][84].   

 

 

Figure 18: The unrolled honeycomb lattice of a nanotube. When we connect sites O and A, and sites 

B and B´, a portion of a graphene sheet can be rolled seamlessly to form a SWNT. The vectors OA 

and OB define the chiral vector Ch and the translational vector T of the nanotube, respectively. The 

rectangle OABB´ defines the unit cell for the nanotube. The figure is constructed for an (n, m) = (4, 2) 

nanotube. Images of different chiral vector and layers number for nanotubes [84]. 

The electronic structure of carbon nanotubes is basically the one of that in graphene but 

now it must be taken into account the quantum confinement in 1D. When, in graphene, it is 

plotted the constant energy contour for the conduction and valence band, the optical 

transitions occur close to the corners of the 2D hexagonal Brillouin zone, called the K points, 

where the valence and conduction bands touch each other. The energy dispersion around the 

K point is linear in k (forming the Dirac cones), which is responsible for the unique solid-

state properties of both 2D graphene and SWNTs. However, when 1D confinement is 

introduced for nanotubes, discrete lines appear in the energy (dot-solid line in Figure 19, a) 

given rise the van Hove singularities in the DOS (Figure 19, b,c). In the electronic band 

structure, the σ 
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Figure 19: (a) The calculated constant energy contours for the conduction and valence bands of a 2D 

graphene layer in the first Brillouin zone. The valence and conduction bands touch in the K points. 

Solid curves show the cutting lines for the (4, 2) nanotube translated to the first Brillouin zone of 2D 

graphite, the dark points indicating the connection points. (b) Electronic energy band diagram for the 

(4, 2) nanotube obtained by zone-folding from (a). (c) The density of electronic states for the band 

diagram shown in (b) [84]. 

bands are responsible for the strong covalent bonds within the graphene plane and the π 

bands are responsible for the weak van der Waals interaction between planes. The electronic 

transition from the valence band to the conduction band are due to these π bands, which can 

be optically excited. Then, looking to the graphene electronic structure, it is evident that 

when rolling up a graphene sheet, the bond length between carbon atoms will be slightly 

modified, which will change the electronic structure drastically giving rise to two types of 

carbon nanotubes classified in semiconducting and metallic upon a bandgap is opened or not 

[82][84]. 

All these carbon nanomaterials can be well identified, characterized and monitored in 

their structural changes due to their particular Raman spectra (see Figure 20). Let us first 

described the graphene Raman spectrum and then it will be straightforward to describe the 

nanotubes spectra. Perfect (defect-free) graphene layer present one first-order Raman active 

mode, which is a tangential mode called G-band around 1580 cm-1 with E2g symmetry. A 

second-order Raman active mode can be seen around 2670 cm-1, which is usually called 2D-

band or G´-band to avoid confusion with 2D referring to dimensions. Graphite shows similar 

Raman spectra as graphene, but the intensity ratio of IG/IG bands are quite different and the 

shape of G´-band, which one has been used to estimate the number of graphene layers in a 

sample [85]. Several Raman modes become active when damage is introduced to graphene 

layer such as point-line vacancies defects, doping, and also the edge of the graphene layer 

activate these modes. They usually are called D-band around 1340 cm-1, D´-band around 

1610 cm-1 and several other peaks, the so-called ‘combination modes’, can be found around 

the G´-peak: D+G-band around 2930 cm-1, G+D´-band around 3190 cm-1 and 2D´-band 

around 3250 cm-1.[6] All these peaks are structural defect-related [86]. 
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Figure 20: Raman spectra from several sp2 nanocarbons. From top to bottom: crystalline monolayer 

graphene, highly oriented pyrolytic graphite (HOPG), a single-wall carbon nanotube (SWNT) bundle 

sample, damaged graphene, single-wall carbon nanohorns (SWNH) and hydrogenated amorphous 

carbon. Some peaks are labelled. 

Apart from the above-mentioned Raman modes in graphene, the nanotubes present 

additional Raman modes due to their tubular shape (see Figure 21). At low frequency, ranging 

from 100-350 cm-1 depending on tube diameter can be found the Radial Breathing Modes 

(RBM), which is a confirmation of the presence of nanotubes in the sample. As these modes 

are related to the symmetric vibration in the radial direction (see Figure 21), the tube diameter 

can be estimated from their Raman frequency using the following equation: 𝜔𝑅𝐵𝑀 (𝑐𝑚−1) =

224(𝑐𝑚−1)/𝑑𝑡(𝑛𝑚). In addition, knowing the tube diameter and using the Kataura´s plot, it 

can be determined their electronic nature (semiconducting or metallic) as well as their chiral 

indexes. There is another way of knowing whether a carbon nanotube is semiconducting or 

metallic. Due to their curvature, the tangential mode, which is a mode in-plane in graphene 

layer, experience an asymmetric tensile-strength in the two different directions (radial and 

longitudinal) to the tube which makes that this band splits in two modes called G+ and G- and 

a characteristic shape of these modes depending of their nature (see Figure 21).  

Another interesting parameter that we should mention, and it will be relevant for 

understanding the outcomes of Article IV, it is the definition of scatterers cluster size (La) in 

graphene and its dependence with the laser energy. Since the earliest work of F. Tuinstra et 

al. [87] in graphite using Raman spectroscopy. They already noticed an inverse linear 

relationship between the intensity ratio of ID/IG (intensity of D- and G-band) vs the crystal 

size (La). This behaviour was attributed to the activation of the D-band due to the crystal size 

effect in the in-plane direction (edges as we commented previously for this band). Lately, 

Cançado et al. [88]  introduce the effect of laser wavelength in the equation and giving useful 

equation as: 

 
𝐼𝐷

𝐼𝐺
=

2.4×10−10

𝐿𝑎 (𝑛𝑚)
𝜆𝑙𝑎𝑠𝑒𝑟

4 . 
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Figure 21: (top left) characteristic Raman spectra of SWCNT bundles and isolated metallic and 

semiconductor tubes. (top right) G mode frequency splitting due to tube diameter effect. (bottom left) 

the vibration of RBM and G modes. (bottom right) Table reporting the Raman modes assignment 

[84].  

Such ID/IG behaviour originates in the specificity of the Raman cross-section (β) of D- and 

G-bands. Namely, the Raman cross-section of the G-band βG is directly related to the photon 

energy: βG ∝ EL
4 (or βG ∝ 1/λlaser

4) whereas βD of the D-band is not. On the other hand, βD is 

proportional to the inverse of the crystallite size (βD ∝ 1/La). We should mention that here 

when we talk about peak intensity ratio, we refer to the intensity ratio of peak area as the 

peak area give more information about the nature of the defect [89].   

Alternatively, another equation was developed by Ribeiro Soares et al. [90]. They state 

that when the crystal size is below to the phonon coherence length (La < 30 nm), the G-band 

become broader due to the different contribution of q values in the Brillouin zone, contrary, 

when La > 30 nm, it can be described by a single Lorentzian due to the phonon in the 

Brillouin zone. Thus, below 30 nm the Cançado´s equation fails, and the following equation 

is more appropriate to be used (see Figure 22) [90]: 

𝐿𝑎(𝑛𝑚) = 16 𝑙𝑛 [
95

(𝛤𝐺−15)
] (1). 

Where ΓG is the peak width of the G-band. Equation 1 is useful and valid in the range of 

2-30 nm as below 2 nm the electron coherence length must influence the behaviour of D- and 

G-band. Ferrari and Robertson already noticed that when the grade of disordered is very high, 

the Tuinstra-Koing relation does not work and they proposed a separation of nano-structured 

graphitic material in two groups called stage I and II (see Figure 23), happening around 2 nm, 

exactly what R. Soares assigned to the coherence of electron length [87][88][90][91].   
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Figure 22: (left) Illustration of the idealized crystallite structure: a square-shaped region of side La, 

formed by a perfect graphene lattice (A domain) surrounded by the structurally-disordered area (red) 

of thickness lS (S domain). (right) Plot of G-band width as a function of La for the experimental data 

obtained with three excitation laser sources, namely 1.96, 2.33, and 2.71 eV (wavelengths 633, 532, 

and 458 nm, respectively). The solid line is the fitting according to Eq. (1) [90]. 

 

Figure 23: (left) Amorphization trajectory, showing a schematic variation of the G position and 

I(D)/I(G) ratio. (right) Schematic diagram of influences on the Raman spectra. A dotted arrow marks 

the indirect influence of the sp3 content on increasing G position [91]. 
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2.4.2. Carbon Nanotubes Under High-Pressure 

 

As we commented previously, high-pressure is an excellent tool for tailoring material 

properties showing spectacular phenomena when it is applied to ternary metal oxides. In the 

case of carbon materials, the pressure is an effective way of inducing carbon bond 

hybridization from sp2 to sp3 and produce carbon metastable materials. Applying pressure to 

carbon materials have shown amazing structural transformations, for instance, from graphite 

to diamond in the hexagonal or cubic form [92][93]. A super-hard post-graphite phase has 

been also shown [94] and many predicted metastable super-hard phases [95]. Polymerization 

of fullerenes has been also predicted and synthesized experimentally [96][97]. For all these 

phenomena, it will be interesting the study of carbon nanotubes under compression. Here, we 

will review theoretical predictions and experimental results of carbon nanotubes under 

compression, which will be relevant for understanding Article IV included in this thesis.   

 

2.4.2.1. Theoretical Studies 

 

The pressure effects on carbon nanotubes have been studied form more than two decades 

[98]. The carbon nanotubes can be found isolated or in a bundle, metallic (n,n) armchair or 

semiconducting (n,0) zigzag, different in the number of walls, diameter or length. All these 

characteristics will drastically affect the behaviour of carbon nanotubes under pressure. It has 

been shown that applying pressure to isolate tubes change their shape from circular, to oval, 

to racetrack-like, and, finally to peanut-like shape depending on applied pressure (see Figure 

24). All these structural changes result in an electronic transition from metallic to 

semiconducting tubes [99][100]. In the case of compression of bundle SWCNTs, apart from 

suffering the above-mentioned structural sequence transformation for isolated tubes, it was 

shown that bonds between tube are formed linking them (cross-polymerization). This is 

interesting phenomena as opens new ways to explore the possibility of formation of new 

super-hard materials via sp2-sp3 carbon nanotubes polymerization [101].     

 

Figure 24: (left) molecular simulation of (10,10) SWCNT at pressures of (a) 0, (b) 1.55, (c) 1.75 and 

(d) 2.2 GPa [100]. (right) Dynamic compression simulation for (3,3) tubes forming new bonds 

(interlinking) [101]. 
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The pressure, where all these structural changes take place, has been shown to be 

independent of the electronic nature of the tubes. X. yang et al. [102], simulating double-

walled carbon nanotubes in a bundle and under hydrostatic conditions showed that the 

collapse pressure was independent of the chiral nature of the tubes. On the other hand, the 

critical pressure is influenced by the tube diameter and the number of tubes wall (see Figure 

25). A relation between collapse pressure (Pc) and tube diameter (d) was found of the form: 

Pc ~ 1/d3. This implies that tubes with small tube diameter can hold very high pressures 

depending on the environment (isolated or bundle, filled or empty, etc). On the contrary, the 

thermal stability is higher for large tube diameter as it depends directly to the diameter ~ d. 

Besides, the structural stability of carbon nanotubes under compression depends upon tube 

filling. The tubes can be filled with different materials such as another tube, fullerenes 

(peapods), linear carbon chain (carbyne) or with different molecules, for instance, water. For 

example, a SWCNT empty and isolate with diameter 1.28 nm, has a Pc of about 2.8 GPa. If 

the nanotubes are filled with water the Pc rises up to 15 GPa. In the case of a tube of 0.8 nm, 

the pressure, in the last case, can rise to 65 GPa. Thus, it is clear that the high-pressure 

structural behaviour of carbon nanotubes is really affected by the morphology and 

environment of the tubes.    

 

 

Figure 25: (left) Collapse pressure Pd as a function of the average radius of DWCNT. Pd can be well 

fitted to 1/R3
ave. (right) Loading curves for different armchair-armchair DWCNT bundles as a function 

of hydrostatic pressure [102]. 

 

2.4.2.2. Experimental Studies 

 

Several characterization techniques have been used to study carbon nanotubes under 

pressure such as XRD, neutron diffraction, photoluminescence, infrared and Raman 

spectroscopies or resistance measurements [103][104][105][106][107][108][109]. Among all 

these characterization techniques, Raman spectroscopy is one of the most useful to monitor 

the structural changes in carbon nanotubes under pressure. Raman spectroscopy gives 

information about the circular shape of the tubes through the RBM modes and the 

longitudinal structure through the G-band mode and presence of defects or edges through the 

D-band mode. One of the major controversies between theory and experiment results was the 
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determination of collapse pressure. Normally, the theory underestimated the collapse pressure 

compared to the pressure reported by experiments. However, Abraao et al. [110] clarifies 

these discrepancies studying the behaviour of empty and filled individual single-walled 

carbon nanotubes of 18 different chiralities. First, the effect of filling the tubes showed that 

RBM modes can be observed to higher pressures than that on empty tubes and less 

irreversible damage during the pressure cycle (the observation of RBM modes under pressure 

is a direct proof of the existence of the tubular shape. The disappearance of these modes 

means that the tube collapse to peanut-like shape but not their destruction). This showed, the 

structural stability given by the tube filling predicted by theory. They also observed that the 

collapse of the same tube diameter filled compared to the empty one occurs a much higher 

pressure. This clarifies the discrepancies observed between theory and experiment, as 

unwittingly, the experiments were perform using filled tubes. It was shown that the Lévy-

Carrier law for pressure collapse Pc = k/d3 (k is a parameter which depends on tube 

morphology and environment) dependence of tube diameter, differ when the tube diameter is 

small due to geometrical effects of the atomistic nature of carbon nanotubes [111]. In the 

work of Alencar et al. [112], where the effect of the number of walled was studied, it was 

concluded that the pressure collapse is dominated by the innermost diameter tube giving a 

modified Lévy-Carrier equation having into account the effect of diameter reductions, also 

given in Ref. [111] for empty SWCNTs. They proposed the following equation: Pc din
 3 = α(1-

β2/din
2) with α and β numerical parameters.  

As predicted by theoretical studies, the inner tube provides mechanical support, while the 

outer tube screens the environment [112]. Aguiar et al. studied exhaustively the pressure 

collapse variation due to the effect of filling the tubes and the mechanical screening effect by 

the outer tubes [113]. Comparing to the work of Caillier et al., it was clearly shown that 

filling the nanotube not always give better mechanical support as filling the tube with C70 

lower the collapse pressure due to the inhomogeneity of the filling agent [113][114] (see 

Figure 25). Another interesting result was shown by Aguilar et al. The variation of the G-band 

mode presents variation and anomalies with pressure (dωG/dP) which one can be related to 

structural transformation in the tubes. It was shown that when the tube collapse, the 

frequency variation of the G-band with pressure tends to follow the same behaviour seen for 

graphite material due to the collapse and further graphitization of the tubes (see Figure 25) 

[113].   

Other amazing structural changes were observed when the carbon tubes are irradiated by 

an electron beam. M. Terrones et al. [115] studied the process of coalescence of carbon 

nanotubes due to the presence of vacancies which ones induce coalescence via a zipper-like 

mechanism. They observed that coalescence is most likely to occur with the adjacent tube 

having similar chirality, which explains the low frequency of this event. By using a 

transmission electron microscopy, they observed directly the polymerization of carbon 

nanotubes as a step before their coalescence. The polymerization mechanism is catalyzed by 

the most common defect present in the carbon nanotube which is the Stone-Wales defects. 

These defects consist of the formation of pentagon and heptagons rings to stabilize the 

nanotube network. Although, the presence of this type of defects makes a positive curvature 
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which is responsible for promoting the carbon nanotubes coalescence. It has been shown that 

using high-pressure and temperature, The SWCNTs can also form sp3 C-C covalent bond 

between them (polymerization) [116].  

 

Figure 26: (left) Raman frequency of G+ mode versus pressure for different filler and not 

filled SWCNT. Solid line graphite behaviour of G mode. (right) Schematic view of the tube 

collapse [113].  

 

2.4.2.3. Carbon Nanotubes: beyond their structural stability  

 

Until now, we have reviewed the structural behaviour of carbon nanotubes when they still 

preserve or can be recovered their tubular shape after the pressure is released. However, 

going beyond the collapse pressure, severe irreversible damage is induced in the tubes and 

further their destruction. F. Colonna et al. [117] studied the route follow by the tubes after 

their collapse. They showed that large tubes collapse and then coalesce giving almost perfect 

graphitic structure. On the other hand, the small tubes do not collapse but coalesce and 

transform to graphitic-tube like material having the presence of sp2-sp3 bonds. This mixing of 

bonds types facilities the transformation to diamond-like structures. Theoretical calculations 

were performed to explain the results found by experiments [118]. Popov et al. using high-

pressure shear stress diamond anvil cell, synthesized a superhard-SWCNTs phase having a 

bulk modulus of 465 GPa and a hardness of 62-150 GPa between diamond and boron nitride 

[119][120]. This new phase was synthesized by cold compression of SWCNTs up to 55 GPa 

and then shear stress by rotating the diamonds in a diamond anvil cell (in the high-pressure 

techniques section, it will be described in the detail the diamond anvil cell). The superhard-

SWCNTs are composed of tubes having sp3 inter-tube bonding. In this case, still, the tubular 

shape survived. Later, a quenchable carbon-dense form was synthesized by cold compression 

of carbon nanotubes using a DAC and a pressure of 100 GPa. In this case, the tube did not 

survive, and a sp3-rich hexagonal carbon polymorph was formed. The sample showed similar 

density than that on diamond with a bulk modulus of 447 GPa.  This new sample makes an 

indent mark in the diamond tip (culet) which demonstrates that this new phase is at least 
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comparable to diamond in hardness [121][122]. Squeezing peapods to 80 GPa also generates 

a new carbon phase called V-carbon. This new phase is fully sp3-bonded in a monoclinic 

structure and it has also scratched the surface of the diamonds. Theoretical simulations 

showed that possess a hardness of 90 GPa and bulk modulus of 400 GPa [123].   

All these studies were carried out using cold compression, which usually must reach very 

high pressure to destroy the nanotubes. For example, in Popov´s work, mentioned previously, 

the tubes survived up to pressures of 55 GPa, even though, they used shear stress pressure. 

For this reason, it makes interesting to study the behaviour of carbon nanotubes where they 

are exposed to pressure and temperature as it is the case of using shock wave compression 

techniques (or ballistic impacts). Zhu et al. showed in their study the extreme resilience of 

multi-walled nanotubes, which ones survived to a shock wave of 50 GPa and 1500 oC. 

Although, some outer tubes (1-5 layers) were broken and the formation of graphene 

nanoribbons and diamond nanocrystal were observed presumably due to destruction of the 

polyhedral particles contained in the sample [124]. A pathway was proposed by Wei et al.  

for the destruction and formation of diamond in carbon nanotubes going through an 

intermediated step forming anions-like structures (see Figure 27). These onion-like structures 

are an ideal scenario to nucleate the diamond inside of it [125]. Another more recent work, 

from Pankov et al., also showed this intermediated step of onion-like structures formation 

from multi-walled carbon nanotubes [126].   

 

Figure 27: The scheme of the transitional process from carbon nanotube to carbon onion [125]. 

 Ozden et al. studied the effect of hypervelocity impact of MWCNTs to a fixed target 

[127][128]. They observed that depending on the impact velocity some of the tubes survives 

and at maximum velocity, all of them become destroyed. The recovered sample showed a 

variety of carbon nanostructures such as nanodiamonds, graphene nanoribbons, surviving 

tubes and covalently interconnected nanostructures, depending on the impact conditions. 

Mainly, it was shown that the tubes break through an unzipping mechanism which depends 

on the velocity of the impact and orientation of the tubes inside the sample.    
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Figure 28: Scheme for experimental approach. (f) Image observed in molecular dynamics simulation 

and corresponding HRTEM image showing the defects and (g) extensive defective membrane [127]. 

 

The last work to be mention here is directly related to the work done in article IV 

included in this thesis. A systematic study on the behaviour of SWCNTs and DWCNTs shock 

compressed were done by Noël et al [129]. In this study, the tubes were sock compressed to 

19 (750) and 36 (1200) GPa (oC). For comparison, a static cold high-pressure compression 

was done up to 36 GPa using a sample from the same batch. It was shown that after the shock 

wave at 19 GPa, the tubes survived but having severe damage such as wall disruption, 

opening of the tube along its axis (unzipping) and tube shortening (cutting) (see Figure 29). 

After 36 GPa, no tubes survive whereas under static compression a fraction of the tube was 

recovered. In comparison with DWCNTs, the shock pressure threshold for severe structural 

damage is higher in this sample around 26 GPa and exposing to the same pressure (36 GPa), 

some DWCNTs still survives to such high pressure-temperature conditions [130]. This, and 

the above-mentioned studies, demonstrated that the behaviour of nanotubes under pressure, a 

part of being influenced by the tube morphology, filling and environment, it is responding 

differently to the pressure, stress and temperature applied or combination of these parameters.  

  

 

Figure 29: HRTEM image of source CNTs (left), and images of the material recovered after dynamic 

compression at 19 GPa (centre) and 36 GPa (right), respectively. Arrows in the central panel indicate 

areas with damaged CNTs. D- to G-band intensity ratio of the source, statically and dynamically 

compressed SWCNTs and dynamically compressed DWCNTs [129]. 
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3. High-Pressure Techniques 

 

Before the invention of the diamond anvil cell (DAC), in the Bridgman era, it was used 

the so-called Bridgman anvil and the piston-cylinder device developed by Bridgman. This 

device was capable to reach up to 100 kilobars (kbar) ~ 10 GPa. Later, different versions of 

the piston-cylinder device or the use of belt apparatus as well as the multiple-anvil devices, 

which one could reach several hundreds of kbar, were useful tools for the study and synthesis 

of material at high-pressure. The major revolution in the field was to squeeze materials 

between diamonds. The use of diamond was a big step as it is the hardest known material, 

possesses high compressive strength and, its major advantage, it is transparent to a huge 

range of the electromagnetic spectrum (see Figure 30, left). Also, it is compatible with the 

laser heating technique which makes suitable for the combination of high-pressure high-

temperature studies. With all these achievements in the experimental improvement of the 

high-pressure research area plus the precise control of the pressure generated in the sample 

using a gas-membrane controlled DAC, triggered the high-pressure research scientific area 

[131][132][133]. 

 

Figure 30: (left) Transmission spectrum of CVD diamond in comparison with other materials. (right) 

Schematic diamond anvil cell (DAC) [134]. 

As always, along of the years, the high pressures techniques were improving and the 

introduction of new compounds such as the gasket, the pressure transmission media (PTM) or 

bevel diamonds makes feasible to reproduce and carry out ultra-high-pressure experiments.  

Basically, the DAC device is two opposing diamonds facing their culets (see Figure 30, right, 

and Figure 31, left). The culet normally is parallel to the diamond crystal plane (100) or (110) 

and has a diameter ranging from 0.15 to 1 mm. High-pressure techniques are founded in the 

basic definition of pressure (P = F/A) where F is the applied force and A is the area of the 

applied force. Thus, the introduction of bevel diamonds, at expenses of reducing the culet 

area, makes possible the achievement of megabar pressure range (~ hundreds of GPa) (see 

Figure 31, right).  
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Figure 31: (left) Opposed diamond anvil configuration, with a metal gasket for sample confinement 

in a pressure medium; the basic part of the DAC [131]. (right) Different velveted diamond culets. 

The introduction of the metal gasket, as well as the PTM, was also a big advantage in the 

high-pressure field to hold the sample and the PTM between the diamonds. Usually, the 

gasket is a metal piece (5x5x0.2 mm) of rhenium, copper, stainless steel or Inconel alloys. In 

a typical preparation of a high-pressure experiment, the gasket is pre-indented (it is 

compressed to a thickness of 0.05 mm to harden it). In the middle of the pre-indented area is 

drilled a hole (sample chamber) of the size 1/2 or 1/3 of the diamond culet area using an 

electronic discharge machine which removes the material by electrical erosion. The gasket is 

set in the anvil and then the sample and pressure gauge are introduced together with the PTM 

in the sample chamber. The PTM is to ensure that the pressure conditions are hydrostatic. 

Although, under pressure, the PTM become quasi-hydrostatic depending on the chosen PTM 

and pressure range. Typical PTMs are 4:1 methanol-ethanol (ME), 16:3:1 methanol-ethanol-

water (MEW), silicon oil, argon, neon, nitrogen or helium (see Figure 32) [135].    

One of the most used technique to measure the pressure inside of the sample chamber is 

the ruby fluorescent technique. Ruby (Cr3+-doped Al2O3) has two characteristic fluorescent 

lines so-called R-lines at 694.2 nm (R1) and 692.8 nm (R2). These lines under hydrostatic 

conditions shift to higher wavelength which is calibrated using the following equation up to 

150 GPa (see Figure 32): 

𝑃 =
𝐴

𝐵
[(

𝜆(𝑅1)

𝜆0(𝑅1)
)

𝐵

− 1] (𝐺𝑃𝑎), (1) 

 

where A = 1876 ± 6.7, B = 10.71 ± 0.14 and λ0 correspond to the R1 line at ambient 

conditions which is typically 694.24 ± 0.05 nm. Basically, the error of the pressure is giving 

by the spectra resolution of the R-lines limited by the spectrometer used. 
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Figure 32: (left) c: diamond culet, d: gasket with a hole drilled in the preindinted area, e: sample 

chamber with a sample and ruby balls. (right) evolution of the fluorescent ruby lines R2 and R1 under 

pressure. 

All these developments were made for static high-pressure studies. However, another 

technique called shock wave was employed to study matter at extreme conditions. Although, 

this technique apart of reaching very high pressure also introduce huge stresses and 

temperature. The high stress introduced during the shock wave pressure is because no PTM is 

used for such experiments. These experiments are performed using an explosive projectile 

system (see Figure 33). The sample is pressed between two copper disks (1 and 2 mm thick) 

into the cavity of the stainless-steel container by a static pressure of 0.68 GPa (see Figure 33). 

The pressure is normally released within one minute. The container, including the specimen 

between the copper disks, is placed into the stainless-steel recovery ampoule (see Figure 33). 

The recovery assembly consisting of the recovery ampoule, a steel guard ring with the outer 

diameter of 150 mm, and a massive steel basement is loaded by the plane impact of the round 

aluminium plate (flyer) accelerated by the explosive projectile system. 

 

Figure 33: (left) Scheme of shockwave assembly used for dynamic compression of CNTs (article IV). 

Explosive projectile system: 1- detonator; 2- plane shock wave generator; 3- explosives; 4- focusing 

ring; 5- flyer; 6- supports. Recovery assembly: 7- momentum trap; 8- recovery ampoule; 9- stainless 

steel linear; 10- specimen; 11- baseplate. (right) photograph of the assembly [129][130]. 
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By contrast to the application of static high pressure, the dynamically compressed state is 

reached by an abrupt change of parameters (pressure, specific volume, temperature, mass 

velocity, etc.) from its initial values before the shock-wave front to its final values behind the 

front. This change of parameters satisfies the laws of conservation of mass, momentum and 

energy [136]. In the case of planar shock compression, these laws can be written as: 
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where V1 is the initial specific volume of the specimen, P1 and E1 are the initial values of 

the pressure and specific internal energy, Up1 is the initial particle (mass) velocity, Us is the 

velocity of the shock-wave front; Up2, V2, P2 and E2 are the particle velocity, specific volume, 

pressure, and specific internal energy behind the front, respectively. This set of conservation 

equations for a shock discontinuity, together with the equation of state, defines the shock 

adiabat or Hugoniot of the material. The shock compression is accompanied by irreversible 

heating of the specimen. 

The Peak shock pressures Pmax and peak shock temperatures Tmax in the specimens is 

achieved by several reverberations of waves between the walls of the recovery ampoules 

(stepwise shock-wave compression) and can be calculated using the Hugoniot equation of the 

components employed as showed in Figure 34. 

 

Figure 34: Pressure versus particle velocity (left-hand-side) and pressure versus time (right-hand-

side) for the nanotubes specimen subjected to stepwise shock-wave compression up to Pmax = 19 GPa. 
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4. Synthesis and Characterization Techniques  

 

In this section, a brief description of the theory behind each method as well as a detailed 

description of the experimental methods used during this doctoral study will be introduced. It 

will be indicated to which article is related each method and parameters.      

 

4.1. Synthesis Methods 

 

We use solid-state reaction (ceramic route method) for synthesizing the samples. This 

method is very simple and relatively quick. It consists of mixing in an agate mortar the 

precursors in a properly weighed stoichiometry and then grounded to mix them (see Figure 35 

and Figure 36). The grounded sample is then introduced to an oven to an appropriate 

temperature and time to favour the particle diffusion. Sometimes, it is needed to repeat this 

process several times to improve the quality of the final product [140].    

 

Figure 35: Scheme of the solid-state reaction. 

Our polycrystalline InTaO4, InNbO4 and InVO4 samples, studied in Article I and II, were 

synthesized by a ceramic route starting from pre-dried In2O3, Ta2O5 Nb2O5 V2O5 (purity 

>99.5%). The binary oxides were weighed in stoichiometric (1:1) ratio, thoroughly ground 

in a pestle and mortar, compacted by cold pressing into cylinders of 12.5 mm in diameter and 

5 mm in height, and fired at different temperatures in a box-type programmable resistive 

furnace (see Figure 36 and Table 5). 
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Figure 36: From left to the right: Agate mortar with grounded precursors of CrVO4 (green-brown 

colour), Pictures of as-synthesized InTaO4 (white colour), InVO4 (yellow-brown colour) and InNbO4 

(white colour) powders. 

Two polycrystalline CrVO4 samples were prepared and studied in Article III. The first 

sample used for synchrotron measurements was prepared by a solid-state reaction from Cr2O3 

and V2O5 at 723 K following the procedure described by Isasi et al. [137] (see Table 5). The 

second polycrystalline sample of CrVO4 which was also synthesized by solid-state reaction of 

appropriate amounts of (CH3CO2)7Cr3(OH)2 (Sigma-Aldrich) and NH4VO3 (Panreac) was 

grounded with an agate mortar. The grounded precursors were heated at 800 °C for 2 h and 

cooled to room temperature at ambient atmosphere (see Figure 36 and Table 5). 

The doped polycrystalline InMO4:RE (M = V5+, Nb5+, Ta5+; RE = Tb3+, Yb3+) samples 

were synthesized following the same procedure as their undoped partners but now weighed 

and grounded with adequate amounts of Yb2O3, or Tb4O7 (purity of >99.9%) to doped them 

without affecting their crystal structure. The chosen amounts were selected based on previous 

studies in the literature. 

Table 5: Sample, temperature and time for the synthesis. Slash bar stands for several heating 

treatments to the same sample. Synch. stands for the sample used for synchrotron measurements. 

Sample Temperature (K) Time (hrs) 

InTaO4 1473 24 

InNbO4 1473 24 

InVO4 973/1123/1173 8/12/12 

CrVO4 1073 2 

CrVO4-synch. 723 92 

InTa(Nb)O4:RE 1373 24 

InVO4:RE 973/1123 24/24 

 

The purity of the synthesized material was confirmed by energy-dispersive x-ray 

spectroscopy (EDS) carried out with the transmission electron microscope operated at 200 kV 

at the University of Valencia (UV) (Central Service for Experimental Research (SCSIE), 

Spain). The crystal structure was confirmed by X-ray diffraction (XRD) and Raman 

spectroscopy (RS). 

CrVO4 InTaO4 InVO4 InNbO4 
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For the study of the shock compressed HiPCO-grown SWCNTs in Article IV, the sample 

was purchase from Nanointegris having a nanotube purity > 95%, residual catalyst impurities 

of iron from STEM/EDS analysis not exceeding 5%. The black powder of SWCNTs is 

composed of nanotubes having a diameter range of 0.8-1.2 nm and length 100–1000 nm (see 

Figure 37). Specific surface area (SSA) was 400–1000 m2 g-1.  

 

Figure 37: (left) TEM image and (right) Raman spectrum of reference HiPCO-grown SWCNTs. 

 

4.2. X-Ray Diffraction (XRD) 

 

XRD is a useful technique for phase identification of a crystalline material and can 

provide information on the crystal structure of the compounds such as unit-cell dimensions, 

atomic positions, phase quantification and crystallinity. 

The XRD technique is based on the constructive interference of a diffracted 

monochromatic X-ray beam by a crystalline sample which acts as a 3D diffraction grating 

(Max von Laue, 1912). Typically, the X-ray is generated by a cathode ray tube, filtered to 

produce monochromatic radiation (λ), collimated to concentrate and directed to the sample. 

The interaction of the X-ray with the sample produce constructive interferences in different 

directions when Bragg´s law is satisfied (nλ=2dsinθ) (d: space between crystal planes, n: 

integer). According to Bragg´s law, scanning the range of 2θ angles, once the signal is 

detected, processed and counted, all possible diffracted directions can be detected due to the 

random orientation of powder samples and the compound can be analysed and identified. An 

XRD machine consists of three parts: An X-ray tube, a sample holder and an X-ray detector, 

and depending on the company and the material used for its fabrication has some advantages 

or disadvantages respect to each other (see Figure 38, right). However, when the sample is a 

tiny (microns) in size (e.g. samples loaded inside a DAC), a more brilliant X-ray source is 

needed and that can be gotten using synchrotron radiation where the origin of the X-ray 

radiation is from relativistic effects and not by quantum mechanics effects as in X-ray tubes 

[18][141].  
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In our case, for XRD measurements at ambient conditions of the crystal structure of the 

as-synthetized samples, a standard laboratory-based powder XRD using a rotating-anode 

generator (RAG) with a Mo (λ = 0.7107 Å) anode and a MAR345 area detector was used 

located at the High Pressure and Synchrotron Radiation Physics Division at the Bhabha 

Atomic Research Centre (India) (Article II). It was also used a Bruker D8 advance A25 XRD 

machine (see Figure 38) using a standard monochromatic Cu-Kα (λ = 1.5406 Å) radiation 

located at the UV-SCSIE (Article III).  

 

 

Figure 38: (left) XRD Bruker D8 advance A25 located at University of Valencia. (right) Bragg-

Brentano beam path configuration. 

In Article III was also measured angle-dispersive x-ray diffraction (ADXRD) at room 

temperature and high pressure at beamline I15 of the Diamond Light Source 

synchrotron  (UK's national synchrotron science facility, located at the Harwell Science and 

Innovation Campus in Oxfordshire) (see Figure 39) using a plate-diamond anvil cell (plate 

DAC) and an x-ray with a wavelength of 0.61486 Å. 

 

Figure 39: (left) Diamond Light Source synchrotron. (right) Scheme of the beamline I15. 
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4.3. Raman Spectroscopy (RS) 

 

Raman spectroscopy is a non-destructive technique which is useful for identification of 

crystallinity, molecular interactions, lattice vibrations (phonons), chemical structure, among 

others. Raman is an inelastically scattered light technique. When light interacts with a 

sample, a small amount of the light is inelastically scattered (different energy than that from 

the source) in all directions. This energy difference corresponds to the phonon energy which 

is characteristic of each material. A Raman set-up is composed of a source (typically a laser), 

optical elements for collimation, guidance and collection of the light, spectrometer to split the 

light in its components (wavelengths) and detector. In this technique, the elastically scattered 

light (laser light normally) must be cut-off as the intensity of this light is 107 times higher 

than the Raman signal [142].  

Our Raman spectroscopy measurements in Article II and III were carried out at 

Polytechnic University of Valencia (UPV) (Spain) using a micro-spectrometer Raman 

LabRAM HR UV Horiba Jobin Yvon (see Figure 40). The system is composed of a 

monochromator of 800 mm focal distance, a confocal microscope, and a motorized XYZ 

stage. It has installed two cameras CCD and EMCCD and it can be used with five different 

lasers (UV-325 nm, Violet-442 nm, Green-532 nm, Red-632 nm and NIR-785 nm). The 

Raman signal is collected in backscattering configuration by an edge filter which allows 

measurements above 40 cm-1. In the case of Red laser, a Volume Bragg Grating filter can 

measure the Raman signal above 10 cm-1. The system also has a special device Linkam for 

high-temperature Raman measurements and stage for holding high-pressure devices such as 

diamond anvil cells. For the measurements, different objective can be chosen (20x/0.35, 

50x/0.35 or 100x/0.85).  

 

Figure 40: (left) Picture of the Raman set-up at UPV. (right) Scheme of the Raman set-up. 

 

The Raman measurements for Article IV were carried out at Luleå University of 

Technology (LTU) (Sweden) in the high-pressure laboratory at the mathematic and 
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engineering department and the University of Lorraine, Nancy, France. The Raman set-up 

located at LTU is a WITec confocal Raman microscope CRM200 equipped with two lasers of 

532 and 633 nm (see Figure 41). The system, as well as the set-up at UPV, has three different 

gratings of 600, 1200 and 1800 gr/mm. A resolution up to 2 cm-1 can be get depending on the 

grating used. The Raman signal is collected in backscattering geometry and can be collected 

using different objectives (20x/0.25, 50x/0.35 or 100/0.95). and edge filter with a cut-off 

around 100 cm-1 and a CCD camera is used to record the signal. The Raman set-up located in 

France is Jobin-Yvon T64000 and has similar characteristics equipped with 458 and 515 nm 

lasers.    

 

 

Figure 41: (left) Picture of the Raman set-up at LTU. (right) Scheme of the Raman set-up. 

 

4.4. Transmission Electron Microscopy (TEM) 

 

TEM technique is another powerful technique for material science. Different from XRD 

and Raman, TEM uses a high energy electron beam to interact with a sample. Using this 

technique, it can be performed chemical analysis, crystal structure (diffracted electrons by the 

sample), dislocations or grain boundaries studies, among others. This electronic macroscopic 

operate on the same basic principle as light in a microscope having into account that now it 

uses electrons and it has to be manipulated using magnets (acts as lenses) to bend their 

trajectories, focus and guidance all in a vacuum environment. In this case, the sample must be 

dispersed and very thin to get the electrons to pass through it (see Figure 42) [143].   
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Figure 42: (left) TEM TECNAI G2 F20 machine. (right) Scheme of a standard TEM. 

To study the purity of the samples (Article I, II and III), EDS measurements were carried 

out using a TEM TECNAI G2 F20 (FEI) located at UV-SCSIE (see Figure 42). The TEM is 

equipped with a tungsten source operated at 200 kV and can reach up to 0.24 nm resolution. 

The machine used a CCD GATAN and the images are processed using Digital Micrograph 

software. It is possible to record high-resolution TEM images (HRTEM). The samples were 

dispersed in ethanol and a holder of nickel or copper grid of 3 mm was dipped to retrieve the 

sample.  

For the nanotubes sample studied in Article IV, a HRTEM JEOL ARM200F microscope 

(80 kV accelerating voltage) was used to identify shock-induced damage without introducing 

any beam damage. The sample was ground and dispersed in pure ethanol by ultrasonication. 

A holey carbon film supported by a copper grid was then dipped in the suspension. TEM and 

STEM analyses were performed on the thinner parts of the collected powders. 

 

4.5. Photoluminescence (PL) 

 

Photoluminescence is a contactless and non-destructive method which probes the 

electronic structure of materials. Photoluminescence consists of the absorption of the photons 

by a sample which excites their electrons to a higher electronic state and then radiates 

photons as the electrons come back to a lower energy state. Photoluminescence can provide 

useful information about the bandgap of a material, impurity level and defect detection, 

recombination mechanisms, material quality, molecular structure and crystallinity. Typically, 

a broadband lamp is used as a source and an excitation wavelength is selected by a 

monochromator (see Figure 43). The luminescence is observed through a second 

monochromator. If the excitation wavelength is fixed and the emitted radiation is scanned, an 

emission spectrum is measured, and in the other way around, it is produced an excitation 

spectrum [144]. 
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Figure 43: Scheme of PL instrument essentials. 

Photoluminescence measurements were carried out at LTU (Article II). The  FLS980 

system from Edinburgh Instruments (see Figure 44), is a state-of-the-art characterization tool, 

allowing the measurement of spectral excitation and emission photoluminescence (PL) from 

liquids, powders or solid samples in steady-state and time-resolved mode. An integrating 

sphere is also available for quantum efficiency evaluation.  

Steady-state PL excitation of the samples can be done by a broadband Xe-lamp in the 

230-1300 nm region and by a 2W laser at 980 nm, particularly useful for upconversion 

measurements. 

Time-resolved PL can be obtained by a pulsed microsecond Xe-lamp in multi-channel-

scaling mode (MCS) or by sub-nanosecond pulsed LEDs and lasers in time-correlated-single-

photon-counting (TCSPC). Therefore, PL lifetimes of the emitting transitions from the 

samples can be evaluated in a very wide timescale: from 20 ps up to hundreds of milliseconds 

and more. 

The spectral detection range of the emission is very broad, covering the whole UV-

Visible-NIR, from 250 nm to 1700 nm. 

 

Figure 44: FLS-980 Edinburgh instrument (left), scheme of the one installed at LTU Exp. Phys. 

(right). 
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4.6. Optical Absorption  

 

Absorption characterization is based on the absorption of light by a material due to 

different mechanisms such as translation, rotation, vibration and electronic transition in the 

molecules. Thus, the transmitted light has lower intensity due to these losses when it goes 

through a material. Basically, this technique consists of a source (broadband lamp), optical 

devices to guide the light and collected, and a spectrometer with CDD (see Figure 45). One of 

the most used technique is the sample-in and sample-out technique. This technique consists 

of measure the reference transmitted light and the light transmitted through a sample. Thus, 

the difference is the absorbed light by the sample. It has to be mentioned that also part of the 

light is lost by the reflectance of the sample. 

The optical absorption measurements (Article I and III) were done using a home-built set 

up at UV (see Figure 45). The light is collimated and focussed by a confocal microscopy 

system consisting of two Cassegrain reflecting objectives (15×), mounted on biaxial 

micrometric slides. Using mirror-based optical elements, labelled O1 and O2, helps to avoid 

chromatic aberration. The source is a deuterium/halogen lamp and laser for ruby fluorescence 

excitation (to determine the pressure inside the DAC). Two separate PCs were employed for 

measurements of the sample and the ruby spectra, each connected to its designated 

spectrometer, Ocean Optics HR 4000 and HR 2000CG-UV-NIR, respectively. Sample-in and 

sample-out technique was employed for the measurements. 

 

Figure 45: Scheme of the absorption measurements set-up. 
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4.7. Resistivity 

 

Resistivity is a property that characterizes the pass of electrons through a material which 

can be affected by defects, doping, dislocation, temperature or pressure. An amazing 

phenomenon studied using this technique, it is the superconductivity, which one has been 

combined with pressure to raise their critical temperature [13]. One of the most used 

technique to measure the resistivity is the four prove technique (or Van der Pauw method) 

which consist in four electrical contacts where the current and voltage are measured and then 

the resistivity is calculated as R=V/I. 

The resistivity measurements done in Article I and III were performed at UV. A steel-

belted Bridgman tungsten carbide WC anvil with a tip of 12 mm in diameter was used (see 

Figure 46). The samples were contained using two annealed pyrophyllite gaskets 200 µm 

thick each in a split gasket geometry with a hole of 3 mm. The PTM was steatite (Article I) 

and hexagonal boron nitride BN (Article III). In our device, a 150-ton oil press is employed 

to apply the load in the two opposing WC anvils. Samples were typically 100-µm thick and 

3-2 mm diameter. The pressure applied to the sample was determined by the calibration of 

the load applied to the anvils against high-pressure resistivity transitions in calibrants. The 

ultra-low current measurements were performed at each value of pressure after a 2 min of 

pressure soaking time with a Keithley electrometer using four ohmic contacts in the Van der 

Pauw configuration 

 

Figure 46: (left) scheme of the resistivity anvil measurements used and pictures of the sample 

assembled [138]. (right) Calibration plot using different calibrants [139]. 
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5. Summary of the Appended Articles 

 

 In this section, it will be summarised the main results of the appended scientific 

articles which composes this doctoral thesis. The reader is encourage to read the appended 

articles for detailed information. 

 

Article I 

High-pressure characterization of the optical and electronic properties of 

InVO4, InNbO4, and InTaO4. 

 

P. Botella, D. Errandonea, A. B. Garg, P. Rodriguez-Hernandez, A. Muñoz, S. N. Achary, A. 

Vomiero. 

Background: As commented previously, InNbO4 and InTaO4 suffer an isostructural 

phase transition monoclinic → monoclinic with an increase in the coordination number in 

both metal atoms. On the other hand, InVO4 suffers a phase transition from orthorhombic to 

monoclinic with coordination increase only in In metal atoms. These structural phase 

transitions trigger interesting phenomena related to their electronic band structure such as 

colour change and a bandgap collapse as it has been shown for InTaO4. However, only in the 

InTaO4 compound was studied the electronic band structure and its behaviour under pressure. 

Thus, in order to complement and clarify the controversies of the reported values for the 

bandgap of InVO4 and InNbO4 which are ranging from 1.8 to 4.8 eV as well as their bang gap 

nature i.e., indirect or direct transition, an ambient condition as well as under high-pressure 

study has been done. 

Summary: The studied showed that the InVO4 compound is a direct semiconductor with 

a bandgap of 3.6 eV in the Y→Y direction in the Brillouin zone. On the contrary, InNbO4 is 

an indirect semiconductor with a bandgap of 3.6 eV in the Y→Γ-B direction in the Brillouin 

zone. As same as it was observed in InTaO4 compound, the band crossing phenomena was 

observed for InNbO4 and not in the case of InVO4. This phenomenon was due to a change in 

the maximum of the valence band under compression. It was shown that the bandgap of both 

compounds “opens” (blue shift) under pressure until the phase transition takes place. Both 

compounds experience a bandgap collapse about 1.2-1.5 eV at the phase transition as their 

pressure matches with the reported pressure where the structural phase transition takes place. 

After the phase transition, the bandgap of InNbO4 “closes” (redshift) under pressure. For 

completeness of the work, the high-pressure phase was characterized as direct gap 

semiconductor for both compounds with 2.2 eV for InVO4 and 2.7 eV for InNbO4. Transport 

measurements showed that the compounds cannot be in the intrinsic regime and that the 

electrical resistivity experiences a discontinuity under pressure due to the structural phase 

transition.   
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Article II 

Investigation on the Luminescence Properties of InMO4 (M = V5+, Nb5+, Ta5+) 

Crystals Doped with Tb3+ or Yb3+ Rare Earths Ions. 

 

Pablo Botella, Francesco Enrichi, Alberto Vomiero, Juan Enrique Muñoz-Santiuste, Alka B. 

Garg, A. Arvind, Francisco J. Manjón, Alfredo Segura, Daniel Errandonea. 

 

Background: InVO4, InNbO4 and InTaO4, a part of being excellent candidates for 

photocatalysis, have been also shown to be potential candidates for lightning devices such as 

phosphors for light-emitting diodes (LEDs). Even though, these compounds showed 

robustness for hosting different doping elements in their structure, mainly, the works in 

literature have been using metals and non-metals elements for improving their activity as 

photocatalysis and just a few works have used rare-earth elements for doping such 

compounds for lightning. Thus, we study the potential application of such compounds using 

Tb and Yb rare-earth ions as dopants for lightning devices. 

Summary: The structural and vibrational analysis showed that doping such compounds 

below 0.2 % does not affect their crystal structure or their phonon Raman modes. Also, the 

reflectivity of compounds is not affected by this low doping concentration, however, supports 

our results showed in Article I and helps to determine the two first direct transition in such 

compounds. In the case of InVO4, the first direct transition at 3.7 eV matches with the direct 

bandgap energy of the compound. On the contrary, as InNbO4 and InTaO4 are indirect 

semiconductors, their direct transitions are a much high energy 4.7/5.3 and 5.6/6.1 eV, 

respectively. However, the luminescence study showed interesting results even with such low 

doping concentration. InVO4 showed a broad self-activated luminescence emission in the 

visible range, even when doped with Tb, which has the characteristic emission lines 

(5D4→
7FJ) in this region. Several suppression mechanisms have been proposed for such 

effect and the self-activated emission is discussed in terms of the tetrahedra VO4 

coordination. However, the characteristic emission lines (2F5/2→
2F7/2), when doped with Yb 

atoms, has been observed in the NIR region. On the other hand, when Tb or Yb atoms are 

hosted in InNbO4 or InTaO4, the characteristic emissions lines have been observed similarly 

for both compounds as they are isostructural. These compounds also showed very weak self-

activated signals which we discuss in terms of the octahedra coordination of Nb and Ta 

atoms. Also, it was shown that the lifetime of the self-activated signal of InVO4 is not 

affected by the doping level. In the case of  InNbO4 and InTaO4, they show similar lifetime 

for the different elements due to the similar structure of both compounds. Relevant 

parameters for lightning devices were also studied demonstrating to be potential candidates 

for such applications. 
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Article III 

High-pressure characterization of multifunctional CrVO4. 

 

P. Botella, S. López-Moreno, D. Errandonea, F. J. Manjón, J. A. Sans, D. Vie, A. Vomiero. 

 

Background: Due to the interesting phenomena observed in InVO4 under high pressure 

and the lack of information in the literature, it is needed to study its isostructural partner 

CrVO4. CrVO4, a part of its interesting technological applications, is one of the prototype 

compounds which must be well characterized at ambient conditions as well as under pressure 

to understand systematically the behaviour of the orthorhombic compounds belongs to 

CrVO4-type family under pressure.   

Summary: A high-pressure characterization in terms of crystal structure, phonon Raman 

modes, optical properties and resistivity has been done in CrVO4. CrVO4 undergoes to a 

structural phase transition from orthorhombic to monoclinic similar to that in InVO4 but at a 

lower pressure (4 GPa). This structural phase transition is accompanied by similar 

transformation observed in InVO4 such as volume collapse of 14%, coordination number 

increase in vanadium atoms from 4 to 6, a bandgap collapse of 1.1 eV and a sharp decrease in 

the resistivity measurements. All these results are supported by theoretical calculations which 

report the electronic band structure of such compound as well as its density of states in the 

phase of the ambient condition as well as in the high-pressure phase. Also, the results are 

discussed in comparison with its isostructural partner InVO4. 
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Article IV 

Single-Walled Carbon Nanotubes Shock-Compressed to 0.5 Mbar. 

 

Pablo Botella, Xavier Devaux, Manuel Dossot, Viktor Garashchenko, Jean Charles Beltzung, 

Alexander V. Soldatov, Sergey Ananev. 

 

Background: SWCNTs have been systematically studied in our previous works up to a 

maximum pressure of 36 GPa. It was determined that the tubes, exposed to 19 GPa sock 

compression, are partially destroyed by tube cutting and unzipping mechanism. At 36 GPa, it 

is established the structural threshold for the integrity of SWCNTs where all of them become 

destroyed. We extend the maximum pressure reached during the experiment up to 52 GPa 

(corresponding temperature: 1496 K) in quest of new nanostructured carbon materials 

derived from crushed nanotubes. We were looking also for the possibility of diamond 

creation as the P-T reached during the experiments places the sample in the diamond region 

according to the carbon phase diagram. 

Summary:  SWCNTs shock compressed at 52 GPa (temp. 1496 K) are totally destroyed 

and transform to two distinct compounds, one is a mixture of disordered nano-structured 

carbon material and amorphous carbon, and the second type is a multi-layered graphene 

material having high defects concentration and clustering. No traces of diamond or onion-like 

structure, which is precursors for diamond formation, are found in the recovered sample. The 

Raman spectra were analysed with a proposed peak fit model which estimates the crystal size 

of the resulting compounds about 30 nm in the case of multi-layered graphene and about 13 

nm for the carbon mixture nanostructures. These conclusions are also supported by TEM 

analysis. The dispersion of the Raman modes using different lasers was studied and it was 

observed that the resulting materials behave similarly to that in graphene/graphite material.



Conclusion and Future Outlook  Doctoral Thesis 

 
49 

 

6. Conclusion and Future Outlook 

 

In this doctoral thesis, four ternary semiconductor metal oxides InVO4, CrVO4, InNbO4, 

and InTaO4 were studied at ambient conditions as well as under pressure by means of XRD, 

Raman spectroscopy, optical absorption and resistivity measurements. Optical measurements 

showed that InNbO4 and InTaO4 are indirect wide bandgap semiconductors with bandgap 

energy in the UV region at 3.6 and 3.8 eV, respectively. On the other hand, CrVO4 and 

InVO4 are direct bandgap semiconductors with a bandgap at 2.6 and 3.6 eV, respectively. 

Under pressure, the bandgap energy was increasing until the phase transition takes place. At 

this pressure, the material bandgap experienced a collapse at about 1-1.5 eV. After the 

structural phase transition, all the materials become direct bandgap semiconductors with a 

bandgap in the visible region. 

According to electrical measurements, all the materials are not in the intrinsic regime due 

to their wide bandgap. InVO4 and CrVO4 experienced a sharp decrease in the resistivity at the 

phase transition, contrary to what was observed for InNbO4. In the resistivity measurements, 

it was appreciated also the phenomena observed by optical absorption measurements under 

pressure in InNbO4 and InTaO4 compounds, which is called “band crossing”. We could 

explain this phenomenon with the help of the theoretical calculations due to a change in the 

maximum of the top of the valence band in InNbO4 induced by the compression.   

Also, the structural behaviour of CrVO4 compound under pressure was studied in this 

doctoral thesis to fill the lack of information in the literature. CrVO4, same as its partner 

InVO4, undergoes to a structural phase transition at about 4 GPa from orthorhombic to 

monoclinic system. This structural transformation is accompanied by a volume collapse of 14 

% and a coordination vanadium increase from 4 to 6. The bulk modulus and the equation of 

states were reported for the low-pressure and the high-pressure phases. All the Raman modes 

were characterised for both phases and follow under pressure for the low-pressure phase. 

It was studied the possible applications of InVO4, InNbO4 and InTaO4 for lightning 

devices. Doping InVO4, InNbO4 and InTaO4 with Tb or Yb below 0.2 % barely change their 

crystal structure, Raman bands or the reflectivity. It was shown that InVO4 has two direct 

optical allow transition at 3.7 and 4.1 eV, which the first one coincides with the reported 

bandgap. For InNbO4 and InTaO4, the two first optical allow transitions are at 4.7/5.3 and 

5.6/6.1 eV which are much higher energy due to the indirect gap nature of the compounds. 

The self-activated photoemission signal of the compounds was studied and discussed in term 

of their distorted tetrahedra (VO4) and octahedra (Nb(Ta)O6) for InVO4 and InNb(Ta)O4, 

respectively. The characteristic emission lines of Tb (5D4→
7FJ) and the Yb atoms 

(2F5/2→
2F7/2) were analysed. With the help of theoretical calculations, an energy level 

diagram was proposed for the different atoms hosted in the different structures. 

The lifetime of the self-activated signal as well as the characteristic emission was 

analysed. The lifetime of the self-activated signal of InVO4 was independent of the doping. 

On the other hand, the characteristic Yb NIR emission line showed the long-lived lifetime 
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characteristic of this emission. The Tb and Yb atoms hosted in InNbO4 or InTaO4 showed 

similar lifetime due to their similar crystal structure, although, an unusually short time was 

observed for the long-live lines of Yb atoms. 

According to the CIE chromatic diagram, InVO4, InNbO4:Tb, and InTaO4:Tb present 

yellowish-orange, green-yellow, and greenish-blue colour code coordinates, respectively. The 

self-activated InVO4 presented good CRI about 71, which makes the compound interesting 

for lighting applications. 

SWCNTs sample was also studied under dynamic-shock compression up to 52 GPa 

(Temp. 1496 K). These conditions destroy completely the nanotubes and place the sample in 

the diamond formation region according to the carbon phase diagram. The recovered sample 

after the shock was composed of two distinct types of material, multi-layer graphene and a 

mixture of disordered nanometer-sized graphene clusters and amorphous carbon. The size of 

the multi-layer graphene clusters (La) was estimated at 30 nm, D- and G’-band dispersion in 

the multi-layer graphene clusters was determined to be 42 and 86 cm-1/eV, respectively. No 

traces of diamond-like carbon were found by HRSTEM and Raman spectroscopy. We 

associated this effect with possible inefficient sample quenching from the high temperature 

accompanied the shock compression 

Several ways can be followed to extend the work done in this study. If we would like to 

continue studying these materials, possible studies could be the synthesis of the high-pressure 

form of the ternary metal oxides. Study their synthesis at different pressures and temperatures 

to compose a phase diagram. Once the high-pressure form is synthesized, perform a 

structural, vibrational, optical and electrical characterization to compare with the in-situ high-

pressure studies. Further, it will be highly interesting to perform photocatalytic measurements 

as a bandgap collapse to the visible region is demonstrated for these compounds in the high-

pressure phase, thus, an improvement of the photocatalytic properties is expected. 

Regarding the doping of the samples, it will be useful a systematic study using different 

concentration of the dopants to find the saturation point. Try other rare-earth elements or 

combination will be also interesting in order to tune their emission wavelength.  

In the case of carbon nanotubes samples, it will be interesting to extend the study to 

higher pressures/temperatures conditions and also to extend to other nanotubes such as 

double- or multi-walled carbon nanotubes. Also, as the shear-stress play an important role in 

the diamond formation, a cold-compression experiment of the carbon tubes using no PTM to 

generate this highly stressed environment will be also interesting to be studied in quest of 

new superhard phases.  

Of course, the extension of high-pressure studies to other materials, different or having 

similar peculiarities, will be highly interesting for understanding their behaviour under 

pressure and maybe discovering new phenomena. 
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Abstract 

The structural stability and physical properties of CrVO4 under compression were studied by 

X-ray diffraction, Raman spectroscopy, optical absorption, resistivity measurements, and ab 

initio calculations up to 10 GPa. High-pressure X-ray diffraction and Raman measurements 

show that CrVO4 undergoes a phase transition from the ambient pressure orthorhombic 

CrVO4-type structure (Cmcm space group, phase III) to the high-pressure monoclinic CrVO4-

V phase, which is proposed to be isomorphic to the wolframite structure. Such a phase 

transition (CrVO4-type → wolframite), driven by pressure, also was previously observed in 

indium vanadate. The crystal structure of both phases and the pressure dependence in unit-

cell parameters, Raman-active modes, resistivity, and electronic band gap, are reported.  

Vanadium atoms are sixth-fold coordinated in the wolframite phase, which is related to the 

collapse in the volume at the phase transition. Besides, we also observed drastic changes in 

the phonon spectrum, a drop of the band-gap, and a sharp decrease of resistivity. All the 

observed phenomena are explained with the help of first-principles calculations.  



 

 

INTRODUCTION 

Among transition metal orthovanadates of the type A3+VO4 (A = Cr, In, Fe, Tl, Al, Bi, 

etc.), chromium vanadate (CrVO4) is one of the prototype compounds. In addition, its 

orthorhombic crystal structure is the model used to describe a mineral family with an 

isomorphic structure, which includes orthophosphates and orthosilicates among others, like 

some recently proposed orthoborates [29][29]. CrVO4-type compounds are of special interest 

due to their multifunctionality. Among its applications, the possibility to act as superprotonic 

conductors [3], catalytic materials [4], or as cathode for lithium-ion batteries [31] are the 

most remarkable. Specifically, CrVO4, apart from its interesting structural and magnetic 

properties [34][35], possesses a band-gap in the visible region, which is ideal for 

photocatalytic and electrochemical applications [36][44][53]. Most of the progress on the 

study of these compounds has been made on studies of thin films [11-13] and nanoparticles 

[14-16]. 

The properties of CrVO4 (and therefore its applications) are intimately related to its crystal 

structure (arrangement of the atoms in the solid), which define the electronic band structure 

as well as the magnetic and vibrational properties of the material. Specifically, in A3+VO4 

vanadate-based ternary metal oxides, in which V is in tetrahedral coordination, the valence 

band maximum (VBM) and conduction band minimum (CBM), are mainly dominated by O 

2p and V 3d orbitals, with a small contribution of Cr 3d electrons. The partial substitution of 

Cr by a different A3+ atom, or the application of pressure are two methods of modifying the 

energy gap and the magnetic properties of CrVO4 [35][53], tuning this way its properties. 

High-pressure studies could contribute this way to deepen the understanding of the physical 

properties of CrVO4. Obviously applications will not go forward if several gigapascal are 

required to achieve specific properties in CrVO4, but the knowledge obtained for high-

pressure studies will indirectly benefit them by improving the understanding of the structural, 

vibrational, and electronic properties. 

Chromium vanadate crystallizes in three different polymorphs viz. orthorhombic, 

monoclinic, and tetragonal. The metastable monoclinic CrVO4-I [-MnMoO4-type structure, 

space group (SG): C2/m, No. 12, Z = 8] has been synthesized by different methods [37]. 

Another monoclinic system (CrVO4-IV, SG: Cmm2, No. 35) was also synthetized by soft 

chemistry at 450 °C [39]. The orthorhombic CrVO4-III phase (CrVO4-type structure, SG: 

Cmcm, No. 63, Z = 4) is the most stable and the prototype structure [44][37][19]. Finally, the 

metastable tetragonal phase (rutile-type structure, SG: P42/mnm, No. 136, Z = 1) can be only 

synthetized under high-temperature and high-pressure conditions [40][41][42]. Traditionally, 

the polymorphs of CrVO4 have been labeled following the notation used for indium vanadate 

(InVO4) due to their structural similarities. The monoclinic form, CrVO4-I, is isomorphic to 

InVO4-I and the orthorhombic form, CrVO4-III, is isostructural to InVO4-III, as well as to 

TlVO4 and FeVO4 [40][23][24][25][26]. The CrVO4-II and CrVO4-IV phases; however, bear 

no resemblance with InVO4 polymorphs. 

In the last decade, special effort has been put in the study of ternary oxides under pressure 

and, specifically, to the behavior of orthovanadates [27][28]. CrVO4-type compounds are 



 

 

interesting candidates to be studied under pressure since the field map diagram [29] locate 

them as intermediate structure between quartz-like structures with four-fold coordinated 

cations and structures with six-fold coordinated cations [30]; for instance, wolframites [31]. 

InVO4-III has been studied under pressure at room temperature only recently [43][33][34]. 

Interesting phenomena have been observed when pressure has been applied to this 

compound, including a coordination increase from 4- to 6-fold in vanadium atoms, a band-

gap collapse of about 1.5 eV, which happens together with a color change, and electrical 

resistivity dropping at the phase transition [43][35].  

Motivated by these interesting phenomena and with the aim to expand the knowledge of 

the HP behavior of the CrVO4-type family. Here, we report a combined experimental and 

theoretical study of CrVO4 under high pressure by means of X-ray diffraction (XRD), Raman 

spectroscopy (RS), optical-absorption measurements, resistivity characterization, and first-

principles calculations. All measurements have been carried out up to 10 GPa evidencing a 

phase transition about 4.5 GPa, which agrees with our theoretical results. Presumably, this 

phase transition is from the orthorhombic CrVO4-type structure to the monoclinc wolframite 

phase that is in good agreement with the north-east rule of the Bastide’s diagram [29]. Unit-

cell parameters, Raman modes, and band gap energy (Egap) are reported under pressure for 

the low-pressure (LP) and the HP phase. The axial and bulk compressibilities of both phases 

are also determined. The results are discussed in comparison with the vanadate InVO4. The 

outcomes of this work may improve the technological applications of the CrVO4 compound 

and its isomorphic AXO4 compounds. 

 

EXPERIMENTAL AND CALCULATIONS 

Polycrystalline CrVO4 samples were prepared by solid-state reaction from Cr2O3 and V2O5 

at 723 K following the procedure described by Isasi et al. [35]. The crystal structure of 

CrVO4 was confirmed to be the orthorhombic CrVO4-III (SG: Cmcm) structure by means of 

powder XRD (see Fig. 1). These samples were used for synchrotron powder XRD 

measurements. For the rest of experiments, we used a polycrystalline sample of CrVO4 which 

was synthesized by solid-state reaction of appropriate amounts of (CH3CO2)7Cr3(OH)2 

(Sigma-Aldrich) and NH4VO3 (Panreac). The mixture was ground with an agate mortar. The 

grounded precursors were heated at 800 °C for 2 h and cooled to room temperature at 

ambient atmosphere. The obtained compound was characterized by powder XRD and RS, 

confirming a single phase of CrVO4 with orthorhombic Cmcm structure. Minority residuals (~ 

1%) of Cr2O3 and V2O5 were detected in the synthesized sample. Details of the ambient-

pressure crystal structure and Raman spectrum are given in the next section.  

Angle-dispersive x-ray diffraction (ADXRD) experiments at room temperature and high 

pressure were carried out up to 7 GPa at beamline I15 of the Diamond Light Source using a 

plate-diamond anvil cell (plate DAC) and an x-rays with a wavelength of 0.61486 Å. Samples 

were loaded in a 200 mm hole of an inconel gasket with diamond-culet sizes of 500 m. The 

ruby scale was use for pressure determination [36] and silicone oil was used as PTM 



 

 

[37][38]. Special attention was taken during the experiments to avoid sample bridging 

between diamonds [39] and the experiments were limited to 7 GPa to limit the influence of 

non-hydrostaticity in the results. The XRD patterns were collected using a MAR345 image 

plate placed at 423 mm from the sample. They were integrated and corrected for distortions 

using FIT2D. The structural analysis was performed using POWDERCELL software. 

CrVO4 samples were also studied under compression up to 10 GPa by means of RS, 

optical absorption and resistivity measurements. Raman experiments were carried out using 

16:3:1 methanol-ethanol-water mixture as pressure-transmitting medium (PTM) which 

guarantee quasi-hydrostatic conditions up to 10 GPa [40]. A plate-DAC with diamond culets 

of 480 μm was used to generate the pressure. A hardened stainless-steel gasket pre-indented 

to the thickness of 50 μm with a hole of 200 m diameter in the center served as the pressure 

chamber. Pressure was determined using the ruby scale with an accuracy of 0.2 GPa [36].  

Optical absorption measurements were done following the same procedure as in previous 

works [35][58]. A compressed polycrystalline pellet 10 µm thick was placed in a Plate-DAC 

(the same used for Raman experiment) using the same PTM as Raman experiment and ruby 

as a pressure gauge. The absorption measurements in the visible-near-infrared range were 

made using an optical setup specific to determine the optical absorption of wide band-gap 

semiconductors [41]. The sample-in and sample-out method was used to measure the 

transmittance and consequently the absorption spectrum [42][43][44]. 

Resistivity measurements were carried out using an opposed Bridgman-anvil setup as in 

previous works [35][44]. Hexagonal boron nitride was used as pressure-transmitting medium 

and the pressure was determined by calibrating the hydraulic pressure versus known phase 

transitions [45]. The measurements were performed in a compacted powdered sample, 3 mm 

in diameter and 0.1 mm thickness. Measurements were performed using four ohmic contacts 

in the Van der Pauw configuration [46]. 

Calculations were performed within the framework of the density-functional theory (DFT) 

[47] and the projector-augmented wave (PAW) [48][49] method as implemented in the 

Vienna Ab initio Simulation Package (VASP) [50][51][52][53]. A plane-wave energy cut-off 

of 520 eV was used to ensure high precision in our calculations. The exchange-correlation 

energy was described within the generalized gradient approximation (GGA) in the Perdew-

Burke-Ernzerhof for solids (PBEsol) prescription [54]. The GGA+U approximation has been 

used within the Dudarev’s approach (Ueff = U – JH) [55] to account for the strong correlation 

at the electrons in the d-orbital. This method has been used with relative success in the study 

of other vanadates and ABO4 compounds [26][56][57][58][59]. For our calculations, we have 

used U = 4.5 eV and JH = 1 eV for Cr atom. Similar values have been used in the study of 

other Cr based compounds [60][61][62]. Different spin polarizations were considered in the 

calculations (see Results and Discussion section). 

A Monkhorst-Pack grid for Brillouin-zone (BZ) integration [63] has been used with a 

mesh most suitable for each structure by considering a convergence criterion of 1 meV per 

formula unit. In the relaxed equilibrium configuration, the forces are less than 1 meVÅ-1 per 



 

 

atom in each of the Cartesian directions. These highly converged results for the forces are 

required for the calculations of the dynamical matrix using the direct force constant approach 

[64]. For the electronic structure, the optimized crystal structures were used with a large set 

of k-points. The phase transition for CrVO4 was obtained by analysing the enthalpy for the 

phases under study. 

 

RESULTS AND DISCUSSION 

Powder XRD patterns of the as-synthesized CrVO4 sample as well as the patterns under 

pressure are shown in Fig. 1. The XRD diffractogram of the as-synthesized sample can be 

well described with the orthorhombic structure (SG: Cmcm, No. 63, Z = 4), namely CrVO4-

III, having a = 5.568(4) Å, b = 8.208(7) Å and c = 5.977(3) Å as unit-cell parameters. The 

atomic positions were not refined and were taken from the inorganic crystal structure 

database (ICSD 36244): Cr: 4a (0, 0, 0), V: 4c (0, 0.353, 1/4), O1: 8f (0, 0.763, 0.99), O2: 8g 

(0.253, 0.49, 1/4). The structure of CrVO4-III can be described as that of InVO4-III 

[29][43][33][34][65] and is composed of two polyhedral units as building blocks. Vanadium 

atoms are tetrahedrally coordinated (VO4) and chromium atoms are octahedrally coordinated 

(CrO6) (see Fig. 2). Along the c-axis, CrO6 octahedra are in contact to each other by edge 

sharing and form chains connected through VO4 tetrahedral units. On the other side, VO4 

tetrahedra are isolated from each other. 

 

Fig. 1. Powder XRD patterns of CrVO4 at selected pressures. Ticks indicate the position of Bragg 

peaks of phases III and V. 

All the XRD patterns recorded up to 3.5 GPa correspond to the CrVO4-III phase. Only the 

usual shift to larger angles of the Bragg peaks is observed due to the unit-cell contraction by 



 

 

compression. In the pattern recorded at 3.5 GPa, it can be observed the appearance of new 

peaks (labelled with an asterisk in Fig. 1). These peaks coexist with those of the LP phase up 

to 4.2 GPa. At higher pressure, only the new phase is observed up to 7 GPa (maximum 

pressure reached in the XRD experiments). As peaks of phase V become predominant as 

pressure increases, this suggest that a structural phase transition is taking place between 3 and 

5 GPa and it is completed at 5.2 GPa.   

 

Fig. 2. Crystalline structure of orthorhombic (left) and wolframite-type (right) CrVO4. Vanadium 

atoms and corresponding polyhedral coordination are shown in red. Chromium atoms and 

corresponding polyhedral are shown in blue. Oxygen atoms are represented in orange. (The reader is 

referred to the online version for color code). 

Using the DICVOL software and systematic absences we found that the XRD patterns of 

the HP phase can be indexed with a monoclinic unit cell described by space group P2/c. This 

is the space group of the HP phase of InVO4 [32]. Due to their structural similarities of 

CrVO4-III with InVO4-III and upon crystal-chemistry arguments [29], it looks possible that 

CrVO4-III would follow the same structural sequence as InVO4-III under compression. The 

HP phase of InVO4-III is a wolframite-type structure (SG: P2/c, No. 13, Z = 2) that is 

isostructural to InNbO4 and InTaO4 [35][58][57]. Notice that this monoclinic HP phase in 

spite of having a lower symmetry than the low-pressure orthorhombic phase has less 

diffraction peaks because it has a smaller unit-cell. In addition, higher symmetry structures 

give worst figures of merit that the monoclinic structure described by space group P2/c. This 

makes us confident on the proposed crystal structure for HP CrVO4. Our hypothesis is also 

supported by DFT calculations that show that the most stable structure at ambient conditions 

is the CrVO4-type (or CrVO4-III) phase, followed by the monoclinic CrVO4-I polymorph. 

However, when pressure is applied (reduction of sample volume), the most stable structure 

becomes the wolframite-type structure and not the previously proposed rutile-type phase, 

which has been obtained after quenching from HP-HT conditions [40][41][42] (see Fig. 3a). 

Other structures considered as candidates for related compounds [26] have also been included 

in the calculations (see Fig. 3a), but they are not energetically competitive according to their 

total energy and enthalpy. The enthalpy pressure evolution of CrVO4-type and wolframite-

Phase III Phase V 



 

 

type structures shows that the CrVO4-type phase is stable up to 3.16 GPa, being the 

wolframite-type phase the most stable one above this pressure according to thermodynamic 

arguments (see Fig. 3b). Therefore, our calculations support a phase transition at about 3.16 

GPa to a wolframite-type structure, similar to that observed for InVO4-III above 7 GPa 

[43][33][34]. We would like to add here, that spin polarization was considered in the 

calculations. The lowest energy state for CrVO4 at ambient pressure and under high pressure 

is reached only when spin-polarization is taken into account in an antiferromagnetic (AFM) 

configuration. Where there is an energy difference larger than 2.8 eV/f.u. This is in 

agreement with ambient-pressure studies of magnetism in CrVO4 [67]. 

 

Fig. 3. (a) Energy-volume curves of proposed CrVO4 structures calculated with PBEsol+U 

approximation. (b) Pressure dependence of enthalpy for the CrVO4- and wolframite-type phases of 

CrVO4. 

The simulated atomic positions of the wolframite structure of CrVO4 at 7.3 GPa are: Cr: 2f 

(1/2, 0.34541, 1/4), V: 2e (0, 0.8321, 1/4), O1: 4g (0.22531, 0.11117, 0.07098), O2: 4g 

(0.25845, 0.62195, 0.09325) and the unit-cell parameters are given in Table 1. The theoretical 

parameters obtained by DFT calculations for the wolframite-type structure were used to 

refine the XRD patterns of the HP phase giving a satisfactory fit (see Table 1 and Figure 4). 

Rietveld refinement was carried out following the steps described in Ref. [43]. In Table 1, we 

provide the refined unit-cell parameters and volume of the experimental wolframite phase at 

7 GPa. Notice that the  angle is quite close to 90º so the monoclinic structure can be 

described as pseudo-orthorhombic. In Table 1, we also include the bulk modulus and its 

pressure derivative (at ambient pressure) as obtained from a Birch-Murnaghan (BM) equation 

of state (EoS) fit. For comparison, we included the parameters of other HP wolframites, such 

as InVO4 and FeVO4, that we will discuss later in the text. These data is given at the pressure 

reported in the literature [26][43][33][34][68][69]. The wolframite crystal structure of CrVO4 

can be seen in Fig. 2. The structure corresponds to the space group P2/c (No. 13, Z = 2). The 

structural phase transition is accompanied by large volume collapse of 14%. Analyzing the 

structural parameters, an increase in vanadium atoms coordination from 4 (tetrahedral) to 6 

(octahedral) with no notorious change in the octahedral coordination of chromium was 
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observed (see Fig. 2). However, in the new configuration, the VO6 octahedra units are more 

distorted compared to CrO6 octahedral units. These structural modifications agree very well 

with the observed structural modification in InVO4-III under compression [43][33][34]. 

 

Fig. 4. Rietveld refinement plots for orthorhombic (phase III) and wolframite-type (phase V) of 

CrVO4. Dots: experimental data. Solid lines: refinement. Dashed lines: residuals. Ticks indicated 

calculated positions of Bragg reflections. hlk indices are also shown. 

 

Table 1. Unit-cell parameters and volume of the HP wolframite-type structure of CrVO4, InVO4 and 

FeVO4 and bulk modulus and its pressure derivative at ambient pressure. 

  CrVO4  InVO4  FeVO4 

Method  
DFT Exp. 

 
DFT 

[34] 

DFT 

[33] 

Exp. 

[43] 
 

DFT 

[26]  

Exp. 

[26] 

Exp. 

[68] [This work] 

Pressure 

(GPa) 
 7.3 7  8.5 6.0 8.2  12.4 12.3 ambienta 

a (Å)  4.37720 4.367(3)  4.7009 4.776 4.714(5)  4.4561 4.3952(8) 4.511(2) 
b (Å)  5.42172 5.403(5)  5.5197 5.588 5.459(6)  5.4458 5.4361(8) 5.527(2) 

c (Å)  4.76152 4.703(3)  4.8849 4.958 4.903(5)  4.7761 4.7819(7) 4.851(2) 

  90.153 90.27(8)  92.62 92.89 93.8(3)  90.493 89.87(2) 90.867(2) 

V (Å3)  113.0 115.5(6)  126.62 132.17 125.89(2)  115.9 114.25(3)  

B0 (GPa)  219.4 146(12)  166.1 183.0 168(9)  176.8 174(8)  

B0’  4.0 4.0  4.26 6.0 4.0  5.4 4.0  

a)  Recovered sample after HTHP synthesis. 

 

The pressure dependence of the unit-cell parameters and volume for the LP and HP phases 

of CrVO4-III are shown in the top and bottom of Fig. 5, respectively. In the LP phase, a clear 

anisotropy in the axial compressibility is observed being the highest variation under pressure 

in the b-axis. As discussed in Ref. [43], this fact is related with the absence of VO4 



 

 

tetrahedral units along the b-axis direction and the enhancement of the CrO6 octahedral 

distortion under pressure compared to VO4 tetrahedral. The distortion index parameter of 

octahedral units CrO6 vary 35 % between 0.7 – 4.2 GPa. On the contrary, the tetrahedral units 

VO4 vary 9 % in the same pressure range (here, it is used the Baur distortion index [70] as 

implemented in VESTA software used for crystal structure visualization [71]). The distortion 

occurs due to the major compressibility of Cr-O bonds that are aligned along the b-axis, as 

compared with equatorial bonds (plane containing the a- and c-axis) of the octahedral units. 

Consequently, the crystal structure is more compressible along b-axis. The reduction of Cr-O 

bonds along the b-axis in the pressure range 0.7 – 4.2 GPa is about 4 %, whereas the 

reduction of the equatorial bonds is 0.8 %. In summary, CrO6 octahedral units become 

flattened under compression. 

 

Fig. 5. (Top) Pressure dependence of unit-cell parameters of orthorhombic (solid symbols) and 

wolframite-type (empty symbols) of CrVO4. The inset shows the β angle evolution with pressure. 

(Bottom) unit-cell volume evolution with pressure for orthorhombic (solid symbols) and wolframite-

type phase (empty symbols). Dashed lines represent the fits and equation of state in the case of 

volume. Solid lines represent the theoretical calculations. 



 

 

The pressure dependence of the unit-cell parameters of the LP phase can be well described 

by the linear equations: 

a (Å) = 5.559(4) – 7.0(2) × 10-3 P 

b (Å) = 8.218(7) – 7.2(3) × 10-2 P 

c (Å) = 5.976(3) – 2.1(2) × 10-2 P 

with P in GPa. The axial compressibilities at ambient pressure are: κa = 1.3 × 10-3 GPa-1, κb = 

8.8 × 10-3 GPa-1, κc = 3.5 × 10-3 GPa-1.  

The pressure dependence of the unit-cell parameters of the HP phase can be well described 

by the linear equations: 

a (Å) = 4.378(2) – 1.3(4) × 10-3 P 

b (Å) = 5.594(12) – 2.7(2) × 10-2 P 

c (Å) = 4.723(10) – 3.2(9) × 10-3 P 

β (°) = 89.32(6) + 0.26(2) P – 1.8(2) × 10-2 P2 

with P in GPa.  

Notice that the  angle is close to 90º and change little with pressure (see Fig. 5), so the 

change with pressure of the unit-cell can be described in first approximation by the axial 

compressibilities, which are κa = 0.3 × 10-3 GPa-1, κb = 4.8 × 10-3 GPa-1, κc = 0.6 × 10-3 GPa-1. 

Again, it can be observed that b-axis is the most compressible while the a-axis is almost 

incompressible. The unit-cell parameters follow the same trend as observed in InVO4 [43]. In 

Fig. 5, it is also included the theoretical pressure dependence of the unit-cell parameters. It 

can be seen the good agreement between experiments and theory. 

In Fig. 5 (bottom), we show the pressure dependence of the unit-cell volume of the LP and 

HP phases of CrVO4-III. The volume of the HP phase has been doubled for a better 

comparison with that of the LP phase. In both phases, a second order BM EoS has been 

employed to fit the experimental data. For the LP phase, we have obtained a zero-pressure 

experimental (theoretical) volume of V0 = 273.0(5) / (279.8) Å3 and bulk modulus of B0 = 

63(5) / (93) GPa, being B0´= 4 the bulk modulus pressure derivative. The bulk modulus is 

similar to that of the orthorhombic phase of InVO4 (B0 = 69(1) GPa), despite the zero-

pressure volume of InVO4 is 23 % bigger than that of orthorhombic CrVO4. This result can 

be understood if we consider that the Cr3+ atom has a smaller Shannon ionic radius than the 

In3+ atom and this leads to a reduction of the octahedral volume around 19 % and of the 

tetrahedral unit around 5 %. These differences make that octahedra in CrVO4-III are more 

distorted than those of InVO4-III despite both compounds have similar distorted tetrahedra.   

 The parameters of the BM EoS fit used for the HP phase can be seen in Table 1. There is 

a good agreement in the unit-cell parameters and unit-cell volume between theory and 



 

 

experiment. However, our calculations have a tendency to overestimate the bulk modulus. 

The increment of bulk modulus from the orthorhombic phase to the wolframite phase is 

consistent with the observed large volume collapse and an increase of the HP phase density 

due to the reduction of empty space between polyhedra due to the increase of vanadium 

coordination. Interestingly, InVO4, FeVO4, and CrVO4 have an isomorphic wolframite-type 

structure with similar bulk moduli. Moreover, we can reasonably speculate that a wolframite-

type polymorph could also exist at relative LP in TlVO4. 

     To further investigate the behavior of CrVO4 under pressure, Raman spectroscopy 

experiments were carried out and selected spectra at different pressures are shown in Fig. 6. 

These experiments will be analyzed with the help of DFT calculations, which give not only 

Raman frequencies and mode assignment, but also the phonon dispersion and density of 

states (PDOS). They are displayed in Fig. 7. Our phonon calculations show that the ambient-

pressure and HP phases of CrVO4 are both dynamically stable. The Raman spectrum of 

CrVO4-III at room pressure resembles to those previously reported [45][47][48]. According 

to the literature and the group theory analysis, CrVO4 with orthorhombic Cmcm structure has 

15 Raman active modes at Γ point: Γ = 5Ag + 4B1g + 2B2g + 4B3g. We could identify the 15 

modes and they agree well with our theoretical calculations (see Fig. 8. and Table 2). The 

mode assignment was based on our lattice dynamic calculations. Several features can be 

identified in the Raman spectrum of CrVO4-III at room pressure. For instance, the most 

intense peaks are the modes at the highest frequency and there is a phonon gap between 500 

and 650 cm-1. As in most ABO4 compounds, the Raman-active modes of CrVO4-III can be 

classified as internal or external modes of the tetrahedral VO4 units. The high frequency 

modes (924-930 cm-1) have been assigned to the symmetric bending (1) and asymmetric 

stretching (3) of V-O bonds. On the other side, the low frequency modes (168-248 cm-1) are 

due to pure translation (T) of VO4 tetrahedra units. The intermediate modes (277-378 cm-1) 

correspond to pure rotation (R) and symmetric bending (2) [45][47][48]. The modes (381-

502 cm-1) are related to symmetric (2) and asymmetric (4) bending modes. It must be added 

that the three high-frequency modes above 700-750 cm-1 can be assigned to the symmetric 

(1) and two asymmetric (3) stretching modes of the deriving from the isolated VO4 

tetrahedra, as already found in zircon-type orthovanadates, such as YVO4 [75], ScVO4 [76], 

CeVO4 [56], TbVO4 [77] and NdVO4 [78] among others. In fact, internal and external modes 

of CrVO4-type compounds have been fully assigned in InVO4-III [43]. It must also be 

stressed that the Raman mode of highest intensity in CrVO4-type compounds CrVO4-III and 

InVO4-III is the second highest frequency mode while in zircon-type compounds is the 

highest frequency mode. In both cases, it corresponds to the symmetric (1) stretching mode. 



 

 

 

Fig. 6. Selected high pressure Raman spectra on CrVO4. Pressure steps indicated in the right side of 

the plot. The asterisk points out a peak coming from residuals of V2O5. In the recovered spectrum is 

pointed out by arrows peaks from the HP phase and by & contribution of residuals chromium oxides. 
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Fig. 7. Phonon dispersion (left) and phonon density of states (right) for both phases. Calculations 

were done at 0 (top) and 7.3 GPa (bottom) for CrVO4-type and wolframite, respectively. 

In the Raman spectra, CrVO4-III is the only phase present up to 1.6 GPa (zone I in Fig. 9). 

At 1.8 GPa, the first signature of the HP phase is observed (zone II in Fig. 9). The most 

intense peak of the HP phase appears around 808 cm-1 as a shoulder of the ω13 (765 cm-1) 

mode (see Fig. 6). Although, this peak is very weak and cannot be appreciably seen up to 2.8 

GPa, it can be followed by peak fit analysis (see Fig. 9). Here, we should mention that the 

phase transition pressure in Raman experiments is slightly lower than in XRD experiments. A 

smaller transition pressure in Raman experiments than in XRD experiments is always 

expected due to the more local character of Raman scattering than of XRD [79]. However, 

we cannot rule out sample bridging between diamonds in our RS experiments. This effect 

would reduce the transition pressure due to non-hydrostatic stresses and would also explain 

the considerable broadening of peaks observed in the HP phase as well as the long 

coexistence pressure range of both phases (zone II, III and IV in Fig. 9). Additional features 

of the HP phase are seen between 2.8 and 3.4 GPa in the 375-474 cm-1 range. Then, the rest 

of the HP phase features appears clearly in the pressure range 3.8-5.5 GPa. At this pressure, 

the most prominent peak of the HP phase becomes the predominant one (zone III in Fig. 9). It 

must be noted that the two phases coexist up to 8.5 GPa (zone IV in Fig. 9) and only the HP 

phase is present at higher pressures up to 11 GPa (zone V in Fig. 9). On pressure release, the 

ambient pressure spectrum is recovered but showing small presence of the HP phase and 

contribution of chromium oxide (Fig. 6). This result manifests the partial reversibility to 

CrVO4-III upon decompression. It must be stressed that the existence of phase mixture was 

also observed in InVO4-III on pressure release [43]. 
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Fig. 8. Raman spectra for orthorhombic (phase III) and wolframite-type (phase V) of CrVO4. 

Calculated Raman frequency modes are shown under data by tick symbols. 

 

Fig. 9. Pressure dependence of phonon wavenumber extracted by peak fitting the Raman spectra. The 

plot is divided in four regions: (I) existence of the LP phase CrVO4-type, (II) coexistence of both 

phases being CrVO4-III, the predominant phase, (III) region where major changes occur, (IV) 

coexistence of both phases being CrVO4-V, the predominant phase and (V) existence of the HP phase 

wolframite. Solid and dashed lines represent the theoretical calculation evolution. 

 



 

 

The evolution of Raman modes under pressure can be described using a linear fit in good 

agreement with our theoretical calculations (see Fig. 9). Upon compression, almost all Raman 

modes shift to higher frequencies, but the mode labelled ω2 shows a gradual softening (see 

Table 2). This mode softening was not observed in its partner InVO4-III [43]; however, soft 

modes have been observed between the external modes of other orthovanadates 

[75][76][56][77][78]. In particular, ScVO4 [76] shows two soft modes, one of them being the 

second lowest-frequency mode, like in CrVO4.  

Table 2. Zero-pressure Raman phonon frequencies, pressure coefficients and Grüneisen parameters 

(γ =
𝐵0

𝜔0

𝜕𝜔

𝜕𝑃
)  of CrVO4-III. For the calculation of the Grüneisen parameters we have used the 

experimental bulk modulus. Assignment of 1 and 3 (2 and 4):  stretching (bending), T: translation 

and R: Rotation modes to the VO4 tetrahedron from reference [47].  

CrVO4-type 

Mode 
 𝝎 

(cm-1) 

 d𝝎/dP 

(cm-1/GPa) 

 
𝜸 

 
Assignment 

  Theo. Exp. (±2)  Theo. Exp.  Theo. Exp.  Theo. 

ω1  158 168  0.59 0.8(1)  0.37 0.47(8)  T(B3g) 

ω2  181 189  -0.88 -0.5(2)  -0.49 -0.2(1)  T(B1g) 

ω3  242 248  0.24 0.8(1)  0.10 0.33(5)  T(Ag) 

ω4  269 277  4.09 2.9(6)  1.47 1.0(2)  R(B1g) 

ω5  287 301  2.91 3.0(2)  0.99 0.99(7)  R(B2g) 

ω6  367 349  1.00 0.6(1.7)  0.27 0.2(5)  (Ag) 

ω7  381 378  1.30 1.7(2)  0.34 0.44(5)  R(B1g) 

ω8  385 381  4.27 4.0(1)  1.08 1.03(4)  (B3g) 

ω9  408 416  1.85 1.9(1)  0.45 0.45(3)  (Ag) 

ω10  439 449  4.61 4.5(1)  1.02 0.99(4)  (B2g) 

ω11  487 502  5.06 5.3(1)  1.01 1.04(3)  (B3g) 

ω12  695 669  6.93 6.8(5)  0.97 1.01(8)  3(B1g) 

ω13  765 756  5.90 6.4(3)  0.75 0.84(4)  3(Ag) 

ω14  942 924  0.78 1.0(1)  0.08 0.11(1)  1(Ag) 

ω15  948 930  1.93 2.4(1)  0.20 0.26(1)  3(B3g) 

 

On the other hand, ω12 is the mode more sensitive to pressure; i.e., the Raman vibration to 

which more energy is transferred during compression. This is in contrast to what happens in 

zircon-type orthovanadates, where the stretching modes show the largest pressure 

coefficients. Another curious thing is that in CrVO4-type compounds CrVO4-III and InVO4-

III the symmetric (1) stretching mode has a very small pressure coefficient (below 1.5 cm-

1/GPa), while in zircon- and scheelite-type orthovanadates it shows one of the largest pressure 

coefficients [75][76][56][77][78]. Finally, we must note that the ω6 mode presents a huge 

dispersion due to the difficulty to follow it under compression since it is a mode that appears 

as a shoulder in the left side of the ω7 mode. 

As it was commented previously, the major changes in the Raman spectra occur in the 

pressure range 3.5-5.5 GPa (zone III in Fig. 9). At 5.5 GPa, most of the material shows the 

characteristic Raman features of the HP phase, with the peak around 800 cm-1 becoming the 

predominant one. Thus, it reasonable to consider that the phase transition is taking place in 



 

 

this pressure range. This is consistent with the pressure range observed in the XRD data and 

with the optical and resistivity measurements that we will discuss later.  

For the HP phase wolframite-type having P2/c symmetry, group theory predicts 18 Raman 

active modes: Γ = 8 Ag + 10 Bg. The HP phase modes were analyzed, although, the 

overlapping of the peaks with the LP phase and peak broadening make difficult to distinguish 

all the Raman features. Thus, we are unable to follow some modes under pressure (see Table 

3). However, at the highest pressure with the help of our Raman calculations, we are able to 

tentatively identify and assign all the theoretically predicted Raman modes. In the assignment 

we have assumed that all observed modes correspond to Raman-active modes, excluding the 

existence of disorder-activated infrared modes. Future polarized Rama experiments using 

single crystals will be needed to undoubtedly assign Raman modes. The HP phase Raman 

spectrum resembles that in InVO4-V [43] showing the most intense peak at the highest 

frequency. This is different than for other wolframites-type structures such as InNbO4 or 

InTaO4, where the most intense peaks are in low frequency range [43][58][57], but very 

similar to what happen in wolframite-type tungstates [80]. Since high-frequency modes are 

probably associated to internal vibrations of the VO6 units, the observed mode intensities 

suggest that the polarizability of the vanadate (and tungstate) molecules are more sensitive to 

the electric field of light than in niobates and tantalates. Comparing the pressure evolution of 

the Raman-active modes in region III and V (see Fig. 9), one can observe the softening of the 

mode at the highest frequency. This result implies that the VO4 units change its coordination, 

which is associated to a phase transition, as observed by XRD experiments. This mode 

softening has also been observed in the wolframite phase of InVO4, which is coherent with 

the assignment of wolframite-type structure done to CrVO4 at HPs.   

Table 3. Raman phonon frequencies and pressure dependence of wolframite-type phase at 7.26 GPa. 

Mode 
 𝝎 

(cm-1) 

 d𝝎/dP 

(cm-1/GPa) 

 
Assignment 

  Theo. Exp. (±5)  Theo. Exp.  Theo. 

ω1  133 163  1.77 -0.5(1)  Bg 

ω2  196 212  -0.14 2.4(7)  Ag 

ω3  220 215  0.48 0.3(1)  Bg 

ω4  247 249  0.27 4(1)  Bg 

ω5  282 283  0.21 --  Bg 

ω6  329 308  0.84 --  Ag 

ω7  348 338  1.60 --  Ag 

ω8  353 378  1.25 --  Bg 

ω9  453 447  1.39 1.4(2)  Ag 

ω10  463 461  2.40 2.6(3)  Bg 

ω11  487 472  3.03 --  Ag 

ω12  500 545  2.66 4.7(3)  Bg 

ω13  505 579  2.73 2.8(3)  Bg 

ω14  537 596  2.21 --  Ag 

ω15  679 625  4.04 --  Bg 

ω16  679 726  3.97 0.9(9)  Ag 

ω17  692 740  4.19 3.9(3)  Bg 

ω18  816 815  3.42 0.8(1)  Ag 

 



 

 

In order to study the effects of pressure in the electronic structure of CrVO4 under 

compression, theoretical calculations and optical absorption measurements were carried out. 

Fig. 10 (top) displays the optical-absorption coefficient (α) as a function of energy of the LP 

phase at several pressures. A step-like absorption edge can be observed at ambient condition. 

This feature corresponds to the fundamental absorption between the maximum valence band 

(VBM) and the minimum of the conduction band (CBM), together with a low-energy 

absorption tail. This tail is usually described with an Urbach equation [81], which is 

associated with presence of defects in the lattice crystal structure. These defects may 

introduce localized levels in the band gap giving rise to a possible under estimations of the 

fundamental band gap energy [35][58]. This Urbach tail has been observed for many ternary 

oxides as well as for InVO4-III compound [35][58][81][82][83][84]. The high energy region 

of the absorption edge follows a linear behavior when it is plotted as (αE)2 versus photon 

energy (E), which is analyzed by using a Tauc plot [85]. This is consistent with a direct band 

gap nature and agrees with the values reported in the literature and given by our theoretical 

calculations (see Fig. 10, bottom and table 4) [53][48]. The energy band gap is estimated at 

2.62(5) eV and is consistent with our calculations and with the value reported by Yan et al 

[53]. However, our experimental energy band gap is slightly higher but consistent with Bera 

et al work reporting an energy band gap of 2.44 eV [48] and up to 1 eV different from the 

energy band gap estimated indirectly from the calculated activation energy measured by 

Gupta et al [55]. This discrepancy may be due to the large uncertainty associated to the last 

method. 

 



 

 

Fig. 10. (top) Absorption spectra measured at different pressures for the LP phase of CrVO4. The 

inset shows a zoom of the highest values of absorption coefficient. (bottom) Tauc plot used to 

determine Eg. The dashed line shows the extrapolation of the linear region to the abscissa. 

 

Table 4. Experimental and theoretical values of the energy band gap (Eg) and pressure coefficients 

for the LP and HP phase of CrVO4. 

  LP phase    HP phase  

Study 

type 
 

Eg 

(eV) 

dEg/dP 

(meV/GPa) 

Gap 

nature 
 

ΔEg 

collapse 

(eV) 

 
Eg 

(eV) 

dEg/dP 

(meV/GPa) 

Gap 

nature 
 

k 

points 

Theoretical  2.57 4.1 Direct  1.4  1.18 -2.77 Direct  
Γ → Γ 

Experimental  2.62(5) 1.9(3) Direct  1.1(1)  1.53(5) -7.1(1.1) Direct  

 

Band structure calculations of CrVO4-III shows two indirect transitions at T- and R- k-

directions at lower energies than the direct transition at - k-direction (see Fig. 11, a). 

However, an indirect transition needs the participation of phonon to conserve momentum and 

giving the proximity of the indirect and direct transitions, the oscillator strength of the direct 

transition must be predominant. Thus, by optical absorption measurements, we only observe 

the direct transition as it is more likely to occur. Based on our calculations, the energy gap 

from indirect transitions are 2.42 eV at T- k-direction and 2.38 eV at R- k-direction. Our 

estimated energy band gap value is consistent with the value obtained from calculations at -

 k-direction. According to density of states (DOS) calculations, VBM of CrVO4-III is 

dominated by a mixture of oxygen 2p states and chromium 4s states. On the other hand, CBM 

is mainly dominated by vanadium 3d states with a minor contribution of Cr and O states (see 

Fig. 12).  

 

Fig. 11. Band structure for (a) CrVO4-type and (b) wolframite phase. 
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Fig. 12. Density of states (DOS) for (a) CrVO4 and (b) wolframite phase. 

Upon compression, the fundamental edge absorption of CrVO4-III blue-shifts up to 4.7 

GPa (see Fig. 10, inset). Above this pressure, a sudden drop in energy band gap is 

experimentally observed in the absorption edge (see Fig. 10 and 13 for comparison), which 

confirms the existence of a phase transition. Fig. 13 shows the optical-absorption edge of the 

HP phase at several pressures together with the Egap pressure evolution (inset). The evolution 

of Egap vs pressure follows a linear behavior with a rate of 1.9(3) meV/GPa for the CrVO4-III 

phase. In the pressure range 4.0-5.5 GPa (colored area in Fig. 13, inset), the Egap drops about 

1.1 eV which is associated to a band gap collapse due to the phase transition observed 

previously by XRD and Raman spectroscopy measurements. Again, using Tauc´s analysis, 

the HP phase energy gap was estimated at 1.53(5) eV showing a direct transition character 

(see Fig 13, bottom). As discussed for the LP phase, our estimated energy band gap value for 

the HP phase corresponds to the - k-direction, although, other lower energy indirect 

transitions are predicted by our calculations about 0.87 eV at C -  and 0.85 eV at A0 -  k-

directions (see Fig. 11, b). DOS calculation shows that VBM is dominated by Cr and O states 

and the CBM by V states but, with lower contribution from Cr and O states, in this case (see 

Fig. 12, bottom). After the Egap collapse, the band gap redshifts following a linear behavior. 

Similar band gap collapse was observed for InVO4-III at the phase transition and in many 

other ternary oxides [43][35][58]. However, in the case of InVO4-V, the Egap blue-shifts 

-5 -4 -3 -2 -1 0 1 2 3
Energy (eV)

D
O

S
 (

a.
u

.)

Total
Cr 
V
O

-5 -4 -3 -2 -1 0 1 2 3
Energy (eV)

D
O

S
 (

a.
u

.)

Total
Cr
V
O



 

 

under compression. An additional interesting fact that can be concluded from electronic 

band-structure calculations is that in CrVO4 under pressure, there is an enhancement of the 

hybridization of O 2p orbitals with Cr 4s orbitals, which is the responsible to favor the 

stability of the high-pressure phase and band-gap closing at the phase transition.   

 

Fig. 13. (top) Absorption spectra measured at different pressures for the HP phase of CrVO4. The 

inset shows Eg versus pressure for the LP (square symbols) and HP (triangle symbols) phases. The 

band-gap collapse is indicated. The symbols are the experimental results, and the solid(dashed) line is 

the linear fit to them for LP(HP) phase respectively. Solid and dashed lines are the theoretical 

calculations for the respective phases. (bottom) Tauc plot used to determine Eg. The dashed line 

shows the extrapolation of the linear region to the abscissa. 

To obtain more information from the optical absorption-measurements, the Urbach energy 

(Eu) was analyzed under pressure and the data are shown in Fig. 14 and Table 5. Eu was 

estimated following the protocol described in our previous works [35][87]. Eu increases with 

the pressure and around 4.5 GPa drops 24 meV. After this drop, Eu decreases with pressure. 

The same as in the optical-absorption measurements, this drop is related to the phase 

transition. The Eu of CrVO4-III is estimated to be 59(1) meV at room pressure (see Table 5) 

and its evolution under pressure can be interpreted as due to the appearance of defects (for 

instance dislocations) in the pressure range 0.7-4.2 GPa. On the contrary, in the HP phase the 

structure under pressure the Urbach energy decreases with pressure in the pressure range 4.2 

to 9.5 GPa where the HP phase exist. The HP phase Urbach energy is 52 meV and decreases 



 

 

up to 42 meV in the above-mentioned pressure range, suggesting that the degree of disorder 

is reduced under compression in the HP phase.  

 

Fig. 14. Urbach energy data of CrVO4 measured at different pressures obtained from fitting the 

absorption coefficient data. Solid symbols for the LP phase and empty symbols for the HP phase. 

Solid line represents the linear fit to the data. 

 

Table 5. Experimental values of the Urbach energy (Eu) and pressure coefficients for the LP and HP 

phase of CrVO4. 

    HP phase  

 
Eu 

(meV) 

dEu/dP 

(meV/GPa) 
 

ΔEu 

collapse 

(meV) 

 
Eu 

(meV) 

dEu/dP 

(meV/GPa) 
 

 59(1) 3.3(9)  24(1)  52(1) -2.6(9)  

 

In Fig. 15, we plot the electrical resistivity measurements up to 10 GPa. CrVO4-III is a p-

type semiconductor with a conduction dominated by holes and in extrinsic regime, due to a 

small polaron hopping. The conduction mechanism has been associated with the presence of 

impurities and defects in the crystal structure, specifically with cation-deficient centers 

[55][56]. At ambient conditions, CrVO4-III shows a resistivity of the order of 1 kΩ·cm that is 

three order of magnitude smaller than isostructural InVO4-III with a resistivity of the order of 

1 MΩ·cm [35]. The electrical resistivity decreases under compression, in the LP phase (from 

1 bar to 3.5 GPa). This can be caused by the enhancement of polaron hopping or due to the 

formation of defects that introduce acceptors levels and increase the carrier concentration. 

Consequently, the activation energy decreases with pressure at a rate of -2.5(2) meV/GPa. 

Even though, the bang-gap increases in energy under pressure, the changes on VBM favors 



 

 

the decrease of the energy difference between the acceptor level and the VBM (most 

probably via a change of the hole effective mass [89]). In the pressure range from 3.5 to 4.6 

GPa (blue-dashed area in Fig. 15), a drastic drop of the resistivity is observed. The pressure 

range where the electrical resistivity drop occurs, agrees with that of the band-gap collapse 

and the structural phase transition from CrVO4-III to CrVO4-V observed by XRD and Raman 

scattering. The measured-points in the blue-dashed area suggest a phase coexistence during 

the transition. In the HP wolframite phase, the resistivity continues dropping, with a decrease 

of the activation energy at a rate of -4.9(3) meV/GPa until the maximum pressure is reached 

in the experiment. The decrease of the resistivity could be related to the creation of oxygen 

vacancies along the transition 0, which will favor the increase of the free-carrier 

concentration, reducing this way the electrical resistivity. 

 

Fig. 15. Resistivity as a function of pressure measured for CrVO4. 

 

CONCLUSIONS 

In this work, we have reported evidence of a pressure-induced phase transition in 

orthorhombic CrVO4 at room temperature. We propose the occurrence of a phase transition to 

a new monoclinic polymorph isostructural to wolframite taking place near 4 GPa. We have 

also reported results from the influence of pressure in the phonons, optical, and electronic 

properties of both the low and high-pressure phases of CrVO4. In particular, a drastic 

decrease is found in the band-gap and resistivity. The Raman spectrum qualitative change at 

the transition, with the changes being probably associated to the symmetry decrease and V 

coordination number increase that occur at the phase transition. The room-temperature 

equation of state has been determined for the two phases of CrVO4. Experimental results are 

consistent with results from density-functional calculations, which are crucial for the 

interpretation of experiments. Finally, the behavior of CrVO4 under high-pressure is 



 

 

compared with related oxides being general conclusion for the family of CrVO4-type 

compounds proposed. 
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