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Abstract 

The atomic structure of titanium-chromium oxide natural superlattices with different 

compositions having an ordered arrangement of crystallographic shear (CS) planes was 

investigated by high-angle annular dark-field (HAADF) scanning transmission electron 

microscopy (STEM) as well as electron diffraction, using polycrystalline ceramics 

prepared by arc-melting and heat treatment. Analysis of the electron diffraction patterns 

revealed that not only the interspacing but also the direction of planar faults changed 

depending on the chromium concentration. HAADF-STEM observations showed that 

the atomic arrangements of CS planes deviating from (121)rutile are random 

arrangements of (121)rutile CS planes and (011)rutile anti-phase boundaries. Using a 

random walk model as well as by calculating the specularity parameter, we found that 

the CS planes in titanium-chromium oxides behave as coherent interfaces for phonons 

based on the estimation of interface roughness. 

 

Introduction 

Coherent manipulation and control of heat by nanoscale periodic structures, which is 

different from the diffuse picture of thermal transport1–6, has attracted great attention 

owing to the potential for advanced thermal management. Coherent thermal transport has 
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been investigated using phononic crystals, artificial superlattice thin films and 

nanostructured materials7–11. Phononic crystals, which are fabricated by advanced 

lithography techniques, can be designed with dimensions of more than a hundred 

nanometers with a high degree of freedom, and demonstrate control of low frequency 

phonons (on the order of up to hundreds of gigahertz) and thermal transport at low 

temperature (less than 10 K)3,12–14. Artificial superlattice  thin films grown by chemical 

vapor deposition, molecular beam epitaxy and sputtering methods are suitable systems 

for the investigation of coherent heat conduction in nanoscale periodic structures15,16. 

Some researchers have reported the observation of coherent heat conduction in 

superlattices17–19. Ravichandran et al. demonstrated the crossover from incoherent to 

coherent phonon scattering from the results of thermal conductivity measurements of 

high-quality perovskite superlattices of SrTiO3/CaTiO3 and SrTiO3/BaTiO3 with different 

periods. However, the interfaces in superlattices are inevitably too rough for thermal 

phonons of terahertz order to be diffusely scattered and tend to behave incoherently.16,20–

24. In our previous study, we reported that periodically introduced planar faults in titanium 

oxide natural superlattices  with crystallographic shear (CS) structures have high 

structural perfection, and the interface roughness for the planar faults in these natural 

superlattices was estimated to be one order magnitude smaller than that obtained for the 

interfaces of artificial superlattices, and coherent heat conduction in this system was 

expected25. 

 The other important feature of this natural superlattice system is that the spacings 

of the periodically introduced planar faults can be tuned by composition. In homologous 

series of binary titanium oxides expressed by TinO2n-1 (n = 4, 5, ...), dense planar faults 

called CS planes are regularly introduced with their spacing depending on the oxygen 
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deficiency26,27. Here, we focused on another homologous series of titanium-chromium 

oxides and related phases with CS structures because titanium-chromium oxides are 

electrically insulating and it is possible to directly derive coherent heat conduction from 

measurements of thermal conductivity without considering electrical contributions to the 

thermal conductivity28.In the present study, we investigated the local atomic structures of 

CS planes in titanium-chromium oxides.  

 

Crystal structures of titanium-chromium oxides  

Crystallographic shear structures in titanium oxides, which were first confirmed in the 

1950s and have since been intensively studied by several researchers27,29–37, contain an 

ordered arrangement of CS planes, on which the atomic arrangement deviates from the 

mother lattice by a certain vector called the CS vector. Titanium-chromium oxides with 

CS structures were first reported by Andersson et al.30, and have been investigated from 

the viewpoint of their structure and phase relationships34–38. Somiya et al. carefully 

examined the phase relationships of Cr2O3-TiO2 as well as the crystal structure by analysis 

of X-ray diffraction (XRD) and electron diffraction patterns, and came to the following 

conclusions related to phases with CS structures having rutile as the mother structure38: 

(1) The homologous series of titanium-chromium oxides expressed as Cr2Tin-2O2n-1 with 

n = 6, 7, 8 are stable as single phases with (121)rutile CS structures in certain 

temperatures ranges. 

(2) Continuously ordered solid solution (COSS) phases with CS structures in which the 

CS planes continuously rotate from (121)rutile to (132)rutile, with spacing changes 

dependent on the composition, are stable below 1425oC in the composition range of 



 

5 
 

14 to 22 wt% Cr2O3. 

(3) The solubility limit of rutile is 7 wt% Cr2O3. 

The (hkl)rutile CS planes for the COSS phase, which lie on the [1-11]rutile zone axis, can be 

generally described as follows35; 

(hkl)rutile = p(121)rutile + q(011)rutile  

= (p, 2p+q, p+q)rutile  

= (p+q)(p’, 1+p’, 1)rutile,  (1) 

where p and q are integers and p’ is p/(p+q). The last term is a pseudo-Miller index 

(h’k’l’)rutile since p’ is not an integer. Here, we define the spacing of the (h’k’l’)rutile  plane 

as 

 dh’k’l’ = (p + q)dhkl  (2) 

where dhkl stands for the interplanar distance of (hkl)rutile. The (121)rutile and (132)rutile CS 

planes are special cases of the general formula expressed as Eq. (1), in which the set of 

values (p, q) = (1, 0) and (1, 1) (the value p’ = 1 and 0.5), respectively. The stacking 

sequence of the (hkl)rutile planes can be expressed as -BAB BAB BAB-, where A denotes 

a titanium layer (A = Ti) and B denotes an oxygen layer (B = O). The presence of the CS 

plane (denoted as *) changes the sequence to -BAB BA*BAB-. If the CS plane is 

introduced every n titanium layers (A), the composition is described as Cr2pTin-2pO2n-p and 

Cr2p’Tin’-2p’ O2n’-p’ where n’ is n/(p+q). The ideal CS vector has a collapse component 

normal to (hkl)rutile and the ideal spacing of the CS plane (DCS) is described as follows: 

 DCS = dhkl (n - p/2) 

= dh’k’l’ (n’ – p’/2).  (3) 

When the CS planes are introduced in the mother rutile structure, lines of 

superlattice reflection spots along the reciprocal lattice vector corresponding to the CS 
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plane appear at the positions corresponding to n. The electron diffraction pattern expected 

for the COSS phase with the (374)rutile CS plane (p = 3, q = 1, p’ = 0.75) and n = 44 as 

well as the corresponding structure of Cr6Ti38O85 are depicted in Fig. 1. Note that a line 

of superlattice reflection spots along g(374)rutile internally divides the line connecting 

g(121)rutile and g(132)rutile at (1 - p’): p’. Furthermore, the spacing of the CS planes can be 

evaluated from the interval of the superlattice reflection spots s: 

DCS =Lλ/s,  (4) 

where L and λ stand for the camera length and wavelength of electron beam. Namely, the 

orientation and spacing of the CS planes can be estimated from the electron diffraction 

patterns.  Note that the set of values for p and q is not necessarily integer. Therefore, the 

COSS phase is a kind of incommensurate phase except for the special cases with the set 

of values for p and q is integer. 

 Although the direction and interspacing of the CS planes were thoroughly 

investigated by electron diffraction as well as high-resolution TEM34,36,37,39, the local 

atomic structure of a CS plane which deviates from the (121)rutile plane has never been 

reported so far. Especially, in CS planes deviating from (121)rutile, which is not 

represented by the Miller index with integers, it is expected that a kind of randomness is 

inevitably introduced in the atomic arrangements. Although we have already reported that 

the picoscale structural perfection of the commensurate (132)rutile CS structure, the local 

atomic structures as well as the structural perfection of the incommensurate CS structure 

has not clarified yet. Not only from the viewpoint of phonon coherence but also from the 
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viewpoint of crystallography, the local atomic structure in the CS planes is worth 

attracting interest. Therefore, in the present study, we intensively investigated the atomic 

arrangement of titanium oxides with a CS structure by high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM) imaging combined with 

electron diffraction. 

 

Experimental 

High-purity TiO2 and Cr2O3 powders weighed in appropriate ratios were mixed 

and pressed into pellets. Then, the pellets of mixed powders were sintered at 1423 K for 

24 h in air. Polycrystals were prepared from the sintered pellets by arc-melting in an Ar 

gas atmosphere. The polycrystals were annealed at 1673 K in air. Nominal compositions 

of the prepared specimens are tabulated in Table I.  

Powder specimens for XRD and TEM analysis were prepared by grinding the 

polycrystals in a zirconia mortar. Phase identification was carried out by powder XRD 

using a RINT-2500TTR diffractometer (Rigaku Co. Ltd.). The crystal structures were 

investigated by TEM and HAADF-STEM using JEM-2010F and JEM-ARM200 (JEOL 

Co. Ltd.) transmission electron microscopes. Drops of dispersions of the powder 

specimens were deposited on a carbon-coated copper grid (Okenshoji Co. Ltd., elastic 

carbon coated Cu mesh), left to dry under vacuum and then (S)TEM observations were 

performed at 200 kV.  
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Results 

Figure 2 shows XRD patterns for the prepared specimens of TiO2 and TiO2-24.1 wt% 

Cr2O3 with different annealing conditions. The XRD pattern from as-arc-melted TiO2 

without annealing exhibits many weak peaks in addition to the peaks from the rutile 

structure. This indicates that the structure of the as-arc-melted specimen was a rutile-

based superstructure, such as a CS structure, due to the occurrence of oxygen deficiency 

during arc-melting in an inert gas. After annealing at 1673 K for 24 h in air, all the weak 

peaks other than those from the rutile structure were eliminated, indicating that this 

annealing condition is sufficient to oxidize the specimen. On the other hand, in the XRD 

pattern from the TiO2-24.1 wt% Cr2O3 specimen annealed at 1673 K for 24 h, peaks were 

observed not only from Cr2Ti6O15 but also other peaks from a homologous series of 

Cr2Tin-2O2n-1 and E phase (Cr2Ti2O7)39,40, and other unknown peaks similar to those from 

the CS structure, indicating that the specimen were not in thermal equilibrium under this 

annealing condition. The specimen reached thermal equilibrium after increasing the 

annealing time, and finally the XRD peaks from the specimen annealed for 100 h were 

almost all consistent with those from Cr2Ti6O15 reported by Kamiya et al39. Figure 3 

shows XRD patterns of annealed specimens prepared with different nominal 

compositions. The phases identified for each of the specimens are summarized in Table 

I. While essentially only a single phase was identified for the specimen of TiO2-24.1 wt% 

Cr2O3 as expected from the nominal composition, the specimen of TiO2-27.6 wt% Cr2O3 

contained Cr2Ti5O13 as a major phase with a minor inclusion of Cr2Ti6O13. Considering 

that the nominal composition of TiO2-27.6 wt% Cr2O3 is expected to form Cr2Ti6O13, the 

composition underwent a slight change due to evaporation of Cr2O3 during arc-melting 

and annealing at high temperature. The other specimens with TiO2-15.0 and 20.0 wt% 
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Cr2O3 exhibited similar XRD patterns to those from the homologous series of Cr2Tin-2O2n-

1 with slight differences in diffraction angles, implying that CS structures of COSS phases 

formed in the specimens. 

 Figure 4 shows selected area electron diffraction (SAED) patterns taken along 

the [1-11]rutile zone axis for the prepared specimens after annealing at 1673 K for 24 h. 

Lines of superlattice reflection spots indicating the introduction of ordered arrangements 

of the CS planes were observed for all titanium-chromium oxides. In the SAED pattern 

taken from the specimen of TiO2-27.6 wt% Cr2O3 shown in Fig. 4(d), the superlattice 

spots are indeed directed along (121)rutile and the interval of the superlattice spots 

corresponds to 7 times the interspacing of (121)rutile, in agreement with the (121)rutile CS 

structure of Cr2Ti5O13, which was identified in this specimen by powder XRD. In the 

SAED pattern taken from the specimen of TiO2-24.1 wt% Cr2O3 shown in Fig. 4(c), the 

superlattice spots are directed almost along (121)rutile and located at the positions that 

divide g(121)rutile into 8 approximately equal intervals. This indicates that the structure 

and the composition of the specimen deviate slightly from Cr2Ti6O15 with the (121)rutile 

CS structure to a COSS phase. The SAED patterns from the specimens of TiO2-15.0 and 

20.0 wt% Cr2O3 shown in Figs. 4(a) and 4(b) exhibit the occurrence of an ordered 

arrangement of CS planes slightly tilted from (121)rutile to (132)rutile, indicating that the 

specimens are composed of COSS phases. Table II summarizes the values of p’ and DCS 

estimated from the SAED patterns. The interspacing and the deviation from the (121)rutile 

of the CS planes increases with decreasing Cr2O3 concentration.  

 Figure 5 shows HAADF-STEM images taken along the [1-11]rutile zone axis from 

the prepared specimens after annealing. In the HAADF-STEM images, Ti/Cr atom 
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columns are imaged as bright spots, while O atom columns are not imaged. The 

arrangements of Ti/Cr atom columns deviate on the CS planes. The intervals of the CS 

planes increase with decreasing Cr2O3 concentration. Figure 6 shows magnified HAADF-

STEM images taken from the prepared specimens. No imperfection in the atomic 

arrangement for the (121)rutile CS planes in Cr2Ti5O13 phase with a nominal composition 

of TiO2-27.6wt%Cr2O3 was noticed by HAADF-STEM observation. As observed in the 

SAED patterns shown in Fig. 4, the CS planes in the crystals with nominal compositions 

of TiO2-15.0, 20.0 wt% and 24.1wt% Cr2O3 deviate from the (121)rutile plane and contain 

randomly alternating (121)rutile CS planes and (011)rutile antiphase boundaries (APBs). 

Each APB corresponds to a one-layer deviation of the (121)rutile CS planes. At some 

positions in the CS plane, multiple APBs were successively located, as shown in Fig. 5(a). 

 

Discussion 

Assuming the Debye model, the mean free path for phonons (l) can be evaluated from the 

following equation and reported values41,42, 

𝜅𝜅 = 1
3
𝐶𝐶𝑝𝑝𝜌𝜌𝜌𝜌𝜌𝜌, (5) 

where κ, Cp, ρ, and v stand respectively for the thermal conductivity, specific heat, density, 

and sound velocity. The mean free path for phonons in a rutile TiO2 single crystal along 

the [100] direction is evaluated to be 2.0 nm at room temperature from the reported values 

of specific heat, thermal conductivity, density and sound velocity, which is comparable 

to the interspacing of the CS planes (1.1~1.9 nm) observed in polycrystals of titanium-

chromium oxide superlattices, and coherent thermal transport is expected to become 
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apparent in the thermal conduction in titanium-chromium oxide natural superlattice single 

crystals with an ordered arrangement of CS planes, if the mean free path of the mother 

rutile structure in the CS structures of titanium-chromium oxides is assumed to be similar 

to the rutile TiO2. 

 As can be seen in the SAED patterns shown in Fig. 4, the superlattice reflection 

spots were sharp and the CS planes in titanium-chromium oxides were perfectly arranged. 

However, HAADF-STEM observations revealed that the atomic arrangement of the CS 

planes deviating from (121)rutile is a random arrangement of (121)rutile CS planes and 

(011)rutile APBs. If we assume that the arrangement is completely random (here referred 

to as the “random walk model”), the expected value of the root mean square (RMS) 

roughness RRWM for CS planes expressed with the pseudo Miller index of p’(121)rutile + 

q’(011)rutile (p’ + q’ = 1) is calculated from the one-dimensional random walk model: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑝𝑝′(1 − 𝑝𝑝′)𝑑𝑑′, (6) 

where d’ is the interspacing of the pseudo Miller index defined by Eq. (2). From the 

SAED patterns, one can obtain the values of p’ and estimate the interface roughness from 

Eq. (6). Estimated values of the RMS roughness and the interspacing for the CS planes 

depending on chromium content are plotted in Fig. 7. As the concentration of Cr2O3 

decreases, the RMS roughness increases, resulting from increasing deviation of the CS 

planes from (121)rutile. Here, we discuss the influence of the geometrical arrangement of 

the CS planes on the interface roughness by calculating the specularity parameter (ps). 

The specularity parameter, which describes whether the interface coherently scatters an 

incident phonon (ps = 1) or not (ps = 0), is expressed as follows depending on the 

frequency (f);43  
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 𝑝𝑝𝑠𝑠(𝑓𝑓) = 𝑒𝑒𝑒𝑒𝑝𝑝(−16𝜋𝜋2(𝑅𝑅𝑅𝑅
𝑣𝑣

)2), (7) 

where R and v stand for the RMS roughness of the interface and the group velocity of 

phonons, respectively. Wagner et al. suggested that ps > 0.3 constitutes a criterion for a 

coherent interface for phonons13. Following the criterion, it is expected that the CS planes, 

even in the specimen with the nominal composition of TiO2-15.0wt%Cr2O3, which has 

the largest RMS roughness among the prepared specimens as estimated by the random 

walk model, behave as coherent interfaces for phonons with a frequency less than 15.2 

THz. Considering that the highest phonon mode frequency (top of the optical mode) in 

rutile TiO2 was reported to be around 25 THz44, the rotation of the CS planes in COSS 

phases has little influence on the coherence of most thermal phonons.  

Although CS planes would have imperfections that were not noticed by the 

HAADF-STEM observations, these planes are considered to have sufficient structural 

perfection to behave as coherent interfaces for thermal phonons, and the deviation of the 

CS planes from (121)rutile would have little influence on the coherence of the interfaces. 

Titanium-chromium oxide natural superlattices with an ordered arrangement of CS planes, 

of which the interspacing can be tuned by modulation of the Cr2O3 concentration, 

represent a suitable system for the investigation of coherent heat conduction in nanoscale 

periodic structures. 

 

Conclusion 

The atomic structure of titanium-chromium oxide natural superlattices with an ordered 

arrangement of CS planes with different compositions was investigated using 
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polycrystalline ceramics prepared by arc-melting and heat treatment. The results obtained 

are summarized as follows: 

(1) The polycrystalline ceramics were reduced during arc-melting in an argon 

atmosphere, and subsequent heat treatment in air at 1673 K oxidized the ceramics. 

(2) By changing the Cr2O3 concentration, the interspacing of the CS planes can be tuned 

over the range 1.1 to 1.9 nm accommodating the rotation of the CS planes. 

(3) The atomic arrangement of the (121)rutile CS planes in the Cr2Ti5O13 phase was almost 

perfect and no imperfections were detected by HAADF-STEM observations. 

(4) The structures of the CS planes deviating from (121)rutile in COSS phases were 

composed of an alternating disordered arrangement of (121)rutile CS planes and 

(011)rutile APBs. 

(5) From the estimation of the RMS roughness by a random walk model as well as 

calculation of the specularity parameter for the CS planes, the deviation of the CS 

planes from (121)rutile should have little influence on the coherence of the interface. 
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Table I. Nominal compositions of the prepared specimens and phases identified by 

XRD. 

Nominal composition 
(wt% Cr2O3) Phase assemblage 

15.0 COSS 

20.0 COSS 

24.1 Cr2Ti6O15 

27.6 Cr2Ti5O13 + (Cr2Ti5O13) 
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Table II. Estimated values of p’ and DCS for the prepared specimens from the analysis of 

SAED patterns. 

Nominal composition 
(wt% Cr2O3) p' DCS (nm) 

15.0 0.73 1.89 

20.0 0.89 1.38 

24.1 0.91 1.30 

27.6 1 1.14 
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Figure 1. (a) Schematic illustration of atomic arrangement of the COSS phase with 

(374)rutile CS planes (p = 3, q = 1, p’ = 0.75) and n = 44 (Cr6Ti38O85), and (b) 

corresponding SAED patterns along the [1-11]rutile zone axis. Note that only the 

superlattice reflection spots from 000rutile are depicted for simplicity.
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Figure 2. XRD patterns from crystals with nominal compositions of TiO2 and TiO2-24.1 

wt% Cr2O3 prepared by arc-melting under different annealing conditions. 



 

27 
 

 

Figure 3. XRD patterns from crystals with nominal compositions of TiO2-15.0, 20.0, 

24.1 and 27.6 wt% Cr2O3 after annealing at 1400°C for 100 h.
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Figure 4. SAED patterns taken from crystals prepared with nominal compositions of (a) 

15.0, (b) 20.0, (c) 24.1 and (d) 27.6 wt% Cr2O3-TiO2 along the [1-11]rutile zone axis. 

Double arrows indicate the reciprocal spacing and direction of the superlattice spots. All 

indexes in this figure are of the rutile mother lattice. 
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Figure 5. HAADF-STEM images taken from crystals prepared with nominal 

compositions of (a) 15.0, (b) 20.0, (c) 24.1 and (d) 27.6 wt% Cr2O3-TiO2 along the [1-

11]rutile zone axis. Double arrow signs indicate the typical interspacing of the CS planes. 
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Figure 6. Magnified HAADF-STEM images of crystals prepared with nominal 

compositions of (a) 15.0, (b) 20.0, (c) 24.1 and (d) 27.6 wt% Cr2O3-TiO2 taken along 

the [1-11]rutile zone axis. The positions of CS planes composed of (121)rutile CS planes 

and (011) rutile APBs are indicated by lines. 
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Figure 7. Estimated values of RMS roughness and interspacing of CS planes depending 

on Cr2O3 concentration. 


