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Small-polaron-induced infrared opacification in rutile TiO 2
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The infrared emittance of single-crystal rutile TiO 2 has been measured from room temperature to 2000 K in dry air for two polarization states. A very strong thermally-induced opacification phenomenon has been found, with the sample being completely opaque in the near-infrared range several hundred K before its melting point. A large contribution from small-polaron hopping conduction can explain this anomalous degree of opacification, much stronger than similar phenomena present in other octahedrally coordinated oxide materials. These quasiparticles manifest in the high-temperature optical conductivity as a thermally-activated contribution, with an activation energy close to that of DC conductivity. The small-polaron nature of this phenomenon is strengthened by the observation of broad near-infrared bands.

I. INTRODUCTION

The extraordinary optical, electronic, and catalytic properties of titanium dioxide polymorphs have been recognized for a long time. The number of applications of the two main tetragonal allotropes (anatase and rutile) has been continuously growing for decades, from photocatalysis to solar cells. [START_REF] Diebold | The surface science of titanium dioxide[END_REF][START_REF] Lee | Rutile TiO 2 -based perovskite solar cells[END_REF][START_REF] Carp | Photoinduced reactivity of titanium dioxide[END_REF][4][START_REF] Moravej | Enhancing the efficiency of a symmetric flat-plate solar collector via the use of rutile TiO 2water nanofluids[END_REF][START_REF] Kimura | TiO 2 crystal form-dependence of the Au/TiO 2 plasmon photocatalyst's activity[END_REF][START_REF] Reticcioli | Interplay between adsorbates and polarons: CO on rutile TiO 2 (110)[END_REF] The origin of most of the technologically relevant properties of TiO 2 stems from the presence of strongly localized 3d states, which affects its lattice dynamics and electron-phonon coupling. [START_REF] Lee | Lattice dynamics and dielectric properties of incipient ferroelectric TiO 2 rutile[END_REF][START_REF] Dou | Comparative study of rutile and anatase SnO 2 and TiO 2 : Band-edge structures, dielectric functions, and polaron effects[END_REF] Among other features, this manifests as very large static dielectric constants, which change drastically with temperature, especially for the rutile allotrope. [START_REF] Parker | Static dielectric constant of rutile (TiO 2 ), 1.6-1060 K[END_REF][START_REF] Tobar | Anisotropic complex permittivity measurements of mono-crystalline rutile between 10 and 300 K[END_REF] Stronger Ti-O bonds and larger structure distortion in the rutile phase leads to a larger dielectric strength of the modes and stronger electron-phonon coupling, in comparison with anatase. [START_REF] Dou | Comparative study of rutile and anatase SnO 2 and TiO 2 : Band-edge structures, dielectric functions, and polaron effects[END_REF] Rutile crystallizes as a succession of distorted TiO 6 octahedra in a primitive tetragonal structure within the P4 2 /mnm space group, with Ti at the Wyckoff position 2a (0, 0, 0) and O at 4f (u, u, 0), with u 0.305. [START_REF] Burdett | Structuralelectronic relationships in inorganic solids: powder neutron diffraction studies of the rutile and anatase polymorphs of titanium dioxide at 15 and 295 K[END_REF] The lattice dynamics of rutile has been extensively investigated for a long time, [START_REF] Lee | Lattice dynamics and dielectric properties of incipient ferroelectric TiO 2 rutile[END_REF][START_REF] Gervais | Lattice dynamics of incipient ferroelectric rutile TiO 2[END_REF][START_REF] Lan | Phonon quarticity induced by changes in phonon-tracked hybridization during lattice expansion and its stabilization of rutile TiO 2[END_REF][START_REF] Schöche | Infrared dielectric anisotropy and phonon modes of rutile TiO 2[END_REF] including the determination of temperature-dependent phonon parameters and plasmon-phonon coupling in reduced samples using infrared spectroscopy. [START_REF] Gervais | Temperature dependence of transverse-and longitudinal-optic modes in TiO 2 (rutile)[END_REF][START_REF] Baumard | Plasmon and polar optical phonons in reduced rutile TiO 2-x[END_REF] In the case of pure rutile, its intrinsic electrical properties and the influence of defects are also well understood. [START_REF] Nowotny | Electrical properties and defect chemistry of TiO 2 single crystal. I. Electrical conductivity[END_REF][START_REF] Byl | Anisotropy in the electrical conductivity of rutile TiO 2 in the (110) plane[END_REF][START_REF] Nowotny | Semiconducting properties of undoped TiO 2[END_REF] Thus, these materials are the two most widely studied polaron-forming compounds, and a vast literature on their polaronic properties exists. [START_REF] Franchini | Polarons in materials[END_REF] Contrarily to anatase, which favors delocalized electron states, polaron formation in rutile is conventionally described as mainly of the small type. [START_REF] Yildiz | Non-adiabatic small polaron hopping conduction in Nb-doped TiO 2 thin film[END_REF][START_REF] Deskins | Electron transport via polaron hopping in bulk TiO 2 : A density functional theory characterization[END_REF] This is consistent with room-temperature mobilities around 1 cm 2 /V•s, [START_REF] Yagi | Electronic conduction above 4 K of slightly reduced oxygen-deficient rutile TiO 2-x[END_REF] and with the observed differences in the optical properties of both allotropes upon doping, with anatase remaining a transparent conducting oxide and rutile becoming opaque. [START_REF] Zhang | Niobium doped TiO 2 : Intrinsic transparent metallic anatase versus highly resistive rutile phase[END_REF] However, there is evidence that rutile is also capable of sustaining large polarons that are only slightly less favored energetically than their localized counterparts. [START_REF] Janotti | Dual behavior of excess electrons in rutile TiO 2 , physica status solidi[END_REF] Nevertheless, the smallpolaron picture has found success in explaining several physical phenomena, from electrical conductivity [START_REF] Nowotny | Semiconducting properties of undoped TiO 2[END_REF][START_REF] Yagi | Electronic conduction above 4 K of slightly reduced oxygen-deficient rutile TiO 2-x[END_REF] to dielectric relaxation [START_REF] Dominik | Dielectric relaxation of hopping electrons in reduced rutile, TiO 2[END_REF][START_REF] Wang | Dielectric relaxations in rutile TiO 2[END_REF] and optical properties. [START_REF] Zhang | Niobium doped TiO 2 : Intrinsic transparent metallic anatase versus highly resistive rutile phase[END_REF][START_REF] Triana | Optical absorption and small-polaron hopping in oxygen deficient and lithium-ion-intercalated amorphous titanium oxide films[END_REF][START_REF] Cronemeyer | Infrared absorption of reduced rutile TiO 2 single crystals[END_REF][START_REF] Bogomolov | Optical absorption by polarons in rutile (TiO 2 ) single crystals[END_REF] Infrared spectroscopy is a well-established technique for the characterization of polaronforming materials. It was this technique which first evidenced the presence of these quasiparticles in rutile by their near-infrared signatures above the multi-phonon region, [START_REF] Cronemeyer | Infrared absorption of reduced rutile TiO 2 single crystals[END_REF][START_REF] Bogomolov | Optical absorption by polarons in rutile (TiO 2 ) single crystals[END_REF][START_REF] Eagles | Polar modes of lattice vibration and polaron coupling constants in rutile (TiO 2 )[END_REF] and it is still relevant for elucidating the polaron dynamics and defect chemistry of TiO 2 . [START_REF] Triana | Optical absorption and small-polaron hopping in oxygen deficient and lithium-ion-intercalated amorphous titanium oxide films[END_REF][START_REF] Weiser | Donors and polaronic absorption in rutile TiO 2 single crystals[END_REF][START_REF] Xu | Photocatalytic activity of bulk TiO 2 anatase and rutile single crystals using infrared absorption spectroscopy[END_REF] Most studies on this topic have dealt with doped or otherwise reduced rutile samples, in order to induce non-stoichiometry and thus a significant population of defects. However, high-temperature infrared emittance studies have already revealed intrinsic opacification mechanisms in other oxide materials. [START_REF] Brun | Infrared optical properties of α-alumina with the approach to melting: γ-like tetrahedral structure and small polaron conduction[END_REF][START_REF] Sousa Meneses | Polar lattice dynamics of the MgAl 2 O 4 spinel up to the liquid state[END_REF][START_REF] Eckes | Opacification de matériaux oxydes au passage solide-liquide: rôle de la structure et de la dynamique[END_REF] This fact, together with direct applied interest in TiO 2 -based high-emissivity coatings, [START_REF] Sako | Emissivity of spinel and titanate structures aiming at the development of industrial high-temperature ceramic coatings[END_REF][START_REF] Wang | Microstructure and infrared emissivity property of coating containing TiO 2 formed on titanium alloy by microarc oxidation[END_REF][START_REF] Xiang | Study on the variable color and emissivity properties of co doped TiO 2 under temperature fluctuations[END_REF] motivates a spectroscopic study of this material by infrared emission.

To our knowledge, this work reports the first polarized infrared emittance measurements performed in this compound in an oxidizing environment from room temperature up to the melting point in a wide infrared spectral range, including the semi-transparency region in the near-infrared. The use of phenomenological models allows us deriving important parameters that characterize the dynamics of lattice vibrations and polarons. From an application standpoint, this knowledge can also be useful for understanding the temperature dependence of the thermal radiative properties of TiO 2 materials.

Square plate samples (10 mm side, 0.5 mm thick) of 99.99% pure rutile single crystals, grown by the floating zone method, were acquired from MTI Corporation. The two sides of the samples were optically polished (EPI, prepared for epitaxial film growth), with a root-mean-square roughness value lower than 5 Å. Samples cut perpendicular to the [100] direction have been used, ensuring that the tetragonal axis is contained along the sample surface and thus both polarizations are accessible in a single measurement configuration.

Polarized normal emittance measurements were performed with an experimental device already introduced in the literature. [START_REF] Sousa Meneses | Apparatus for measuring the emittance of materials from far infrared to visible wavelengths in extreme conditions of temperature[END_REF] The main details of the measurement method are repeated for completeness. The instrument consists of two Fourier-transform infrared spectrometers, Bruker Vertex 80v and Bruker Vertex 70, coupled to a rotating table placed inside a dry air box, allowing simultaneous measurement of the spectral emittance in two distinct spectral ranges. The sample was positioned on the rotating table at the focal point of both spectrometers and was heated with a 500 W CO 2 laser whose power is split so as to heat the sample equally from both sides. A combination of beamsplitters and detectors for each spectrometer leads to a 40 to 12000 cm -1 spectral range (0.8 -250 µm). In this case, a DLaTGS detector, a He-cooled bolometer, and InGaAs/Si photodiodes cover the mid-, far-, and near-infrared regions, respectively. The emittance is evaluated from the measured sample, blackbody, and background radiances using the following formula:

E = F T (I S -I RT ) F T (I BB -I RT ) × P BB -P RT P S -P RT E BB , (1) 
where F T stands for Fourier transform, I stands for measured interferograms of the sample (S), blackbody (BB) and environment (RT ); and P stands Planck's function taken at the corresponding temperatures for each measurement. E BB is a correction factor corresponding to the emissivity of the blackbody reference (a LaCrO 3 Pyrox PY 8 commercial furnace), whose deviation from unity becomes significant for wavenumbers below 800 cm -1 . [START_REF] Sousa Meneses | Apparatus for measuring the emittance of materials from far infrared to visible wavelengths in extreme conditions of temperature[END_REF] The normal spectral emittance of a semi-transparent material can then be related to its dielectric function material by making use of standard optical relations:

E = (1 -ρ)(1 -τ ) 1 -ρτ , (2) 
ρ = √ ε -1 √ ε + 1 2 , (3) 
τ = exp(-4π Im( √ ε) dσ), (4) 
where ρ is the interface reflectivity, τ the internal transmittance, ε is the dielectric function, d is the sample thickness in cm, and σ the photon wavenumber in cm -1 .

The sample temperature was measured using the Christiansen point, which takes advantage of a specific wavenumber in dielectric polar materials at which the emittance becomes very close to the maximum value of 1 and nearly independent of temperature. Therefore, the temperature of each measured spectra is obtained by setting the emittance at the Christiansen point equal to its room-temperature value, obtained independently by room-temperature near-normal (10 • ) specular reflectivity measurements. The standard uncertainty of this temperature-measurement method is estimated at 1%, while the overall uncertainty of the emittance measurements is lower than 2%. [START_REF] Sousa Meneses | Apparatus for measuring the emittance of materials from far infrared to visible wavelengths in extreme conditions of temperature[END_REF] 

III. RESULTS AND DISCUSSION

A. Optical measurements

Due to its tetragonal structure, polarized measurements of the spectral emittance, reflectance and transmittance of rutile single crystals containing the tetragonal axis along the surface have been carried out. First, room-temperature measurements are performed to characterize the Christiansen point for its subsequent use in temperature measurements.

To determine its location and emittance value for each polarization, the near-normal (10 • ) specular reflectance and the normal transmittance at room temperature were measured. In Figure 1 the near-normal specular reflectance and the normal transmittance are displayed for both polarizations. The Christiansen point is identified as the minimum in the reflectance spectrum, which is slightly displaced in wavenumber between polarizations. Due to the negligible transmittance at this point, the value of the emittance will be determined as 1 minus the reflectance. The Christiansen points have been found at 860 and 898 cm -1 for polarizations parallel and perpendicular to the c axis, respectively, with emittance values of 0.990 ± 0.003 and 0.994 ± 0.003.

The reflectance and transmittance measurements can be used to identify the intrinsic opacity and transparency regions, which are relevant for subsequent discussions on temperature-dependent spectra. The samples are completely opaque for wavenumbers below 1300 cm -1 , a region which corresponds to the phonon absorption range, where each polarization shows the corresponding number of reststrahlen bands expected from group theory.

Four phonon modes (A 2u + 3E u ) are infrared-active at the center of the Brillouin zone, with the A 2u mode active for light polarized parallel to the c axis, while the three E u modes are active in the a-b plane. [START_REF] Gervais | Temperature dependence of transverse-and longitudinal-optic modes in TiO 2 (rutile)[END_REF] The shapes of the widest bands show important distortions due to strong anharmonicity. These second-order anharmonic contributions are also responsible for shaping the semi-transparent range between 1300 cm -1 and 2000 cm -1 , where the transmittance becomes non-zero due to the quasi-exponential decrease of the dielectric contribution by multi-phonon combination modes. For higher wavenumbers, the spectra exhibit constant transmittance and reflectance values for both polarizations, with slightly different values because of differences in the high-frequency dielectric constants. It must be noted that the transmittance spectra show no sign of high-frequency conductivity at room temperature.

Once the properties at room temperature and the Christiansen point have been characterized, the emittance as a function of temperature is measured. To ensure the temperature stability in the sample during the emittance measurement, after increasing the CO 2 laser power, the measurement is not carried out until the sample signal is stable. The emittance of the rutile samples was determined between 100 and 10000 cm -1 , from the lowest measurable temperature (∼ 500 K) to temperatures near the melting point (2110 K) for both polarizations. The results are shown in Figures 2 and3 for two different spectral ranges to depict the contrasting temperature dependences. In the case of Figure 2, the features of the opaque and semi-transparent range (ω < 2000 cm -1 ) from both polaritzations show similar evolution with temperature and a marked spectral dependence. As the temperature increases, a shift towards higher wavenumbers of the transmission front is observed. This shift takes place because of the enhancement of multi-phonon processes with temperature. Additionally, large shifts in the reststrahlen bands are observed for both polarizations, with the low-frequency tails experiencing a blueshift and the bands becoming narrower and less defined. For the E u -symmetry phonons (Figure 2b), it can also be seen that the mid-frequency E

u mode progressively merges into the low-frequency band with increasing temperature.

The full spectral and temperature ranges are shown in Figure 3. For wavenumbers above the transmission front, the emittance falls to zero for temperatures around 1000 K and below, as expected from previous results. However, new emission mechanisms come into play above this threshold, with a rapid and large emittance increase above 2000 cm -1 . Thereby, for the highest temperatures and wavenumbers, a graybody behavior is found, with high emittance values of E = 0.8 -0.9 in this formerly transparent range. The emittance increase is similar for both polarizations in its magnitude and temperature dependence, suggesting a common thermally activated mechanism. Nevertheless, their shapes are distinct, with the perpendicular spectra showing a broad concave shape centered around 6000 cm -1 , and the parallel ones featuring signs of two bands, a large high-frequency one near the end of the measured range and a smaller one around 4000 cm -1 . These characteristics point to an anisotropic manifestation of the physical origin to this high-frequency opacification phenomenon. As will be discussed later, this emittance increase is attributed to the presence of small polarons, with the temperature dependence of the associated hopping conductivity being governed by an Arrhenius-type law. The presence of large concentrations of these quasiparticles at high temperatures also influences the curvature of the high-frequency tails, which correspond to the near-infrared absorption bands by localized polarons. The phenomenological parameters which describe these behaviors will be discussed in Section III C.

B. Retrieval of dielectric functions and lattice dynamics

A phenomenological dielectric function model is used to reproduce the emittance spectra by performing a Levenberg-Marquardt non-linear fitting using the FOCUS software, developed at CEMHTI-CNRS Orléans. [START_REF] Sousa Meneses | FOCUS -Curve fitting software 2[END_REF] The infrared response of conducting oxides is mainly due to absorption by two types of quasiparticles: phonons and polarons. [START_REF] Gervais | Optical conductivity of oxides[END_REF] Therefore, a dielectric function model must be obtained by combining these physical mechanisms. The optical response of phonons is relatively straightforward to describe using a semi-quantum dielectric function model, which is necessary for the proper modelling of anharmonic phonons and semi-transparent spectral ranges. [START_REF] Sousa Meneses | Contribution of semi-quantum dielectric function models to the analysis of infrared spectra[END_REF] This generalization of the classical Lorentz model takes into account lattice anharmonicity and multi-phonon processes through the addition of phonon self-energy functions:

ε SQ (ω) = ε ∞ + j ∆ε j Ω 2 j Ω 2 j -ω 2 -2Ω j P j (ω) , ( 5 
)
where ω is the photon wavenumber in cm -1 , ε ∞ is the high-frequency dielectric constant, and Ω j , ∆ε j , and P j are the harmonic transverse optical wavenumber, the dielectric strength, and the self-energy of the j th mode, respectively.

The phonon self-energy P j = ∆ j + iΓ j is a generalization of the classical damping constant. It reflects the strength of the interaction of the j th phonon with all the others, which translates into a complex damping function (imaginary part) whose Kramers-Kronig transform corresponds to a shift in the harmonic phonon wavenumber (real part).

Therefore, the wavenumber of the transverse optical phonon Ω jT O can be approximated as

Ω jT O = Ω 2 j -2Ω j ∆ j (Ω j
) when taking into account the effects of anharmonicity. In this paper, the self-energies have been phenomenologically described using linear combinations of causal Gaussian functions, which satisfy Kramers-Kronig's relations. [START_REF] Sousa Meneses | Contribution of semi-quantum dielectric function models to the analysis of infrared spectra[END_REF] On the other hand, charge carriers in oxide materials (resulting from doping or defects) are known to affect the optical properties in a manner distinct from the optical response of metals. [START_REF] Gervais | Optical conductivity of oxides[END_REF] Their relatively low concentrations lead to hardly any screening of the phonon response, and the strong electron-phonon interaction often leads to charge localization. In order to model this behavior, an extended Drude model consisting of a Drude term and a Debye relaxation term has been introduced: [START_REF] Brun | Infrared optical properties of α-alumina with the approach to melting: γ-like tetrahedral structure and small polaron conduction[END_REF][START_REF] Gervais | Optical conductivity of oxides[END_REF] 

ε(ω) = ε SQ (ω) - Ω 2 P ω(ω + iγ) + ∆ 1 -iωτ , (6) 
where Ω P stands for the plasma frequency, γ for the damping constant, τ = 1/γ for the relaxation time, and ∆ for the dielectric strength of the Debye relaxation.

This type of analysis allows separation of the conventional (coherent) electrical transport and (incoherent) dielectric relaxation, and has been used to interpret room-temperature optical data of reduced rutile. [START_REF] Baumard | Plasmon and polar optical phonons in reduced rutile TiO 2-x[END_REF] In this context, the first term can be linked to large delocalized polarons, which contribute to the electrical current; while the second one reflects a hopping transport more typical of small polarons. However, it is well known that polaronic spectra show infrared absorption bands at energies related to the polaron binding energy. [START_REF] Cronemeyer | Infrared absorption of reduced rutile TiO 2 single crystals[END_REF][START_REF] Bogomolov | Optical absorption by polarons in rutile (TiO 2 ) single crystals[END_REF][START_REF] He | Optical absorption of free small polarons at high temperatures[END_REF][START_REF] Eagles | Infrared absorption in oxides in the presence of both large and small polarons[END_REF] In the case of this material, the observed curvatures of the emittance spectra at high frequencies required the addition of causal Gaussian bands. Thus, the global dielectric function model is given by a combination of phenomenological expressions to describe each of these optical responses:

ε(ω) = ε ∞ + j ∆ε j Ω 2 j Ω 2 j -ω 2 -2Ω j i gi (ω) - Ω 2 P ω(ω + iγ) + ∆ 1 -iωτ + k gk (ω), (7) 
where g(ω) is a causal Gaussian band. [START_REF] Sousa Meneses | Contribution of semi-quantum dielectric function models to the analysis of infrared spectra[END_REF] One and three phonon bands were used to reproduce the results for the parallel and perpendicular polarizations, respectively. Complex self-energy expressions have been used

to account for the large anharmonicities of the modes. The self-energy of each phonon is reproduced by a collection of causal Gaussian functions, each one centered around a particular secondary feature of the corresponding mode. With increasing temperatures, these features broaden and become less defined, reducing the total number of bands needed.

The minimum number of Gaussians capable of reproducing each mode are used (from one to five), in order to reduce the risk of overfitting. The choice of Gaussian functions to reproduce the details of the main phonon bands was motivated by visual inspection of the multi-phonon signatures, as well as by the location of the transmittance front for the high-frequency multiphonon combination modes. Finally, two causal Gaussian bands were used to reproduce the high-frequency response for each polarization. In the case of the perpendicular polarization, although no clear second band could be unambiguously determined from visual inspection, two bands were needed to account for the large width of the observed curvature. The resulting dielectric functions are shown in Figure 4 for both polarizations as a function of temperature, whereas the goodness of fit of the model is illustrated in Figure 5.

From the analysis of the dielectric functions in Figure 4, it is clear that the two lowfrequency modes (A 2u + E

u ) dominate the polar lattice response of this compound, with the two additional E u modes contributing little to the total dielectric strength, especially at high temperatures. The temperature dependences of the transverse optical wavenumbers and dielectric strengths of the two main modes are illustrated more clearly in Figure 6. Both modes experience a thermal stiffening (or blueshift) upon increasing temperatures, whereas, in most other materials, the vibrational frequencies decrease with temperature because of thermal expansion and anharmonic contributions. This temperature evolution is similar to the results reported in previous studies about the temperature dependence of the TO and LO modes. [START_REF] Gervais | Temperature dependence of transverse-and longitudinal-optic modes in TiO 2 (rutile)[END_REF] While the LO modes remain approximately constant, the hardening of their TO counterparts leads to a reduced TO-LO split, and thus to the observed large decrease in their dielectric strengths, which was also evident in the emittance spectra by the narrowing of the bands. As seen in Figure 4, the other two E u modes experience much less dramatic temperature dependences, shifting towards smaller wavenumbers upon increasing temperature, which is the expected behavior. It is worth noting that the dielectric strength of the A 2u mode seems to change in tendency around the same temperature range as the opacification phenomena start to take hold. A possible link between the lattice dynamics of rutile and the presence of defects and impurities was noted before, [START_REF] Gervais | Temperature dependence of transverse-and longitudinal-optic modes in TiO 2 (rutile)[END_REF] with trivalent cations being capable of lifting selection rules and allowing some dielectric contribution from forbidden modes, thus modifying the anharmonicity of the main modes.

Rutile is sometimes called an incipient ferroelectric, as the A 2u mode is known to decrease in wavenumber with decreasing temperature in a manner akin to a ferroelectric soft mode, but never softening entirely at any temperature. [START_REF] Lee | Lattice dynamics and dielectric properties of incipient ferroelectric TiO 2 rutile[END_REF][START_REF] Gervais | Lattice dynamics of incipient ferroelectric rutile TiO 2[END_REF][START_REF] Lan | Phonon quarticity induced by changes in phonon-tracked hybridization during lattice expansion and its stabilization of rutile TiO 2[END_REF][START_REF] Gervais | Temperature dependence of transverse-and longitudinal-optic modes in TiO 2 (rutile)[END_REF] This quasi-ferroelectric behavior, with the material sitting on the verge of becoming ferroelectrically ordered at low temperatures, is often discussed exclusively in relation to the A 2u mode. However, a similar softening process is also observed for the low-frequency E

(1) u mode, [START_REF] Gervais | Temperature dependence of transverse-and longitudinal-optic modes in TiO 2 (rutile)[END_REF][START_REF] Grünebohm | First-principles investigation of incipient ferroelectric trends of rutile TiO 2 in bulk and at the (110) surface[END_REF] which has been the subject of much scarcer research. These anomalous stiffenings, which also occur for acoustic phonons, are caused by changes in the hybridization between Ti d and O p orbitals during vibrations, and are key to the high-temperature stability of rutile. This strong anharmonicity is also responsible for a number of effects in the physical and transport properties of the material, of which the temperature dependence of both low-frequency phonon modes is only one manifestation. [START_REF] Lan | Phonon quarticity induced by changes in phonon-tracked hybridization during lattice expansion and its stabilization of rutile TiO 2[END_REF] 

C. Polarons and opacity

The polaronic features of this compound can be discussed from the point of view of the two phenomenological expressions used in the previous section to account for hopping relaxation and near-infrared absorption bands. Regarding the former, similar dielectric contributions were obtained for both polarizations, but that is not the case for the absorption bands.

The fitting procedure was insensitive to modifications in the plasma frequency and achieved little extra convergence when relaxing the Ω P = 0 condition to Ω P = 0. Therefore, the subsequent analysis will assume a value Ω P = 0, which corresponds to an exclusively small-polaronic transport phenomenon. A small Drude contribution might be actually present in the material, but the highly polarizable lattice limits electron screening, [START_REF] Gervais | Optical conductivity of oxides[END_REF] and thus no signs of a plasmon mode or plasmon-phonon coupling are observed, contrary to the case of heavily reduced rutile. [START_REF] Baumard | Plasmon and polar optical phonons in reduced rutile TiO 2-x[END_REF] As discussed above, the temperature dependence of the opacification phenomenon suggests a thermally activated origin. To illustrate this point, the temperature dependences of the Debye dielectric strengths and relaxation times are shown in Figure 7. The Arrheniustype temperature dependence in Figure 7a is consistent with the picture of a small polaron transported by thermally activated hopping. Contrary to the case of other oxides, such as alumina, [START_REF] Brun | Infrared optical properties of α-alumina with the approach to melting: γ-like tetrahedral structure and small polaron conduction[END_REF] the polaronic dielectric strength could be fitted with a single activation energy for the entire temperature range. Thus, no strong changes in the polaron formation mechanisms take place in the measured range up to the melting point. An activation energy of E a = 1.25 ± 0.04 eV was found from fitting the combined results for the dielectric strengths of both polarizations. This value is in excellent agreement with the 1.26 eV value found in other studies. [START_REF] Nowotny | Electrical properties and defect chemistry of TiO 2 single crystal. I. Electrical conductivity[END_REF][START_REF] Wang | Dielectric relaxations in rutile TiO 2[END_REF] This is the highest activation energy observed in dielectric studies of rutile, corresponding to one of its four distinct relaxation mechanisms, and the one responsible for the high-temperature behavior. [START_REF] Wang | Dielectric relaxations in rutile TiO 2[END_REF] It is also the activation energy corresponding to defect formation in electrical measurements with 10 5 Pa oxygen pressure, compared to a much lower 0.04 eV activation energy for defect mobility. [START_REF] Nowotny | Electrical properties and defect chemistry of TiO 2 single crystal. I. Electrical conductivity[END_REF] The latter value is also consistent with theoretical values for polaron migration barriers in rutile. [START_REF] Deskins | Electron transport via polaron hopping in bulk TiO 2 : A density functional theory characterization[END_REF][START_REF] Janotti | Dual behavior of excess electrons in rutile TiO 2 , physica status solidi[END_REF] At such high oxygen activities, rutile behaves as a p-type semiconductor for temperatures up to around 1100 K, where a gradual p → n transition takes place and the material becomes thermally reduced, with excess negative charge carriers. [START_REF] Nowotny | Electrical properties and defect chemistry of TiO 2 single crystal. I. Electrical conductivity[END_REF] The main defect species in this case are oxygen vacancies, which free up electrons that become localized around Ti 4+ ions, changing their valence to Ti 3+ , and giving rise to the most dominant high-temperature relaxation mechanism of rutile. [START_REF] Wang | Dielectric relaxations in rutile TiO 2[END_REF] In these conditions, the total activation energy for electrical transport is 1.3 eV, and that due exclusively to defect creation becomes 1.26 eV, in excellent agreement with the values reported in this work and the aforementioned dielectric studies. This is also consistent with a physical picture in which the dielectric strength represents a density of hopping carriers. Moreover, it also points to the intrinsic increase with temperature of the concentration of oxygen vacancies, and the subsequent formation of small electron polarons, as the dominant mechanism behind the opacification phenomenon.

Regarding the relaxation times of the Debye component (Figure 7b), their temperature dependence is distinct from that of the dielectric strength. Whereas the relaxation time of the parallel component remains constant at all temperatures, its perpendicular counterpart does experience an increase, although it remains far from a thermally activated behavior.

Their order of magnitude (10 -14 s), similar to that of alumina, [START_REF] Brun | Infrared optical properties of α-alumina with the approach to melting: γ-like tetrahedral structure and small polaron conduction[END_REF] is consistent with an electronic origin, although one order of magnitude higher than the relaxation times reported for other oxides with similar opacity phenomena (e.g., MgO). [START_REF] Eckes | Opacification de matériaux oxydes au passage solide-liquide: rôle de la structure et de la dynamique[END_REF] In the case of MgAl 2 O 4 spinel, no direct comparison is possible, as the relaxation time is also thermally activated. [START_REF] Sousa Meneses | Polar lattice dynamics of the MgAl 2 O 4 spinel up to the liquid state[END_REF] It should be noted that the higher relaxation times along the a -b plane being higher than those along the c axis seem to contradict results that predict the migration of polarons to be harder in this plane, [START_REF] Deskins | Electron transport via polaron hopping in bulk TiO 2 : A density functional theory characterization[END_REF][START_REF] Janotti | Dual behavior of excess electrons in rutile TiO 2 , physica status solidi[END_REF] as well as the anisotropy of the electrical conductivity. [START_REF] Byl | Anisotropy in the electrical conductivity of rutile TiO 2 in the (110) plane[END_REF] However, this apparently conflicting result is corroborated by other optical experiments, [START_REF] Hendry | Electron transport in TiO 2 probed by THz time-domain spectroscopy[END_REF] which found higher scattering rates along the direction with lower reported mobility (c axis). They solved the conundrum by taking into account the anisotropy in polaron masses, which are much higher for the perpendicular polarization. A similar, albeit weaker result was also found theoretically in the limit of small electron-phonon coupling, as given by the Frölich model. [START_REF] Dou | Comparative study of rutile and anatase SnO 2 and TiO 2 : Band-edge structures, dielectric functions, and polaron effects[END_REF] Thus, the expected result of a lower in-plane mobility is consistent with the optical data reported in this work.

Other oxide materials have revealed important Debye-like polaronic absorption phenomena in the infrared range when probed by high-temperature emittance, such as alumina, [START_REF] Brun | Infrared optical properties of α-alumina with the approach to melting: γ-like tetrahedral structure and small polaron conduction[END_REF] spinel, [START_REF] Sousa Meneses | Polar lattice dynamics of the MgAl 2 O 4 spinel up to the liquid state[END_REF] or magnesia. [START_REF] Eckes | Opacification de matériaux oxydes au passage solide-liquide: rôle de la structure et de la dynamique[END_REF] Distinctly to these materials, however, rutile shows a much greater polaron-induced opacification, even reaching complete opacity at temperatures below melting, whereas other oxides do not show such strong absorption even in the liquid state. Whilst the activation energy for ∆ε is much higher (4 eV) for spinel, both Al 2 O 3 and MgO feature similar values around 1 eV. Thus, the difference between these phenomena must lie in the pre-exponential factor A in the Arrhenius relation ∆ε = A exp(-E a /RT ). A plausible origin is the lower band gap of rutile (3 eV), compared to the other more insulating compounds, which leads to a much higher intrinsic conductivity for each temperature, and thus to a larger baseline concentration of charge carriers in rutile. [START_REF] Nowotny | Electrical properties and defect chemistry of TiO 2 single crystal. I. Electrical conductivity[END_REF] A further manifestation of small polarons in this compound is the presence of broad polarized near-infrared absorption bands. These contributions are illustrated in Figure 8, which shows a decomposition of the imaginary part of the dielectric function, proportional to the real part of the optical conductivity, into different absorption mechanisms. As noted before, two causal Gaussian band were needed to reproduce the observed curvature of each polarized spectra, even in the case of the perpendicularly polarized spectra, for which no clear secondary band was evident at first from the emittance data. The absorption band around 0.8 eV (6500 cm -1 ) for light polarized in the a -b plane (Figure 8b) is well established experimentally and theoretically, [START_REF] Cronemeyer | Infrared absorption of reduced rutile TiO 2 single crystals[END_REF][START_REF] Bogomolov | Optical absorption by polarons in rutile (TiO 2 ) single crystals[END_REF][START_REF] Weiser | Donors and polaronic absorption in rutile TiO 2 single crystals[END_REF] while evidence for a weak band around 4000 cm -1 in this polarization has only more recently been observed, given the breadth of the main band. [START_REF] Weiser | Donors and polaronic absorption in rutile TiO 2 single crystals[END_REF] Data on the parallel polarization are scarcer, but support the existence of two bands, where the lower band is assigned to F -centers (singly ionized oxygen vacancies), while the second one is attributed to free small polarons. [START_REF] He | Optical absorption of free small polarons at high temperatures[END_REF] It must be noted the similarity between both low-frequency bands, which might suggest a common origin insensitive to polarization. However, first-principles calculations have shown a complex dependence of polaronic absorption spectra on the nature of dopants, which further complicates straightforward assignments. [START_REF] Atambo | Electronic and optical properties of doped TiO 2 by many-body perturbation theory[END_REF] As noted in other studies, [START_REF] Weiser | Donors and polaronic absorption in rutile TiO 2 single crystals[END_REF] differences in activation energies of the low-and high-frequency bands at low temperatures suggest distinct physical origins, such as free vs bound polarons.

The presence of these bands is in stark contrast to polaronic absorption in non-transitionmetal oxides such as alumina and MgO, [START_REF] Brun | Infrared optical properties of α-alumina with the approach to melting: γ-like tetrahedral structure and small polaron conduction[END_REF][START_REF] Sousa Meneses | Polar lattice dynamics of the MgAl 2 O 4 spinel up to the liquid state[END_REF] whose near-infrared response can be described accurately by simply invoking a Debye relaxation. In the case of MgO, an additional band deep into the visible range is observed, which is attributed to the absorption by a hole polaron bound to an O -ion next to a cation vacancy. [START_REF] Eckes | Opacification de matériaux oxydes au passage solide-liquide: rôle de la structure et de la dynamique[END_REF] However, the bands in rutile have been attributed in the literature to free small polarons. [START_REF] Triana | Optical absorption and small-polaron hopping in oxygen deficient and lithium-ion-intercalated amorphous titanium oxide films[END_REF][START_REF] Bogomolov | Optical absorption by polarons in rutile (TiO 2 ) single crystals[END_REF][START_REF] Weiser | Donors and polaronic absorption in rutile TiO 2 single crystals[END_REF] This situation is similar to the emittance of rare-earth manganites heated in air, where the Mn double-exchange mechanism leads to broad absorption bands. [START_REF] Massa | High temperature far-infrared dynamics of orthorhombic NdMnO 3 : emissivity and reflectivity[END_REF][START_REF] Massa | Far-and mid-infrared emission and reflectivity of orthorhombic and cubic ErMnO 3 : Polarons and bipolarons[END_REF] Similarly, the bands observed in rutile have been attributed to charge transfer between Ti 4+ and Ti 3+ . The optical conductivity of these phenomena can be reproduced with the well-known theoretical framework by Reik and Heese, [START_REF] Reik | Frequency dependence of the electrical conductivity of small polarons for high and low temperatures[END_REF][START_REF] Reik | Optical effects of small polarons at high frequencies with an application to reduced strontiumtitanate[END_REF] based on the classic Holstein hamiltonian. The resulting optical conductivity for each phonon mode only depends on three parameters: the DC conductivity, LO phonon wavenumber of the corresponding phonon branch, and the electron-phonon coupling, described as the average number of phonons surrounding each electron. Differences in the average number of phonons accompanying each electron and in the DC conductivity can explain the differences in peak position and intensity of the measured spectra. Given that the electrical conductivity along the c axis is significantly higher than in the perpendicular plane, [START_REF] Byl | Anisotropy in the electrical conductivity of rutile TiO 2 in the (110) plane[END_REF] this could explain the higher intensity of the corresponding band, while a stronger electron-phonon coupling along the c axis could explain the higher peak position for polaron absorption in this polarization state.

IV. CONCLUSIONS

Polarized emittance measurements as a function of temperature reveal a strong opacification phenomenon in the near-and mid-infrared optical response of a pure rutile single crystal. The origin of this phenomenon lies in the onset of a high-frequency optical absorption above the temperature of transition from p-to n-type conductivity, where the thermally activated creation of oxygen vacancies leads to a large concentration of small polarons. The absence of a Drude-type response and the presence of broad absorption bands suggest an exclusively small-polaron origin, whose activation energy corresponds to that of defect creation, as obtained by electrical measurements in the same atmospheric conditions. The use of a semi-quantum dielectric function is sufficient to account for the lattice and polaron dynamics of rutile, and proves the capability of infrared emission spectroscopy as a potent tool to research the properties of ceramic materials at high temperature. From a more practical standpoint, an understanding of the advantageous thermal radiative properties of rutile and structures containing TiO 6 octahedra for high-temperature ceramic coatings can be reached. 
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 1 FIG. 1. Near-normal (10 • ) specular reflectance R and normal transmittance T of rutile for polarizations parallel and perpendicular to the tetragonal c axis.
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 2 FIG. 2. Temperature dependence of the spectral normal emittance of rutile for (a) parallel and (b) perpendicular polarizations to the c axis in the opaque and semi-transparent spectral ranges determined from Figure 1.
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 3516 FIG. 3. Temperature dependence of the spectral normal emittance of rutile for (a) parallel and (b) perpendicular polarizations in the full measured spectral range.
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 8 FIG. 8. Decomposition of the imaginary parts of the dielectric functions around 1490 K for polarizations (a) parallel and (b) perpendicular to the c axis, showing the contributions from the anharmonic phonons, Debye relaxation, and near-infrared Gaussian bands.
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