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Abstract
Coherent control of thermal phonons by atomic scale periodic structures is of great interest due to
the potential for advanced thermal management. However, the coherence is easily broken by
interface roughness and interfaces with sub-atomic scale perfection, which have never been
achieved even by advanced synthesis of artificial superlattice thin films, are strongly needed. Here
we demonstrated that the ordered arrangement of planar faults in titanium oxide natural
superlattices has pico-scale structural perfection. HAADF-STEM observation revealed that the
average periodicity disorder was 36 pm for interface spacings of 2.64-2.85 nm, and the interface
roughness was estimated to be 15 pm. Calculation of the specularity parameter indicates that the
interface behaves coherently for phonons with frequency less than 23 THz, which includes almost
all phonons in rutile TiO2. Coherent phonon transport should become apparent in the titanium
oxide NSL system owing to these smooth interfaces, whose roughness is one order of magnitude
lower than that in artificial superlattice thin films.

Introduction
Control of heat conduction by nanoscale periodic structures through the manipulation of
phonons as coherent waves is of great interest for the realization of advanced thermal management,
which is different from the case of diffuse transport following Fourier’s law1–8. Coherent thermal
transport in nanoscale periodic structures has been mainly investigated using nanostructures

2

fabricated by lithography methods (called phononic crystals)3,9–11, nanowires12,13, nanodots14,15 or
artificial superlattice thin films16–23. For the demonstration of coherent heat conduction, especially
above room temperature, it is necessary to fabricate an interface having nanoscale or sub-nanoscale
periodicity with high perfection. Superlattices are the ideal system for the realization and
understanding of coherent heat conduction, and recently coherent heat conduction was reported in
several artificial superlattices such as GaAs/AlAs grown by metal-organic chemical vapor
deposition (MOCVD), SrTiO3/CaTiO3 grown by molecular beam epitaxy (MBE) and TiN/(Al,
Sc)N grown by reactive dc-magnetron sputtering18,21,24 . Although smooth interfaces were reported
to be achieved in the superlattices, the realization of coherent interfaces for thermal phonons is
still challenging, since sub-atomic scale or even pico-scale perfection is necessary. In order to
achieve interfaces with such high perfection, a disadvantage of artificial superlattices is that the
growth process is unavoidably nonequilibrium thermodynamically. Natural superlattices (NSLs),
in which multi-layered structures are spontaneously formed as thermodynamically stable phases,
are one good choice for the realization of coherent interfaces for thermal phonons.
Among various kinds of layered materials including NSLs25–30, we focused on
crystallographic shear (CS) structures introduced in some reduced TiO2 (rutile) because of the
tunability of the atomic-scale periodic structures. The homologous series of titanium oxides with
CS structures expressed as TinO2n-1 (n = 4, 5,…) contains ordered arrangements of planar faults
called CS planes, on which atoms are displaced from their mother rutile positions by a certain
vector called the CS vector and oxygen deficiency takes place31–33. The CS structure can
compensate for the oxygen deficiency by changing the spacing of the CS planes. Therefore, it is
possible to tune the interval of the CS planes in the mother rutile structure by changing the
composition (oxygen deficiency). The CS structures of titanium oxides have been thoroughly
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investigated and have been reported to change depending on the composition. When n in TinO2n-1
is smaller than 10, the CS plane and vector are (121)rutile and 1/2[0-11]rutile31,34, while the CS plane
is reported to be (132)rutile when n is greater than around 15, and the orientation of the CS plane is
reported to be between (121)rutile and (132)rutile in the intermediate compositions33,35.
In the present study, we investigated the structural perfection of (132)rutile CS structures in
slightly reduced titanium oxides to reveal whether the CS planes act as coherent interfaces for
thermal phonons.

Crystallographic shear structure in slightly reduced rutile
Bursil and Hyde35 identified that the CS plane and vector for slightly reduced rutile with TinO2n-1
with the value of n ranging from 15 to 36 are (132)rutile and 1/2[0-11]rutile. A schematic illustration
of the ideal atomic arrangement of titanium oxides with (121)rutile and (132)rutile CS planes as well
as the (011)rutile anti-phase boundary (APB) with the displacement of 1/2[0-11]rutile are shown in
Fig. 1. Since the 1/2[0-11]rutile vector, which is the CS vector or the displacement vector for the
(011)rutile APB, corresponds to an oxygen atom site displaced to the next site, the oxygen
arrangements are not disturbed on the CS plane. On the other hand, the arrangement of titanium
atoms is disturbed because the 1/2[0-11]rutile vector corresponds to the displacement of a titanium
atom site to the interstitial site in the oxygen octahedron. Of importance to note in Fig. 1 is that
the (132)rutile CS plane can be regarded as an alternative arrangement of the CS (121)rutile plane and
the (011)rutile APB. Recently, the atomic arrangement of titanium columns in zirconium-doped
Ti10O19 was directly observed by high-angle annular dark-field scanning transmission electron
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microscopy (HAADF-STEM)28. Therefore, the direct observation of titanium atom columns by
HAADF-STEM can be used to evaluate the structural perfection of the CS planes.
The stacking sequence of the (121)rutile and (132)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 a CS plane (denoted as *) changes the sequence to -BAB BA*BAB-. If a CS plane is
introduced every n titanium layers (A), the composition is described as TinO2n-1. The CS vector
1/2[0-11]rutile has a component normal to the (132)rutile CS plane, and the ideal spacing of the
(132)rutile CS planes (DCS) for TinO2n-1 is expressed as follows:
DCS = d132 (n - 1/2),

(1)

where d132 (= 0.1036 nm) stands for the interplanar distance of (132)rutile35. Thus, the spacing of
the CS plane can be estimated from the HAADF-STEM observation of titanium atom columns by
counting the number of titanium layers between CS planes.
When the CS planes are introduced into the mother rutile structure, a series of superlattice
reflection spots along the reciprocal lattice vector corresponding to the CS plane (along g(132)rutile)
appear at the positions corresponding to n. For example, when n is 20, twenty equally spaced
superlattice spots are observed between the transmitted beam spot and that corresponding to the
(132)rutile CS plane in a selected area electron diffraction (SAED) pattern. Thus, the spacing of the
CS plane can also be evaluated by analysis of the SAED patterns. In the present study, we
investigated the structure and periodicity of the CS planes introduced in slightly reduced rutile by
HAADF-STEM observation as well as SAED patterns.
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Experimental procedure
A rutile TiO2 single crystal grown by the Verneuil method was reduced by annealing at 1573 K
for 24 h in vacuo (<1×10-4 Pa) with titanium metal. The atomic structure was examined by
transmission electron microscopy (TEM) as well as STEM using a JEOL JEM-ARM200
transmission electron microscope operated at 200 kV. The specimens for (S)TEM observations
were prepared by Ar ion milling using a JEOL Ion Slicer (EM-09100IS).

Results
Figure 2 shows the SAED patterns taken from the prepared specimen along the [1-11]rutile direction.
A line of superlattice spots indicating the occurrence of an ordered arrangement of the CS planes
is directed along (132)rutile. In Fig. 2(a) and the magnified image of Fig. 2(c), superlattice spots
appear at the positions corresponding to n = 26. The positions of superlattice spots were different
depending on the positions of the selected area aperture. At some positions, the SAED pattern is a
superposition of those from different spacings of CS planes (n = 27 and 28) as shown in Fig. 2(b)
and the magnified image of Fig. 2(d). From this specimen, we observed superlattice spots at
intervals corresponding to 26, 27 and 28 times the interplanar distance of (132)rutile, which indicates
that the composition of the specimen is estimated as TiO1.962~1.964. Table 1 summarizes the
compositions and the spacings of the CS planes (DCS) calculated by Eq. (1) for the observed phases.
The coexistence of at least three phases (Ti26O51, Ti27O53 and Ti28O55) indicates that the specimen
was heterogeneous and did not reach complete thermal equilibrium. Bursil and Hyde also reported
that slightly reduced rutile was “strikingly” heterogeneous35, and it is difficult to obtain singlephase TinO2n-1 with values of n ranging from 15 to 36 by reduction annealing. Although the spacing
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of the CS plane depends on the position in the sample, it seems that the CS plane spacing was
homogeneous at least within the area where the SAED pattern was taken (about 200 nm length
scale). In the SAED patterns, the superlattice spots were sharp and no streaks were noticed. This
implies that the CS spacing is not disturbed within each phase.
Figure 3 shows HAADF-STEM images of Ti28O55 along [1-11]rutile. In the HAADF-STEM
images, titanium atom columns are imaged as bright spots, while oxygen atom columns are not
imaged individually. The arrangement of titanium atom columns deviates on the (132)rutile CS
planes, and the HAADF-STEM observation agreed with the reported CS structure with CS vector
of almost 1/2[0-11]rutile35. From the HAADF-STEM images, the interplanar distance of the CS
planes can be evaluated by counting the number of (132)rutile titanium layers (n), as shown in Fig.
3(b) (the value of n is evidently 28. From STEM observations over a wider range, the distribution
of the interplanar distance of the CS planes can be estimated by counting the (132)rutile titanium
layers. In Fig. 3(c), for example, only the interplanar distance corresponding to n = 28 was
observed. However, the interplanar distance was not always the same, with different values of n
sometimes appearing. Table 2 summarizes the standard deviation for the values of n and the
interplanar distance of the CS plane evaluated from the HAADF-STEM images taken from Ti26O51,
Ti27O53 and Ti28O55 in different positions, and a histogram of the values of n is shown in Fig. 4.
The standard deviation of the value of n was estimated as 0.35. In other words, the standard
deviation of the spacing of the CS planes was as small as 36 pm. The nanoscale ordered
arrangement of the CS planes in titanium oxides possesses periodicity with subatomic scale
perfection.
As can be seen in Figs. 3(a) and 3(b), the (132)rutile CS plane was indeed an alternative
arrangement of the (121)rutile CS plane and the (011)rutile APB, which was rarely disturbed.

7

However, in some positions, the atomic arrangement was disordered, as shown in Fig. 5(a).
Compared with the normal atomic arrangement shown in Fig. 5(b), one of the titanium atomic
column sites on the CS plane splits into two sites with weak contrast (Fig. 5(c)). The intensity
profile measured along the two titanium atomic column sites X (X’) and Y (Y’) in Figs. 5(b) and
5(c) is shown in Fig. 6. Evidently one titanium atomic column site (A-site) is split into two titanium
atomic column sites (A-site and B-site). If these two sites are separately illustrated as shown in
Fig. 7, one can easily notice that the site splitting in the HAADF-STEM image indicates that CS
planes with positions different by one (132)rutile titanium layer are duplicated along the incident
direction.
The value of average roughness (Ra) was estimated from the maximum height (Rz) by using
the formula Ra = 4Rz, which is completely established in the case of repetition of the same zigzag
shape and is sometimes used for the estimation of Ra for machined surfaces29. The maximum
heights (Rz) for a (132)rutile CS plane with ideal structure and one with site splitting were 0.5d132
and 1.5d132, respectively. The values of Ra estimated from the formula are tabulated in Table 3. By
measuring the length of the CS plane with site splitting in HAADF-STEM image, the average
roughness was estimated to be only 15 pm.

Discussion
The coherence of interfaces is often discussed by using the specularity parameter p, which plays
an important role in various models for boundary scattering17,37–39. An incident phonon is
coherently scattered by a perfectly specular interface (p = 1), while completely diffuse scattering
occurs on an interface with p = 0 (the so-called Casimir limit). Ziman originally derived a simple
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expression for the specularity parameter of phonons depending on the frequency (f) for a random
rough interface as a function of the root mean square (RMS) value for roughness (R), assuming an
infinite correlation length and normal incidence of phonons to the interface as follows40;
𝑅𝑅𝑅𝑅

𝑝𝑝(𝑓𝑓) = 𝑒𝑒𝑒𝑒𝑒𝑒(−16𝜋𝜋 2 ( )2 ), (2)
𝑣𝑣

where v is the group velocity of phonons. Maire et al. adopted the following effective roughness
(Reff) considering not only the roughness of the interface (σ) but also the periodicity disorder (ξ) in
the following expression:
𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 = �𝜎𝜎 2 + (0.5𝜉𝜉)2 .

(3)

By using the estimated values from the HAADF-STEM data (σ = 15 pm and ξ = 36 pm), the
effective roughness for the periodic arrangement of the CS planes in the titanium oxide NSL was
estimated to be 23 pm. Figure 8 shows the specularity parameters as a function of frequency
calculated using eq. (2). Wagner et al. suggested that a specularity parameter larger than 0.3
constitutes a criterion for a coherent interface, and a specularity parameter smaller than 0.01 is a
criterion for a noncoherent interface10. Following these criteria, it is expected that the CS planes
behave as coherent interfaces for the phonons with frequency less than 23 THz. Considering that
the highest phonon mode frequency (top of the optical mode) in rutile TiO2 was reported as around
25 THz41,42, the CS planes are considered to behave as coherent interfaces for almost all thermal
phonons. Table 4 summarizes the periodicity disorder and the roughness of the interface for the
present results and other materials, including artificial superlattice thin films and phononic
crystals11,43,44. The interface roughness for the NSL in the present study was one order of
magnitude smaller than that for the artificial superlattice with similar period, which should result
in coherent phonon transport becoming apparent.
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Although the CS planes of the titanium oxide NSLs in the present study possess high
structural perfection, the effect of coherent phonon transport on the thermal conductivity was not
observed, and rather incoherent aspects of the interface emerged in previous studies using hotpressed polycrystalline ceramics33,45. This implies that the structural perfection of the CS plane
depends on the synthetic method. Recently, Teramoto et al. reported the atomic arrangement of a
zirconium-doped titanium oxide NSL with (132)rutile CS planes prepared by sintering and hotpressing at 1473 K28. In their paper, the contrast of the titanium atom columns near the CS plane
was weaker than the other columns and site-splitting of the titanium column was frequently
observed, indicating the occurrence of not only one titanium layer deviation as shown in Fig. 5(b)
but also deviations of two or more (132)rutile titanium layers near the CS plane, which would lead
to an increase in the roughness of the CS plane. Synthesis by sintering at low temperature may be
insufficient for the formation of CS planes with high perfection, as achieved in the present study.
Another possible issue is the short mean free path of phonons in rutile TiO2 above room
temperature. The evaluated mean free path for phonons in a titanium oxide NSL polycrystal
assuming the Debye model was reported as 0.8 nm at room temperature, and even shorter at higher
temperature. Coherent thermal transport is expected to become apparent when the mean free path
is longer than the spacing of the CS plane. Thus, CS planes with short spacing and measurement
of thermal conductivity at low temperature are preferable for the investigation of coherent phonon
transport.

Conclusion
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The atomic structure and structural perfection of an ordered arrangement of CS planes in titanium
oxide NSLs were investigated by use of a rutile single crystal that was slightly reduced by high
temperature annealing in vacuum. The results obtained are summarized as follows:
(1) Coexistence of at least three phases (Ti26O51, Ti27O53 and Ti28O55) with an ordered arrangement
of the (132)rutile CS plane with different spacings was observed in the prepared specimen by
means of SAED patterns as well as HAADF-STEM images.
(2) The average standard deviation of the spacing of the CS planes was only 36 pm and the
interface roughness for the CS planes was estimated to 15 pm, which is one order magnitude
smaller than that for the interface of artificial superlattices.
(3) Calculation of the specularity parameters from the effective roughness estimated from the
results of the HAADF-STEM observation suggested that the CS planes behave as coherent
interfaces for phonons with the frequency less than 23 THz, which is almost all phonons in
rutile TiO2.
(4) Coherent phonon transport, which has never been clearly demonstrated experimentally, is
expected to be realized in titanium oxide NSLs owing to their low interface roughness.
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Table 1. Identified phases and corresponding spacing of the CS planes.
n
26
27
28

Phases
Ti26O51
Ti27O53
Ti28O55

O/Ti
1.962
1.963
1.964

DCS (nm)
2.64
2.75
2.85
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Table 2. Statistical data for the values of n and the interplanar distance of the CS plane for
Ti26O51, Ti27O53 and Ti28O55. N is the number of measurements.

Phase

N

Ti26O51
Ti27O53
Ti28O55
Total

63
70
40
173

Standard deviation
n
Length (nm)
0.37
0.039
0.40
0.041
0.16
0.016
0.35
0.036
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Table 3. Ratio of the CS planes with and without site splitting and the estimated values of Ra.
Ratio (%)
W/O split
93.3
W/ split
6.7
Average

Ra (pm)
13
39
15
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Table 4. Periodicity and interface roughness for various superlattices and phononic crystals.

System
TinO2n-1 (this study)
Si/Ge (CVD)44
GaAs/AlAs (MBE)43
AlN/GaN (MBE)17
Si phononic crystal11

Periodicity
(nm)
2.64-2.85
3-15
5-100
5
300

Interface
roughness (pm)
15
120-500
300-900
70
3000
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Figure 1. Schematic illustration of the ideal atomic arrangement of titanium oxides with (a) the
(121)rutile and (b) the (132)rutile CS planes as well as (c) the (011)rutile APB with the displacement
of 1/2[0-11]rutile.
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Figure 2. (a)(b) SAED patterns taken from the prepared specimen along the [1-11]rutile direction
with different positions and (c)(d) corresponding magnified images. A line of superlattice spots
along 132rutile corresponding to n = 26, 27 and 28 periodicity was observed.
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Figure 3. HAADF-STEM images taken along the [1-11]rutile direction. Magnified image of (b)
was averaged over 8 different positions. Bright spots corresponding to the titanium atom column
and the arrangement of the titanium atom column deviated at the position of the CS planes. In the
magnified image (b), the spacing of the CS plane can be evaluated by counting the number of the
titanium atom (132) rutile layers. The distribution of the spacing for the CS planes was evaluated
in low-magnification images (c).
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Figure 4. Histogram of the distribution of the values of n for Ti26O51, Ti27O53 and Ti28O55.
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Figure 5. (a) HAADF-STEM image containing split sites on the CS plane. Dashed square
indicates the position of split sites. Magnified HAADF-STEM images averaged over 8 different
positions of (b) without containing a split site and (c) with split sites.
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Figure 6. Line profile between X (X’) and Y (Y’) in Fig. 5(b) without site splitting and 5(c) with
site splitting.
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Figure 7. (a) Magnified HAADF-STEM image with site splitting shown in Fig. 5(c) again, and
schematic illustration of titanium atomic column site with (b) A-site and (c) B-site. The
difference between the two titanium atomic arrangements is the position of the CS planes
separated by one (132)rutile spacing.
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Figure 8. Specularity parameter depending on frequency calculated by Eq. (2) with R = 23 pm
for the estimated roughness from STEM observation and v = 6.1×103 m/s for the average sound
velocity of polycrystalline rutile reported by Ok et al45.
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