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Abstract 17 

 We synthesized Ti2O3 epitaxial films with continuously varying ratios of the 18 

c-axis to a-axis lattice constants (c/a ratios) on 4H-SiC (0001) substrates and 19 

investigated their structural and electronic properties. Ti2O3 films with a wide range of 20 

c/a ratios were fabricated in a controllable fashion by changing the growth temperature. 21 

As the c/a ratio at room temperature increased, the metal-insulator transition (MIT) 22 

temperature systematically decreased and eventually the MIT disappeared. Detailed 23 

analyses revealed that the MIT occurred at a critical c/a ratio of 2.68. The critical c/a 24 

ratio for the occurrence of the MIT was also reproduced by density functional theory 25 

calculations. These results provide evidence for the origin of the MIT in Ti2O3. The 26 

MIT is not a Mott transition induced by temperature, but a gradual 27 

semimetal-to-semiconductor transition induced by lattice deformation. 28 

  29 
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INTRODUCTION 30 

 Corundum-type titanium sesquioxide (Ti2O3) is a well-known 3d1 31 

transition-metal oxide, and it exhibits a peculiar metal-insulator transition (MIT) [1]. 32 

Ti2O3 is a narrow-gap semiconductor with a gap of approximately 100 meV at room 33 

temperature (RT) and shows a transition to semimetallic states at a temperature of 34 

approximately 450 K that can occur over a broad temperature range of approximately 35 

150 K [1–10]. The MIT is characterized by a concomitant drastic modification of the 36 

ratio of the c-axis to a-axis lattice constants (c/a ratio) in the crystal, without changing 37 

the crystal symmetry [5–8]. The MIT is unique to Ti2O3 among most other 38 

transition-metal oxide systems; thus, the MIT mechanism is discussed as one of the 39 

longstanding issues in condensed matter physics [1–15].  40 

The most relevant mechanism of the MIT is the overlap of the a1g and eg
π 41 

bands due to the modulation of the c/a ratio (i.e., the Ti–Ti distance along the c-axis). In 42 

trigonally distorted TiO6 octahedra, the t2g levels split into a1g and eg
π levels. The a1g 43 

orbitals between the face-sharing TiO6 octahedra along the c-axis are strongly 44 

hybridized, thereby forming the a1g and a1g* bands. The eg
π orbitals that expand in the 45 
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a–b plane are less hybridized, thereby forming eg
π + eg

π* bands, which lie between the 46 

a1g and a1g* bands. When the Ti–Ti distance along the c-axis is short, the eg
π + eg

π* 47 

bands do not overlap with the a1g bands [6, 7]. Accordingly, all Ti 3d electrons 48 

completely occupy the a1g bands; consequently, a narrow gap is formed at the Fermi 49 

level (EF) [3]. Although the above phenomenological model can qualitatively explain 50 

the MIT mechanism, band-structure calculations indicated the importance of electron 51 

correlation in the MIT of Ti2O3 [11, 16]. Thus, the origin of the MIT remains under 52 

debate. 53 

The most straightforward approach to address the origin of the MIT is to 54 

investigate the relationship between the MIT and c/a ratio. Epitaxial thin films provide 55 

one of the best systems for such analyses, because they offer high flexibility to 56 

accommodate various crystal-lattice structures. Indeed, epitaxial Ti2O3 films with two 57 

different c/a ratios were successfully synthesized on α-Al2O3 (0001) substrates at two 58 

different growth temperatures (Tg) [14]. Although a significant lattice mismatch (8.3%) 59 

prevented coherent growth of the films [13, 14, 17–19], Ti2O3 films grown at high Tg 60 

had a slightly larger c/a ratio and lower MIT temperature (TMIT) than those of the bulk 61 
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material. The other Ti2O3 films grown at low Tg had a considerably large c/a ratio and 62 

metallic conductivity over the entire measured temperature range [14]. Unfortunately, 63 

owing to the formation of a secondary phase in Ti2O3 films grown on α-Al2O3 (0001) 64 

substrates in a certain temperature range, the systematic control of the structural and 65 

electronic properties by changing Tg has not yet been demonstrated [14, 17, 20]. In 66 

particular, there is no information on how TMIT changes as a function of the c/a ratio, 67 

which has hindered the understanding of this material. 68 

In this study, we synthesized Ti2O3 films with systematically varying c/a 69 

ratios on 4H-SiC (0001) substrates [21]. Owing to the similarity in the local structures 70 

of Ti2O3 and 4H-SiC on the (0001) planes [22] (see Fig. S1 in Supplemental Material 71 

[23]), the corundum-type Ti2O3 phase was stabilized over a wide Tg range of 72 

500–1050℃. In the obtained Ti2O3 films, the c/a ratio at RT (cRT/aRT) was controllable 73 

from 2.672 to 2.821 by changing Tg. As cRT/aRT increased, TMIT systematically decreased, 74 

and finally, MIT disappeared at all measurement temperatures. By considering the 75 

thermal lattice expansion of Ti2O3, we revealed that the MIT occurred at a critical c/a 76 

ratio of 2.68 in both bulk and films. The critical c/a ratio was also reproduced using 77 
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calculations based on density functional theory (DFT). These results indicate that the 78 

MIT is not a Mott transition induced by temperature, but a gradual 79 

semimetal-to-semiconductor transition induced by lattice deformation in Ti2O3. 80 

 81 

EXPERIMENTAL SECTION 82 

Ti2O3 films were grown on 4H-SiC (0001) substrates using pulsed-laser 83 

deposition (PLD) [13, 14, 17, 19, 20, 24]. A polycrystalline TiO ceramic tablet (3N 84 

purity, Toshima Co., Ltd.) was used as the PLD target. A Nd:Y3Al5O12 laser with 85 

fourth-harmonic generation (λ = 266 nm) was used to ablate the target. The laser 86 

frequency and fluence were set to 10 Hz and approximately 0.5 J/cm2, respectively, 87 

where the deposition rate of the Ti2O3 films was set to approximately 100 nm/h. The 88 

film thickness was fixed at approximately 100 nm, as confirmed using a stylus-type 89 

profiler. A constant substrate temperature was set in the range of 500–1050℃. Oxygen 90 

gas (6N purity) was fed into the PLD chamber to maintain an oxygen partial pressure of 91 

5.0 × 10–7 Torr. The supply of O2 gas was immediately stopped after deposition, and the 92 
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substrate was quenched. Both procedures prevent additional oxidation during the 93 

cooling of Ti2O3 films [13–15, 20, 25]. 94 

The crystal structures of the films were characterized by Raman spectroscopy 95 

and X-ray diffraction (XRD). XRD measurements were performed at RT using a Rigaku 96 

SmartLab 9 kW diffractometer with Cu Kα1 radiation. The formation of corundum-type 97 

Ti2O3 films was confirmed using Raman spectroscopy [24, 26–32] (see Fig. S2 in 98 

Supplemental Material [23]). The out-of-plane (0001) orientation of the Ti2O3 films was 99 

revealed by out-of-plane XRD measurements (see Fig. S3 in Supplemental Material 100 

[23]). The temperature dependence of the resistivity was measured in a standard 101 

four-terminal geometry over the temperature range of 20 to 650 K.  102 

 DFT calculations were performed using Quantum ESPRESSO simulation 103 

software [33, 34]. A rhombohedral primitive cell was chosen for the calculations to 104 

reduce computational cost. Ultrasoft pseudopotentials were used, wherein Ti 3s, 3p, 3d, 105 

and 4s and O 2s and 2p atomic levels were included as valence-band states. The 106 

Perdew–Burke–Ernzerhof generalized gradient approximation (PBE-GGA) functional 107 

was used for the exchange–correlation potentials [35]. The kinetic energy and 108 
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charge-density cut-offs were set to 60 and 600 Ry, respectively. The Ti and O positions 109 

were optimized by a structural relaxation routine implementing the Monkhorst–Pack 110 

scheme with a 6 × 6 × 6 k-mesh in self-consistent calculations [36]. Accuracy of the 111 

total energy was less than 10–10 Ry at the end of the self-consistent calculations. The 112 

density of states (DOS) of the valence-band states was integrated using the tetrahedron 113 

method within a denser 12 × 12 × 12 k-mesh in non-self-consistent calculations [37]. 114 

The details of the DFT calculations were described elsewhere [14,15].  115 

 116 

RESULTS & DISCUSSION 117 

Figure 1 shows reciprocal space maps (RSMs) of the Ti2O3 films grown at 118 

various Tg values, demonstrating that the lattice constants of the Ti2O3 films were 119 

controllable by varying Tg. The 4H-SiC 10–19 and Ti2O3 11–212 reciprocal points were 120 

simultaneously observed in the RSMs. The Ti2O3 11–212 reciprocal points gradually 121 

shifted toward the small Qz (large Qx) direction with decreasing Tg, indicating 122 

elongation of c (shortening of a) in the films.  123 
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 The a and c values of the Ti2O3 films obtained from the RSMs are 124 

summarized in Fig. 2(a). As shown in Fig. 2(a), c increased monotonically from 13.66 125 

to 14.03 Å as Tg decreased from 1050 to 500℃. In contrast, a showed the opposite trend 126 

to that of c; a decreased monotonically as Tg decreased. The a values were 5.102 and 127 

4.986 Å for films grown at 1050 and 500℃, respectively. In comparison to bulk Ti2O3, 128 

the Ti2O3 films had larger c and smaller a, regardless of Tg. Note that the trends in the 129 

lattice deformations by changing Tg are consistent with those of a previous report, 130 

wherein the Ti2O3 films were grown on α-Al2O3 (0001) substrates [14]. 131 

The resulting cRT/aRT ratios are plotted in Fig. 2(b) as a function of Tg. As 132 

expected from Fig. 2(a), the cRT/aRT ratio increased monotonically with decreasing Tg, 133 

suggesting linear controllability of the c/a ratio in the Ti2O3 films grown on 4H-SiC 134 

(0001) substrates. Note that the increment of the cRT/aRT ratio is probably attributed to 135 

the small domain size of the films grown on low Tg [14] from an analogy to a previous 136 

report on Ti2O3 nanoparticles [38] (also see Supplemental Material [23]). The minimum 137 

cRT/aRT ratio was 2.672 at a Tg of 1000℃, which was slightly larger than the cRT/aRT ratio 138 

of bulk Ti2O3 (cRT/aRT = 2.639, where a = 5.157 Å and c = 13.61 Å) [5]. The maximum 139 
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cRT/aRT ratio of 2.821 was observed at the lowest Tg (500℃). This cRT/aRT ratio was 140 

much larger than that of bulk Ti2O3 and comparable to that of V2O3 (cRT/aRT = 2.828, 141 

where a = 4.9717 Å and c = 14.005 Å) [39]. Consequently, the cRT/aRT ratio was 142 

controllable in the range of 2.672–2.821 owing to the similarity in the local structures of 143 

Ti2O3 and 4H-SiC on the (0001) planes. 144 

 Having confirmed that the cRT/aRT ratio of the Ti2O3 films was systematically 145 

controlled by varying Tg, we next investigated the transport properties of the Ti2O3 films. 146 

Figure 3 shows the temperature dependence of the resistivity (ρ–T curves) of the Ti2O3 147 

films grown at various Tg, namely, with different cRT/aRT ratios. With decreasing Tg 148 

(increasing cRT/aRT ratio), a significant suppression of the MIT is clearly observed. For 149 

the Ti2O3 film grown at 1050℃, the ρ–T curve showed a significant drop in resistivity, 150 

starting at approximately 350 K and dropping by an order of magnitude over a wide 151 

temperature range of approximately 150 K. This is similar to the MIT behavior in bulk 152 

Ti2O3 [1–4, 7, 9, 10]. Therefore, it is logical to define the resistivity change as the 153 

characteristic MIT of Ti2O3 although the observed temperature was much lower (by 154 

approximately 100 K) than the TMIT of bulk Ti2O3 (~450 K). As Tg decreased, the TMIT 155 
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became lower with a smaller resistivity change and eventually decreased to ~150 K for 156 

the films grown at 700℃. Meanwhile, for the films grown below 700℃, a clear MIT was 157 

not observed; the ρ–T curves of the films were almost flat over the entire measured 158 

temperature range. 159 

One might suspect that the lowering of TMIT and disappearance of the MIT are 160 

due to extrinsic effects, such as oxygen non-stoichiometry at different Tg. However, this 161 

is unlikely to be the case for Ti2O3 for the following two reasons. First, the 162 

corundum-type Ti2O3 phase is known to be unstable to oxygen non-stoichiometry, and 163 

less than 1% oxygen non-stoichiometry compared to Ti atoms is tolerated in Ti2O3 [40]. 164 

Second, even if the introduced excess oxygen in Ti2O3 became an acceptor, the small 165 

number of hole carriers would hardly affect TMIT, which has been demonstrated by the 166 

previous results for bulk (Ti1–xVx)2O3 [4, 5, 10]; TMIT of (Ti1–xVx)2O3 remains almost 167 

unchanged (approximately 450 K) irrespective of substitutional V doping, which acts as 168 

excess oxygen, although the resistivity in low-temperature insulating phases is strongly 169 

suppressed [4, 10]. Therefore, the lowering of TMIT and resultant disappearance of the 170 
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MIT observed from the ρ–T curves for the Ti2O3 films were attributed to the change in 171 

the c/a ratios. 172 

 In the ρ–T curves shown in Fig. 3, there are two characteristic temperatures. 173 

One is the above-mentioned TMIT, which is defined as the temperature at which 174 

resistivity changes, similar to a step function. The other is the metallic conductivity 175 

temperature (TMC), at which the ρ–T curve shows an upturn due to the metallic 176 

conductivity at high temperatures. To qualitatively discuss the change in the electronic 177 

phases of Ti2O3, TMIT and TMC were determined by the local minimum and zero points 178 

of the first derivative of the ρ–T curves (dρ/dT), respectively (see Fig. S5 in 179 

Supplemental Material [23]). The values are plotted in Fig. 4(a) as functions of the 180 

corresponding cRT/aRT ratios. It should be noted that the determined TMIT of 433 K for 181 

bulk Ti2O3 (Fig. 3) is in good agreement with the TMIT of approximately 450 K [1–10], 182 

thereby confirming the validity of the analytical procedures. 183 

 A very close relationship between the TMIT and cRT/aRT ratio is shown in Fig. 184 

4(a). As the cRT/aRT ratio decreased to 2.75, the TMIT of the Ti2O3 films linearly 185 

decreased with a slope of –3 × 103 K/(c/a). Surprisingly, the bulk data (TMIT = 433 K, 186 
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cRT/aRT = 2.639) followed this extrapolated straight line, suggesting that the MIT in 187 

Ti2O3 was mainly dominated by the c/a ratio. In addition, the cRT/aRT ratio at TMIT = 0 K 188 

was estimated to be 2.77, which is consistent with the experimental result in Fig. 3, 189 

where the MIT behavior disappears (TMIT could not be determined from the ρ–T curves) 190 

for the films grown at 650, 600, and 500℃ (with cRT/aRT ratios of 2.77, 2.79, and 2.82, 191 

respectively). The previous results for Ti2O3 films are also on the straight line [14], 192 

suggesting the universality of the relationship between the TMIT and c/a ratio in Ti2O3.  193 

The TMC for cRT/aRT ≤ 2.77 also had a similar linear relationship with almost 194 

the same slope of –3 × 103 K/(c/a). The coincidence between the TMIT and TMC 195 

behaviors suggests that the TMC for cRT/aRT ≤ 2.77 reflects an identical phenomenon to 196 

the TMIT; the TMC may not be the temperature of another transition but the onset 197 

temperature of the broad MIT in Ti2O3. In contrast to the behavior of TMIT, TMC deviated 198 

from the trend for cRT/aRT ≥ 2.77. Because the MIT is absent for films with cRT/aRT ≥ 199 

2.77 (for relatively low Tg values of 650, 600, and 500℃), the deviation may originate 200 

from extrinsic effects such as localization and/or scattering of conductive carriers at 201 

defects due to the poor crystallinity of the films grown at low Tg [41, 42]. 202 
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 Because the crystal deformation in Ti2O3 is also influenced by temperature, 203 

the effect of thermal lattice expansion should be considered for the phase transition 204 

phenomena occurring at different temperatures. Assuming that the Ti2O3 films show the 205 

same thermal lattice expansion as the bulk, we replotted the TMIT and TMC in Fig. 4(b) as 206 

a function of the c/a ratios that were calibrated using a thermal-expansion coefficient of 207 

3.3 × 10–4 (c/a)/K for bulk Ti2O3 (see Fig. S6 in Supplemental Material [23]) [5, 6]. It is 208 

clear from the plot that the MIT in Ti2O3 occurs at a c/a ratio of 2.68 because the 209 

coefficient is nearly orthogonal to the slope of TMIT vs. cRT/aRT ratio [–3 × 103 K/(c/a)]. 210 

These results indicate that the MIT phenomena in Ti2O3 are governed mainly by a 211 

critical c/a ratio of 2.68. Therefore, the temperature-induced insulator-to-metal 212 

transition in Ti2O3 occurs when the c/a ratio exceeds this critical value, owing to the 213 

thermal expansion of its crystal lattice. 214 

DFT calculations also supported the modulation of the electric properties by 215 

the c/a ratio of Ti2O3. Figure 5(a) shows the calculated energy gap of Ti2O3 with various 216 

c/a ratios in the range of 2.639 to 2.82 (corresponding to the cRT/aRT ratios from the bulk 217 

to the film grown at 500℃). In the DFT calculation, the on-site Coulomb interaction 218 
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parameter U was set to 2.2 eV to reproduce the insulating phase of bulk Ti2O3, which 219 

has an energy gap of approximately 100 meV at a c/a ratio of 2.639 [5]. As shown in 220 

Fig. 5(a), an energy gap was formed at c/a = 2.639 and its size systematically decreased 221 

with increasing c/a ratio. At c/a = 2.68, the energy gap is closed, indicating that this is a 222 

critical c/a ratio. Subsequently, the metallic states remain stable for c/a ≤ 2.82. These 223 

results indicate the occurrence of lattice-deformation-driven MIT in Ti2O3 at a critical 224 

c/a ratio. Furthermore, the excellent agreement of the critical c/a ratio between the 225 

experiments and calculations suggests the validity of the present DFT + U calculation 226 

for describing the electronic structure of Ti2O3. 227 

To observe the change in electronic structures across the MIT in more detail, 228 

the typical DOS near EF of insulating Ti2O3 (c/a = 2.66) and metallic Ti2O3 (c/a = 2.70) 229 

are shown in Figs. 5(b) and (c), respectively. The overall DOS shapes were similar for 230 

the insulating and metallic Ti2O3. However, a closer inspection of EF revealed that the 231 

small energy gap formed in the insulating Ti2O3 was closed by the slight overlap of the 232 

Ti 3d states below and above EF in metallic Ti2O3, which is schematically shown in the 233 

inset of Fig. 5(a). These results demonstrate that the MIT is not a Mott transition 234 
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induced by temperature but a gradual semimetal-to-semiconductor transition induced by 235 

lattice deformation. 236 

The present study provides clear evidence that the MIT of Ti2O3 originates 237 

from lattice deformation, although it should be noted that the present study does not rule 238 

out the importance of dynamic electronic interactions for the MIT in Ti2O3 [16]. We 239 

used epitaxial films to investigate the relationship between the MIT and c/a ratio. An 240 

alternative approach is the temperature- and pressure-dependent investigation of the 241 

structural and electronic properties of a single bulk specimen under high uniaxial 242 

pressure. Such a high-pressure study of bulk materials would more precisely reveal the 243 

essential correlation of the MIT with the Ti–Ti distances instead of the c/a ratio. The 244 

detailed structural parameters for the Ti–Ti distances along the c-axis and in the a–b 245 

plane, which are directly correlated to the a1g and eg
π bands, would provide useful 246 

information on the contribution of dynamic electronic interactions to the MIT and pave 247 

the way for more realistic calculations incorporating intersite electron correlations. 248 

 249 

 250 
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CONCLUSION 251 

In conclusion, we synthesized corundum-type Ti2O3 films on 4H-SiC (0001) 252 

substrates and investigated their structural and electronic properties. Films with wide 253 

cRT/aRT ratios ranging from 2.672 to 2.821 were achieved in a controllable fashion by 254 

changing Tg. MIT was observed for films with cRT/aRT ≤ 2.75, whereas MIT was absent 255 

for those with cRT/aRT ≥ 2.77. We found that the TMIT was proportional to the cRT/aRT 256 

ratio, and the MIT occurred at a critical value of 2.68 in both the Ti2O3 bulk and films. 257 

Systematic DFT + U calculations with reasonable parameters confirmed that the MIT 258 

occurred at a critical c/a ratio of 2.68. The good agreement between the experimental 259 

and simulated MIT behaviors based on the c/a ratio indicated that the MIT is not a Mott 260 

transition induced by temperature, but a gradual semimetal-to-semiconductor transition 261 

induced by lattice deformation. 262 
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FIGURE CAPTIONS 404 

FIG. 1  405 

Reciprocal space maps around 4H-SiC 10–19 reciprocal points for Ti2O3 films grown at 406 

(a) 1050℃, (b) 1000℃, (c) 800℃, (d) 750℃, (e) 700℃, (f) 650℃, (g) 600℃, and (h) 407 

500℃. Ti2O3 11–212 reciprocal points are indicated by the red markers.  408 

 409 

FIG. 2 410 

(a) a-axis and c-axis lattice constants and (b) c/a ratios at RT (cRT/aRT) of the Ti2O3 films 411 

prepared at growth temperatures (Tg) of 500–1050℃. Solid lines indicate the values for 412 

bulk Ti2O3 [5, 6]. The dashed lines are guides to the eye.  413 

 414 

FIG. 3  415 

Temperature dependence of resistivity (ρ–T curve) for the Ti2O3 films grown at 416 

temperatures of 500–1050℃. The ρ–T curve for bulk Ti2O3 is also shown as a reference 417 

[4]. Filled and open triangles indicate TMIT and TMC that were determined from the first 418 

derivative of the ρ–T curves, respectively. (See Fig. S5 in Supplemental Material [23]).  419 



 31 

FIG. 4 420 

(a) Plots of TMIT and TMC as a function of cRT/aRT. The dashed lines are guides for the 421 

eye. (b) Plots of TMIT and TMC as a function of the c/a ratios that were calibrated by the 422 

temperature-induced lattice deformation. (See Fig. S6 in Supplemental Material [23]). 423 

Dotted diagonal lines indicate the coordinate for the same c/a ratio. Red open squares 424 

indicate the data of the Ti2O3 film grown on α-Al2O3 (0001) substrates (cRT/aRT = 2.696 425 

and TMIT = 206 K) [14]. Blue open circles indicate TMC of the films in which the MIT is 426 

absent. 427 

 428 

FIG. 5 429 

(a) Energy gap at the Fermi level (EF) as a function of the c/a ratios. The energy gap 430 

was obtained from DFT calculations with U = 2.2 eV [11, 14, 15]. The inset shows 431 

schematic band diagrams of insulating and metallic Ti2O3 near EF. Calculated densities 432 

of states near EF with c/a ratios of (b) 2.66 and (c) 2.70. Insets of (b) and (c) show the 433 

corresponding magnifications near EF. 434 


