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Abstract
The reconstruction of crystal surfaces (the alteration of the surface structure from that of the bulk) is imperative for the development of catalysts and energy-related materials. In this study, ultrafast high-temperature sintering (UHS) was employed to rapidly heat and reconstruct a model surface, namely the (001) surface of a SrTiO3 single crystal. The structural changes were investigated by X-ray diffraction, scanning transmission electron microscopy, and electron energy-loss spectroscopy. Following treatment at 1650 °C for 180 s using UHS, a gold-colored transformation was observed on the surface; however, this was not the case after treatment at 1550 °C. Microscopic and spectroscopic analysis have revealed that the gold-colored surface layer possesses a thickness of approximately 100 nm, predominantly comprising rock salt-type cubic TiO. Furthermore, the electrical conductivity exhibited by the surface layer was very close to that reported for cubic TiO. The reconstruction mechanism of the (001) surface during UHS treatment was inferred to be similar to the incongruent sublimation of the SrTiO3 surface that has previously been observed under vacuum at extremely low oxygen partial pressures. In conclusion, UHS has been demonstrated to be a highly efficacious technique for expeditious reconstruction of crystal surfaces, encompassing other metal oxides.

1. Introduction
The chemical activity and electrical properties of crystalline materials are often related to the structure of their surfaces. Therefore, developing methods to reconstruct the crystal surface structure is important for the advancement of catalytic, energy, and environmental materials [1-5]. When oxide crystals are heat-treated at high temperatures, surface reconstruction occurs, thereby modifying the original structure, depending on the heat treatment temperature and oxygen partial pressure [6-11]. To date, numerous studies on surface structuring have been published for the (001) surface of SrTiO3, a typical example of perovskite oxides, which is the focus of the present study [12-15]. For instance, Szot et al. reported that SrO or SrO-related microcrystals form on the surface after heat treatment at 900 - 1100 °C in air [16,17]. Bachelet et al. showed that a step-terrace structure terminated by SrO atomic layer is formed by heating at 1300 °C in air [18]. These studies suggest that the Sr/Ti atomic ratio of the SrTiO3 surface becomes Sr-rich upon heating at sufficiently high oxygen partial pressures, irrespective of the differences in the resulting surface structure or morphology. Notably, Sr vacancies have been identified as the dominant point defect in SrTiO3 at temperatures under approximately 1400 °C in air [19,20]. Under these conditions, Sr exhibits ex-diffusion from the region very close to the surface, creating Sr vacancies there and promoting the formation of Sr-rich structures on the (001) SrTiO3 surface. This surface structuring mechanism is consistent with a framework based on the point defect chemistry of SrTiO3 and the heat treatment temperature and oxygen partial pressure [19-21].
Conversely, the formation of titanium oxides is observed in a reducing atmosphere. Szot et al. reported that when heat treatment is performed above 900 °C under low oxygen partial pressures, fine TiO or TiO2 precipitates appear on the surface [17]. This is not consistent with the surface structure predicted according to the equilibrium point defect chemistry of SrTiO3 because oxygen-deficient SrTiO3, expressed as SrTiO3-δ, is expected to form under low oxygen partial pressures [19,20]. Rodenbücher et al. subjected SrTiO3 to heat treatment under vacuum, utilizing a lower oxygen partial pressure by combining titanium metal powder with SrTiO3, where the titanium metal powder functioned as a reducing agent [22]. They reported that incongruent sublimation occurs at temperatures above approximately 600 °C, causing strontium to volatilize from the SrTiO3 surface. In a subsequent study, they created TiO nanowires on the (001) surface of SrTiO3 single crystals by leveraging incongruent sublimation [23]. These findings also show that the structure generated under non-equilibrium (decomposition) conditions differs from that formed based on the equilibrium point defect chemistry. Overall, performing a high-temperature heat treatment under vacuum represents an attractive approach for reconstructing the surface structure of SrTiO3 crystals.
In the present study, ultrafast high-temperature sintering (UHS) employing carbon felt as a heat source is utilized to promote rapid surface reconstruction at a low oxygen partial pressure on (001) surfaces of SrTiO3 single crystals under vacuum conditions. The utilization of carbon felt as a heating medium offers the distinct benefit of markedly reducing the oxygen partial pressure during UHS. Consequently, the prospect of Ti diffusion onto the SrTiO3 surface is precluded, as titanium metal is not required to function as a reducing agent. Moreover, carbon felt exhibits an exceptionally low heat capacity. This property enables expeditious temperature elevation, thereby facilitating surface reconstruction within a brief temporal span [24-26]. At a sufficiently high processing temperature, it was revealed that a gold-colored layer forms on the (001) surface of SrTiO3 single crystal, which was characterized herein.

2. Materials and Methods
Samples (approximately 2.5 mm × 2 mm × 0.5 mm) were prepared by machining commercially available SrTiO3 single crystals (10 mm × 10 mm × 0.5 mm, Shinkosha Co., Ltd.), provided by the manufacturer with a mirror-polished (001) surface. UHS treatment was conducted using a custom apparatus, as presented in Fig. 1 [27]. 
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Figure 1. (a) Illustration of the custom UHS apparatus, (b) photograph showing the experimental setup and illuminated carbon felts during UHS, and (c) plot showing the carbon felts currents used during UHS treatment.

Two carbon felts with a size of approximately 2 mm × 20 mm × 90 mm (GF-20-2FSH, Nippon Carbon Corp.) were used as a resistive heater, installed in a vacuum chamber with a base pressure controlled at approximately 10-4 Pa. The sample was inserted between the upper and lower carbon felts, at the center position between the electrodes (Fig. 1(a) and (b)). The sample was rapidly heated by flowing electric current through both carbon felts, controlled using a direct current power supply (PWR1201ML, Kikusui Electronics Industries, Ltd.). The sample temperature was determined using the finite element method (Autodesk Inventor Professional 2025, Autodesk Inc.), based on the temperature of the upper carbon felt measured using a radiation thermometer (FTKX-TNE0240, Japan Sensor Corp.). The calculation and calibration of the sample temperature are described in our previous report [27]. In the present case, the currents applied to the stacked carbon felts were set at 27.5 A and 29.5 A, corresponding to sample temperatures of approximately 1550 °C and 1650 °C, respectively. The currents were raised to the set value within approximately 1 s and held for 180 s (Fig. 1(c)). After UHS treatment, the surface microstructure, composition, constituent phases, and valences of titanium were analyzed by X-ray diffraction (XRD; D2 PHASER, Bruker Corp.) using Cu Kα-line radiation, scanning transmission electron microscopy (STEM, ARM-200FC, JEOL, Tokyo, Japan), and electron energy-loss (EEL) spectroscopy using an imaging filter system (Quantum ER, Gatan, Pleasanton, CA, US), installed in the STEM. The cross-section of the sample surface for STEM and EEL analysis was prepared by a focused ion beam (FIB, MI4000L, Hitachi High-Tech Corp.). Furthermore, the electrical conductance of the UHS-treated sample was measured using a two-probe method under a direct current electric field at room temperature, utilizing tungsten probes (AX-LP5-TS02, Axis Co., Ltd.) connected to a potentiostat (VSP-300, Bio-Logic Science Instruments Ltd.). The temperature dependence of the electrical conductance was measured between 20 K and 300 K in a helium cryostat connected to a current source (Model 220, Tektronix Inc.) and an electrometer (Model 6517A, Tektronix Inc.) by the four-terminal method, where faced and pointed electrodes were created on both longitudinal end sides and surfaces using platinum paste. The spacing between two current terminals was approximately 430 µm.

3. Results and Discussion
[bookmark: _Hlk65151894][bookmark: _Hlk196645776]Fig. 2 shows optical micrographs of the UHS-treated sample surfaces. Note that the surface of the sample processed at 1650 °C exhibits gold coloration and a streaky pattern (Figs. 2(a) and (b)), whereas the sample processed at 1550 °C exhibits dark gray coloration and a smoother surface (Figs. 2(c) and (d)). The dark gray coloration observed at 1550 °C corresponds to reduced SrTiO3 due to the incorporation of oxygen vacancies [28]. UHS treatment at 1650 °C significantly alters the surface within 180 s, forming a different structure that exhibits gold coloration.
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Figure 2. Photographs of samples obtained after UHS treatment at (a), (b) 1650 °C and (c), (d) 1550 °C, for 180 s.

Fig. 3 shows XRD profiles obtained from the surfaces of the samples processed at (a) 1650 °C, and (b) 1550 °C. Diffraction peaks of cubic TiO (a rock salt structure with a lattice constant of 0.417 nm [29]) are observed in the gold-colored surface of the sample processed at 1650 °C, as indicated with red notations, in addition to the diffraction peaks related to the {001} crystallographic orientation of the SrTiO3 single crystal (Fig. 3(a)). In contrast, no diffraction peaks of cubic TiO are observed in the dark gay-colored surface of the sample processed at 1550 °C (Fig. 3(b)).
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Figure 3. XRD profiles obtained from the surfaces UHS-treated at (a) 1650 °C and (b) 1550 °C, for 180 s. The peak marked with an asterisk is probably a diffraction peak from TiC.
 
 Fig. 4 shows the microstructural analysis results performed for the sample processed at 1650 °C, whose surface exhibits gold-coloration. Fig. 4(a) is high angle annular dark field (HAADF)-STEM image of the cross-section including the gold-colored surface area, Figs. 4(b) and (c) are selected area diffraction (SAD) patterns, and Figs. 4(d) and (e) are Ti L23-edges, which are taken from the areas indicated with A and B in Fig. 4(a), respectively. Two areas with different contrasts, dark and light gray, are observed in HAADF-STEM image (Fig. 4(a)), in which the gold-colored surface region in the optical microscope image corresponds to the dark gray region in the HAADF-STEM image. This region is formed as a layer approximately 100 nm thick on the surface with a portion extending into the crystal interior. The streaky pattern observed in the optical microscope image (Fig. 2(b)) corresponds to the concave structure in Fig. 4(a). The SAD pattern (Fig. 4(b)) obtained from the gold-colored region (dark gray region in Fig. 4(a)) was identified as cubic TiO (a rock salt structure with a lattice constant of 0.417 nm [29]). This result is consistent with the XRD measurement results shown in Fig. 3(a). Furthermore, as shown in Fig. 4(d), the Ti L23 electron energy-loss near-edge structure (ELNES) (red line) obtained from the gold-colored region (dark gray region in Fig. 4(a)) is consistent with the Ti L23 ELNES (blue line) obtained from cubic TiO in the oxide film on the surface of hydride-dehydride Ti powders reported by Q. Tao et al. [30]. The gold-colored region can be considered to be cubic TiO, as also shown in the XRD measurement results in Fig. 3. This is consistent with the gold coloration of cubic TiO reported by M.D. Banus et al [31].
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Figure 4. (a) HAADF-STEM image taken from the cross-section of the UHS-treated surface at 1650 °C for 180 s. SAD patterns taken from the areas at (b) A and (c) B indicated in (a). Ti L23 ELNES colored with red taken from the areas at (d) A and (e) B indicated in (a). The Ti L23 ELNES colored with blue in (d) and (e) are reference ELNES for cubic TiO [30] and SrTiO3 [33], respectively.
On the other hand, the regions outside the cubic TiO region were confirmed to be reduced SrTiO3 (Figs. 4(c) and (e)). The SAD pattern (Fig. 4(c)) obtained from the light gray contrast region was identified as slightly expanded SrTiO3, whose lattice constant is approximately 0.3910 nm, slightly larger than the lattice constant of SrTiO3, 0.39037 nm, reported by M. Onoda et al. [32]. Fig. 4(e) compares Ti L23 ELNES from the light gray contrast region with that from SrTiO3 sintered at 1300 °C in air [33]. The intensity at a base between eg and t2g peaks, which constitutes the Ti L2 and L3-edges, is increased in the light gray contrast region as indicated by the arrows. This is due to the weakness of the crystal field splitting (eg/t2g splitting) between Ti and O, which is caused by the formation of oxygen vacancies [33-35].
Fig. 5 shows the current-voltage characteristics obtained at room temperature (Figs. 5(b-c)), taken from the sample processed at 1650 °C. For the measurement, the sample was polished at a slight inclination, as illustrated in Fig. 5(a), to expose the boundary between the gold-colored surface region and the underlying SrTiO3. The current-voltage characteristics were measured separately for the two regions near the boundary using tungsten probes with a spacing of 57 µm. As shown in Fig. 5(b), the SrTiO3 surface exhibits Schottky characteristics, which is attributed to the reduction that occurs during UHS treatment, converting the insulator to n-type SrTiO3-δ [36]. In contrast, as shown in Fig. 5(c), the gold-colored region exhibits very close to linear characteristics, demonstrating metallic contact with the tungsten probes. Furthermore, the current-voltage characteristics were taken from a platinum surface (blue line in Fig. 5(c)) using the same tungsten probe spacing, revealing that the room-temperature electrical conductance of the gold-colored region was approximately 40 % that of platinum.
Fig. 5(d) shows the temperature dependence of the electrical conductance measured by the four-terminal method using electrodes formed with platinum paste. The electrical conductance slightly increases with decreasing temperature from 300 K to 20 K, which indicates metallic behavior. Fig. 5(e) shows the reported temperature dependence of the electrical conductivity for the magnéli phases (i.e., TinO2n-1, n = 4 ~ 9) [37] and cubic and monoclinic TiO [31], where those of TiO with different O/Ti atomic ratios are shown [38]. The electrical conductivity of the TinO2n-1 series is greatly reduced with a decrease in temperature down to approximately 80 K. The steep decrease in the electrical conductivity observed in Ti4O7, Ti5O9 and Ti6O11 is due to the semiconductor-semiconductor or metal-semiconductor transition [37,39]. Conversely, the electrical conductivities of monoclinic and cubic TiO change continuously down to approximately 70 K [31,40]. The temperature dependence of the electrical conductance for the gold-colored surface obtained in the present work exhibits the temperature dependence of the electrical conductance approximately between those of monoclinic TiO and cubic TiO.
As described so far, it was confirmed that the SrTiO3 (001) surface can be converted to gold-colored TiO by performing UHS treatment at 1650°C for 180 s. The converted (001) surface layer showed diffraction peaks that could be identified as cubic TiO in the XRD measurement (Fig. 3(c)) and SAD pattern (Fig. 4(b)). Furthermore, the Ti L23-edge ELNES shown in Fig. 4(d) is also consistent with that previously reported in cubic TiO. From these facts, it can be concluded that cubic TiO was formed on the (001) surface of SrTiO3 single crystal after UHS treatment at 1650 °C. In contrast, the temperature dependence of electrical conductance, as shown in Fig. 5(d), showed a slight increase with decreasing temperature. This temperature
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Figure 5. (a) Illustration of the sample preparation conducted for the current-voltage measurements. Current-voltage properties obtained at room temperature for (b) SrTiO3, (c) gold-colored (red line), and platinum (blue line) surfaces. (d) Temperature dependence of the electrical conductivity for the gold-colored surface obtained by the terminal method. (e) Temperature dependence of the electrical conductivity for previously reported titanium oxide samples [31, 37].
dependence of electrical conductivity corresponds to the characteristics between monoclinic TiO and cubic TiO. Considering the results in Figs. 3 and 4, it can be inferred that the compound formed on the SrTiO3 surface after UHS treatment at 1650°C has a basic frame of cubic TiO, with a slight variation in the Ti/O ratio.
The incongruent sublimation of SrTiO3, which occurs in a vacuum with an extremely low oxygen partial pressure [22], can be considered an effective method for modifying the surface structure of SrTiO3 by heat treatment alone. In addition, UHS treatment can enable us to cause the surface reconstruction due to the incongruent sublimation in a very short duration. It is possible that this phenomenon may occur in other oxides as well, including materials with a perovskite structure containing alkaline earth ions, as pointed out by Rodenbücher et al [22]. The heat treatment method using UHS treatment under low oxygen partial pressure is expected to be one of the new methods for modifying oxide crystal surfaces using incongruent sublimation of the surface.

4. Conclusions
We performed UHS treatment on the (001) surface of SrTiO3 single crystals and investigated the resulting surface structure and electrical properties. The conclusions are summarized as follows.
1) The (001) surface of the SrTiO3 single crystal exhibited gold coloration after UHS treatment at 1650 °C in a vacuum for 180 s, indicating the formation of a surface structure that differed from the bulk.
2) Diffraction peaks assigned to cubic TiO appeared in the XRD profile of the (001) surface of the SrTiO3 single crystal after UHS treatment at 1650 °C in a vacuum for 180 s. STEM observation performed for a cross-section of the surface revealed the formation of a thin layer with a thickness of 100 nm. SAD pattern assigned the gold-colored region as cubic TiO. Ti L23-egde obtained from EEL analysis showed similar fine structure to that of previously reported cubic TiO. Moreover, the electrical properties of the surface layer exhibited metallic conductance. Considering these findings, the gold-colored layer on the SrTiO3 (001) surface after UHS treatment at 1650 °C is expected to be cubic TiO, which is consistent with previous reports that cubic TiO exhibits gold-coloration.
3) The formation of cubic TiO on the (001) surface of SrTiO3 single crystals could be considered to result from incongruent sublimation [22]. Under the appropriate annealing conditions, this method may be favorable for rapidly structuring other oxide crystallized and/or layered surfaces using high temperatures and vacuum.
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