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Abstract 

We have investigated thermal conduction in bulk titanium oxide natural superlattices with 

crystallographic shear (CS) structures, in which dense planar faults are introduced with different 

periodicities, prepared by reductive annealing of rutile TiO2 and crystal growth by the floating 

zone method. High-angle annular dark-field (HAADF) scanning transmission electron microscopy 

(STEM) revealed that (132)rutile and (121)rutile CS planes with interspacings of 2.7 and 1.0 nm were 

introduced in the mother rutile structure.  Time-domain thermoreflectance (TDTR) revealed that 

the thermal conductivity decreased by the introduction of CS planes, but that the decrease is not 

monotonic with increasing density of CS planes. Calculation of the thermal conductivity and the 

mean free path for phonons revealed that a crossover from incoherent to coherent thermal 

conduction took place, and coherent interfaces with nanoscale periodicity were formed as 

thermodynamically stable phases in bulk titanium oxide natural superlattices. 

 

Control of coherent thermal conduction by nanoscale periodic structures is of great interest 

for advanced thermal management, which differs from the diffusive picture that follows Fourier’s 

law[1–8]. As is described in latter, the interfaces in crystalline materials such as artificial 
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superlattices are often behave as the source of diffuse scattering for thermal phonons due to its 

structural imperfection. While the perfect interfaces behave as the source of specular reflection of 

thermal phonons resulting in the modification of phonon dispersion by the zone-folding 

effects[9,10]. Here we call former case as “incoherent thermal conduction” and latter case as 

“coherent thermal conduction”. Coherent thermal conduction in nanostructures has been 

investigated in phononic crystals[3,11–13], artificial superlattice thin films[14–19] or other 

nanostructured materials[20–23]. Although phononic crystals successfully demonstrated the 

control of low-frequency phonons as well as heat conduction at liquid-helium temperature, it is 

necessary to achieve atomic-scale periodic structure with pristine interfaces for heat control, 

especially above room temperature. Artificial superlattices are the ideal system to investigate 

coherent thermal conduction. However, the imperfection of interfaces in artificial superlattices 

often hinders coherent thermal conduction, and the heat conduction through artificial superlattices 

was revealed to be mainly incoherent[24–27]. Despite the difficulty in obtaining perfect interfaces, 

some researchers have demonstrated coherent thermal conduction in artificial superlattices with 

their novel analyzing method and their superior technology in sample preparation. Luckyanova et 

al. reported coherent thermal conduction in AlAs/GaAs artificial superlattices with varying 

numbers of periods prepared by molecular beam epitaxy (MBE)[16]. Ravichandran et al. 

demonstrated crossover from incoherent to coherent thermal conduction, in which the thermal 

conductivity exhibits a minimum as a function of interface density, using epitaxial oxide 

superlattices grown by metal-organic chemical vapor deposition (MOCVD), with proper materials 

selection and a controlled growth process to make high-quality oxide superlattices with atomically 

sharp interfaces[18]. Saha et al. reported that thermal transport in TiN/(Al,Sc)N 

metal/semiconductor superlattices fabricated by dc-magnetron sputtering is dominated by phonon 
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wave effects[19]. Although interfaces with high structural perfection were reported to be achieved 

in the artificial superlattices, the realization of coherent interfaces for thermal phonons is still 

challenging. In order to obtain nanostructures with coherent interfaces, we focused on titanium 

oxide natural superlattices with crystallographic shear structures[28–30]. In our previous study, 

we reported that the interfaces in titanium oxide natural superlattices have pristine interfaces, and 

behave coherently for almost all phonons in rutile TiO2[31]. In the present study, we investigated 

the thermal conduction in bulk titanium oxide natural superlattices as a function of the period of 

the coherent interfaces. 

Three crystals were prepared for the measurement of thermal conductivity. One was a rutile 

TiO2 single crystal grown by the Verneuil method purchased from Crystal Base Co. Ltd. (Osaka, 

Japan). Another was a reduced rutile crystal, which was prepared from a rutile TiO2 single crystal 

by annealing at 1573 K for 24 h in vacuo (<1×10-4 Pa) with titanium metal ingots as oxygen getters. 

This reduced rutile crystal had a CS structure with (132) CS planes and was identical to a crystal 

for which we previously reported the atomic arrangement and structural perfection[31]. The other 

was a titanium-chromium oxide grown by the optical floating zone (FZ) method. Titanium-

chromium oxide was reported to possess a CS structure with the direction and interspacing of CS 

planes dependent on the chromium concentration[32–37]. Commercial TiO2 and Cr2O3 powders 

weighed in the proper ratio (Ti:Cr = 3:1) were mixed in a zirconia mortar and pressed to form a 

bar shape by an isostatic pressing machine. Then, the pressed bars were sintered at 1273 K for 24 

hours. The sintered ceramics were used as the seed and feed for a crystal grown by the FZ method 

at a growth rate of 2.5 mm/h under an argon flow. The atomic structure was examined by 

transmission electron microscopy (TEM) as well as high-angle annular dark field (HAADF) 
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scanning transmission electron microscopy (STEM) using a JEOL JEM-ARM200 transmission 

electron microscope operated at 200 kV.  

 The orientation of the crystals was determined by the back-reflection Laue method as well 

as the electron backscatter diffraction (EBSD) method using a PHI 700Xi (ULVAC, Inc.). After 

orientation determination, the crystals were cut by a low-speed wheel saw and polished by 

diamond slurries with particle sizes of 9, 3, and 1 μm. 

 The thermal conductivity of the crystals was measured by a time-domain thermoreflectance 

(TDTR) apparatus[38–42]. A Mo layer with a thickness of 100 nm was deposited on the polished 

crystals by dc magnetron sputtering. The repetition rate, modulation frequency, wavelength and 

spot diameter of the pump laser were 20 MHz, 200 kHz, 1550 nm and 50 μm, respectively, and 

those of the probe laser were 20 MHz, 775 nm and 25 μm, respectively. Thermal diffusivity was 

evaluated from fitting of the measured thermoreflectance signals, and the thermal conductivity was 

estimated from the reported specific heat for rutile TiO2[43]. TDTR measurements were conducted 

at temperatures ranging from 123 to 573 K. 

Figure 1 shows selected area electron beam diffraction (SAED) patterns obtained from the 

reduced rutile and titanium-chromium oxide crystals. A line of superlattice spots is directed along 

(132)rutile and (121)rutile in the SAED patterns obtained from the reduced rutile and titanium-

chromium oxide, respectively. The interval of the superlattice spots for reduced rutile (Fig. 1(a)) 

corresponds to 26 times the (132)rutile interplanar spacing. As also described in Ref. 29, although 

different periodicities including 26, 27 and 28 times the interplanar spacing of (132)rutile were 

observed, the superlattice spots were sharp and no streaks were noticed. The interval of superlattice 

spots shown in Fig. 1(b) for titanium-chromium oxide corresponded to 6 times the (121)rutile 
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interplanar spacing and the superlattice spots exhibited streaking. At other positions, an 8-times 

periodicity was also observed. It seems that the structure was not homogeneous and had disorder 

in the periodicity of the (121)rutile CS planes. Recently, Anderson localization of phonons in 

aperiodic superlattices with large degree of randomness was reported[44], which would leads to 

the reduction of thermal conductivity.  Now we are trying to control the disorder in the periodicity 

of the CS planes by heat treatment and investigating the effect of aperiodicity. The direction and 

the interplanar spacing of CS planes (DCS) estimated from the SAED patterns are summarized in 

Table I. 

 Figure 2 shows HAADF-STEM images taken from the natural superlattice crystals. In the 

HAADF-STEM images, cation (Ti4+, Ti3+ and/or Cr3+) columns are imaged as bright spots, while 

anion (O2-) columns are not imaged individually. The arrangement of the cation columns deviates 

on the (132)rutile and (121)rutile CS planes for the reduced rutile and the titanium-chromium oxide, 

respectively. From the HAADF-STEM observations, the interplanar spacings of the CS planes can 

be evaluated by counting the number of (132)rutile and (121)rutile layers (n), and the value of n was 

evidently 26 and 6, respectively, although the number of layers sometimes varied, especially in 

the titanium-chromium oxide. Considering the nominal composition of the titanium-chromium 

(Ti:Cr = 3:1) oxide, one can expect the occurrence of 8-fold periodicity in  for (121)rutile planes for 

the Cr2Ti6O15 (Cr0.25Ti0.75O1.875) phase. The current results indicate that additional oxygen 

deficiency was created due to reduction during FZ crystal growth under an argon atmosphere. If 

the periodicity is strictly 6-fold and chromium evaporation is negligible, the chemical formula can 

be expressed as (Cr0.25Ti0.75)6O11 (Cr0.25Ti0.75O1.833).  

 Figure 3 shows the temperature dependence of the thermal conductivity along the [100]rutile 

direction evaluated from TDTR measurements. The thermal conductivity for rutile TiO2 decreases 
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with increasing temperature, in good agreement with the previously reported values by Thurber 

and Mante from measurements using a static method[45]. The thermal conductivity for the crystals 

with CS structures was lower than that for the rutile crystal below room temperature and almost 

the same above room temperature. Note that the thermal conductivity for the reduced rutile crystal 

is lower than that for the titanium-chromium oxide crystal, although the density of CS planes for 

the reduced rutile was lower than that of the titanium-chromium oxide crystal, which was apparent 

especially at low temperatures. Since electrical contribution of thermal conductivity for these CS 

phases was expected to be negligibly small from the literatures [46,47], the current results 

represent the characteristic of the phonon thermal conduction. 

 In order to evaluate the incoherent aspect of thermal conduction in the prepared crystals, 

we calculated the thermal conductivity using a Debye-Callaway model as follows: 

𝐾𝐾 = 1
3 ∫ 𝜏𝜏(𝜔𝜔)𝐶𝐶(𝜔𝜔)𝑣𝑣2𝑑𝑑𝑑𝑑𝜔𝜔𝐷𝐷

0  (1) 

where K, ωD, τ(ω), C(ω) and v represent the thermal conductivity, Debye cut-off frequency, 

relaxation time and specific heat sound velocity, respectively. The relaxation time is given by 

Matthiessen’s rule: 

𝜏𝜏(𝜔𝜔)−1 = 𝜏𝜏𝑏𝑏(𝜔𝜔)−1 + 𝜏𝜏𝑖𝑖(𝜔𝜔)−1 + 𝜏𝜏𝑢𝑢(𝜔𝜔)−1 ,  (2) 

𝜏𝜏𝑏𝑏(𝜔𝜔)−1 = 𝑣𝑣
L
,  (3) 

𝜏𝜏𝑖𝑖(𝜔𝜔)−1 = 𝐴𝐴𝜔𝜔4, (4) 

𝜏𝜏𝑢𝑢(𝜔𝜔)−1 = 𝐵𝐵1𝜔𝜔2𝑇𝑇𝑒𝑒−
𝐵𝐵2

𝑇𝑇� , (5) 
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where τb, τi and τu are the relaxation times for boundary scattering, impurity scattering and 

Umklapp scattering, respectively, and L, T, A, B1 and B2 are the boundary length, temperature, and 

constants for impurity scattering and Umklapp scattering, respectively. The formulas for the 

relaxation times used in this calculation are identical to those reported by Thurber and Mante[45]. 

Here, we assumed to neglect the effect of the change in impurity scattering due to the Cr addition 

and Umklapp scattering by the difference in unit cell volume. Since the difference in atomic mass 

is less than 10%, change in the impurity scattering is expected to be small. Umklapp scattering 

becomes significant above the Debye temperature, of which titanium oxide is as high as 760 K. 

Furthermore, the thermal conductivity of the specimen with CS planes was almost independent of 

temperature, which implies that the thermal conduction is not limited by Umklapp scattering as 

was also discussed in the system of tungsten oxides with CS structure[48]. Although phonon-

frequency dependent relaxation time of boundary scattering was reported [16], in the present 

calculation model for incoherent thermal conduction, we simply assume a boundary scattering 

length (L) that is equal to the interspacing of the CS planes for the reduced rutile and the titanium-

chromium oxide as tabulated in Table I, and the other parameters are assumed to be identical to 

those reported in Ref. 41. Figure 4 shows the thermal conductivity values determined from TDTR 

measurements, as well as those calculated by the incoherent Debye-Callaway model as a function 

of the density of CS planes (inverse of the interspacing of CS planes) at 173, 298 and 473 K. 

Although the incoherent model partly reproduces the experimental results in which the thermal 

conductivity decreases by the introduction of CS planes, especially at low temperature (below RT), 

the increase in thermal conductivity with increasing density of CS planes could not be accounted 

for by this incoherent model.  
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Assuming the Debye model, the mean free path for phonons can be estimated for a single 

crystal of rutile TiO2 along the [100]rutile direction using the following equation and measured 

thermal conductivity, 

𝜆𝜆𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 1
3
𝐶𝐶𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌  (6) 

where Cp and v stand respectively for the specific heat and sound velocity, and l is the mean free 

path for phonons. The values of the mean free path for phonons estimated by Eq. (6) at each 

temperature are also shown in Fig. 4, and suggest that deviation from the calculated thermal 

conductivity using the incoherent model will become apparent when the interspacing of CS planes 

is smaller than the mean free path except at high temperature (above RT), because the Debye-

Callaway model is valid at low temperatures (below RT). The incoherent model seems to partly 

account for the decrease in thermal conductivity when the mean free path is smaller than the 

interspacing of CS planes. The deviation from incoherent model when the mean free path is larger 

than the interspacing of CS planes implies that the thermal conduction mechanism changes to 

coherent as was discussed in ref. [2,18]. The present results indicate that a crossover from 

incoherent to coherent thermal conduction[18,49] takes place in bulk titanium oxide natural 

superlattices with CS structures, especially at lower temperatures. Further theoretical investigation 

would elucidate the detail of the coherent thermal conduction mechanism including zone-folding 

of phonon bands, which was not considered in the present discussion, in the natural superlattice 

bulk crystals. 

 The present result that coherent thermal conduction emerges also indicates that the 

interfaces introduced in the CS structure behave as coherent interfaces with high structural 

perfection, as expected from the HAADF-STEM observations in the present study as well as in 
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our previous report[31,37]. In other words, the structural perfection of the interfaces in titanium 

oxide natural superlattices can be estimated with some accuracy from the HAADF-STEM 

observations.  

 In conclusion, we have observed crossover from incoherent to coherent thermal conduction 

in bulk titanium oxide natural superlattice crystals with CS structures having different periodicities 

prepared by reductive annealing and FZ crystal growth. As expected from HAADF-STEM 

observations of an almost perfect atomic arrangement of CS planes, the interfaces in the crystals 

behave as coherent interfaces for thermal phonons, and coherent thermal conduction becomes 

apparent. Considering the tunability of the periodicity and the structural perfection[37], titanium 

oxide natural superlattices are an ideal system for the investigation of the details of coherent 

thermal conduction in nanoscale periodic structures. Furthermore, the demonstration of coherent 

thermal conduction in bulk materials points the way toward advanced heat control by harnessing 

the wave nature of phonons, which are difficult to prepare by conventional processes such as those 

used for the preparation of artificial superlattice thin films. 
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Table I. Direction and interspacing of CS planes estimated from SAED patterns for the reduced 

rutile crystal and the titanium-chromium oxide crystal. 

Specimen CS plane n DCS (nm) 

Reduced rutile (132)rutile 26-28 2.6-2.9 

Titanium-chromium oxide (FZ) (121)rutile 6-8 0.95-1.3 
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Figure 2. (a) HAADF-STEM image of reduced rutile along the [1-11]rutile zone axis. (132)rutile CS 

planes were periodically introduced into the mother rutile crystal, corresponding to n = 26. (b) 

HAADF-STEM image for the titanium-chromium oxide crystal along the [1-11]rutile zone axis. 

(121)rutile CS planes were periodically introduced into the mother rutile crystal, corresponding to n 

= 6 for the most part, but with occasional changes in periodicity (n = 7). 
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Figure 3. Thermal conductivity of rutile TiO2, the reduced rutile crystal and the titanium-chromium 

oxide crystal along the [100]rutile direction measured by TDTR. 
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Figure 4. Thermal conductivity determined from TDTR measurements and calculated using the 

incoherent Debye-Callaway model as a function of the density of CS planes (inverse of the 

interspacing of CS planes) at 173, 298 and 473 K. The values of the mean free path for phonons 

(l) estimated by Eq. (6) at each temperature are also shown.   
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