
Strain-driven phonon topological phase transition impedes thermal transport in titanium monoxide

Xin Jin,1, 2, ∗ Da-Shuai Ma,3, 4, ∗ Peng Yu,1 Xianyong Ding,5, 4 Rui Wang,5, 4 Xuewei Lv,2, 6, † and Xiaolong Yang5, 4, ‡

1College of Physics and Electronic Engineering, Chongqing Normal University, Chongqing 401331, China
2College of Materials Science and Engineering, Chongqing University, Chongqing 400044, China

3Department of Physics & Chongqing Key Laboratory for Strongly Coupled Physics,
Chongqing University, Chongqing 400044, P. R. China

4Center of Quantum materials and devices, Chongqing University, Chongqing 400044, P. R. China
5Department of Physics & Chongqing Key Laboratory for Strongly Coupled Physics,

Chongqing University, Chongqing 400044, P. R. China
6Chongqing Key Laboratory of Vanadium-Titanium Metallurgy and Advanced Materials, Chongqing University, Chongqing 400044, China

Topological phonon states in crystalline materials have attracted significant research interests due to their
importance for fundamental physical phenomena, yet their implication on phonon thermal transport remains
largely unexplored. Here, we use rigorous density functional theory calculations and symmetry analyses to
explore topological phonon phase transitions under uniaxial strains and their tuning effects on thermal transport
in titanium monoxide (TiO). Our calculation shows that application of 10% tension significantly diminishes
lattice thermal conductivity of TiO by 77% and 66% along the a and c axes, respectively, at room temperature.
This suppression is found to result largely from the breaking of symmetry protected degeneracy of acoustic
branches, which induces a substantial enhancement of phonon scattering phase space due to the easier fulfillment
of scattering selection rules. Our study provides evidence for the importance of phononic band topology in
modulating thermal conductivity and offers a promising route towards controlling solid-state heat transport.

INTRODUCTION

The emergence of topological quantum states is one of the
most prominent advancements in condensed matter physics
[1–5]. The concepts of topological electronic states have been
generalized to bosonic systems, leading to the birth of topo-
logical phonons [6–14]. Recently, topological phonons have
received increasing research interest in both experiments and
theories [15–19], since it is believed that the phonon can be an
ideal platform for realizing topological quantum states due to
its bosonic nature and hard-to-break time-reversal symmetry
[20, 21]. In addition, phonons, energy quanta of lattice vibra-
tion, also play an essential role in fundamental physical phe-
nomena including heat conduction, light-matter interaction,
thermoelectrics, and superconductivity [22]. In this context, it
is of essential importance to realize and tune topological non-
trivial phonon states in certain materials, which may result in
novel physical properties and promising application prospects
in a wide range of fields. Hitherto, various types of symmetry-
enforced topological phonons have been identified theoreti-
cally in thousands of materials [23–25] , and some of them
have been confirmed experimentally [16]. However, the phys-
ical consequences underlying topological states of phonons in
these materials remain largely unexplored. Particularly, as one
of the most exciting consequences, tuning of thermal trans-
port by topological phase transition (TPT) in these systems is
rarely studied [26, 27].

It is well known that phonons usually govern thermal trans-
port in most materials, especially in nonmetals. In the kinetic
theory of phonon gases [28, 29], the lattice thermal conduc-
tivity (κL) can be expressed as the sum of contributions from
all phonon modes: κL = ∑λ Cλ v2

λ
τλ , where Cλ is the heat ca-

pacity of a phonon mode λ , vλ is the group velocity, and τλ

is the phonon lifetime. All three factors that determine κL are

closely associated with the phonon dispersion of a material:
Cλ and vλ are completely determined from the phonon dis-
persion, while τλ relies largely on the phonon dispersion due
to the restriction of phonon-phonon scattering selection rules
[30, 31]. In this scenario, one can utilize the phononic TPT
to alter the phonon dispersion relation of a material and thus
effectively regulate its heat conduction. However, limited by
the charge neutral and spinless nature, the TPT of phonons
generally cannot be achieved by conventional approaches of
treating electrons [20, 26]. It is noted that previous studies
have demonstrated TPTs of phonons induced in different ap-
proaches, including spin–lattice interactions for magnetic lat-
tices [32, 33], magnetic field for ionic lattices [32], Coriolis
field [34], and optomechanical interactions [35]. In contrast,
applying external pressure or strain to break the symmetry
of crystals provides an alternative and universal method for
achieving TPTs of phonons [36–38].

In this work, we perform first-principles calculations to ex-
amine the effect of phononic TPT on the thermal transport in
hexagonal titanium monoxide (TiO), a Weyl semimetal that
has been synthesized experimentally [39]. With the aid of
symmetry analyses, we identify the existence of phononic
triple degenerated point (TDP) and the nodal line formed dou-
bly degenerated acoustic phonon branches along the high-
symmetric ΓA direction in the Brillouin zone (BZ). Our cal-
culation shows that phononic TPT can be realized by applying
uniaxial strains along the [100] crystal direction, and its im-
pact on the thermal conductivity becomes prominent with the
increase of strain. Using the 10% uniaxial tension as a study
case, we reveal that the TPT of phonons contributes signifi-
cantly to the suppression of κL along the c axis. By further
modal phonon transport analysis, we attribute the reduction in
κL to the increased phonon-phonon scattering channels, which
is closely associated with the breaking of degenerate states of
topological phonons. Our work reveals the strong relevance of
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topological phonons with thermal conductivity, and opens up
a pathway towards controlling heat conduction in topological
materials.

RESULTS

Topological characteristics of phonons

TiO crystallizes in the tungsten carbide type (WC-type)
hexagonal structure with space group of P6m2 (No. 187),
and has recently been predicted to have nontrivial topolog-
ical phonon states [40]. The crystal structure of WC-type
TiO is shown in Fig. 1(A), where the Ti atom and the O
atom occupy the wyckoff position 1b (0, 0, 1/2) and 1c (1/3,
2/3, 0), respectively. The topological electronic states in TiO
have been well studied [41]. As is seen in Fig. 1(B), in the
electronic band of TiO, there exists a TDP along the high-
symmetry line ΓA that brings in the vanishing of the den-
sity of states near the Fermi level, revealing the nature of its
semimetal. Fig. 1(C) shows the calculated phonon dispersion
of TiO along the high-symmetry lines along with correspond-
ing phonon density of states. The missing of imaginary fre-
quency modes indicates the dynamical stability of TiO. From
the phonon density of states, it is also observed that the low-
frequency phonon modes below 12 THz are dominated by Ti
atoms, while those above 12 THz mainly originate from the
lighter O atoms. Notably, we observe rich types of degen-
eracy of phonon branches in the phonon spectrum of TiO.
Specifically, two transverse acoustic (TA) branches degener-
ate along the ΓA line (marked as ∆), forming a nodal line
running through the BZ, and the longitudinal acoustic (LA)
branch crosses with a double-degenerated optical branches
along ∆ forming a TDP at ∼12 THz. The emergence of these
types of phonon band degeneracy is explained as follows.

In terms of symmetry analysis, the generating elements of
the little group at an arbitrary point in ∆ are C+

3z, M100 associate
with joint symmetry M001T . For the degenerated TA branches,
the eigenvalues of C+

3z symmetry are
[
e−2πi/3,e2πi/3

]
. Due to

the existence of the joint symmetry M001T at any arbitrary
k point on ∆, these two symmetry eigenvalues that are com-
plex conjugates of each other must be degenerated forming
a two-dimensional irreducible representation (Irrep) ∆3 writ-
ten under the BCS convention [42, 43]. Thus, the double-fold
degenerated nodal line is protected by M001T and C+

3z. As
for the LA phonon branch, its Irrep is ∆1 and the eigenvalue
of C+

3z symmetry is 1. The similar symmetry analysis is also
applied to the three optical branches, and corresponding Ir-
reps are labeled in Fig. 1(C). Notably, the TDP at 12 THz
is formed by two sets of bands (∆1 and ∆3) with different C+

3z
eigenvalues, indicating that this degeneracy is protected by C+

3z
and M001T . Since there does not exist a fully gapped sphere
surrounding the TDP, this TDP does not have a well-defined
topological charge. Even though, this TDP can be regarded
as two Weyl points with opposite topological charges ±1 and
formed by band pairs whose C+

3z eigenvalues are
[
e2πi/3,1

]

and
[
e−2πi/3,1

]
degenerate together. As a result, when pro-

jected onto surface, one can observe the Fermi arc whose ori-
gin and terminal are located at the same projected TDP. To
verify this point, the density of states of (100) surface of TiO
is calculated and shown in Fig. 1(E). One notices that the sur-
face state is clearly visible. To understand the connection of
the surface state clearer, we also plot the Fermi surface of
the phonon dispersion of the semi-infinite (100) surface in
Fig. 1(F). As expected, the Fermi arc origins and terminate
exist at the same point in the projected BZ.

Strain-induced topological phonon phase transition and its
impact on thermal conductivity

The presence of these phonon band topologies should have
non-negligible impact on thermal conductivity, since they
can profoundly affect group velocities and phase space for
phonon-phonon scatterings. To explore their effect on ther-
mal transport, we attempt to achieve topological phonon phase
transitions by applying strain. By symmetry analysis, we find
that applying an uniaxial strain along the [100] crystal direc-
tion can break the phonon band degeneracy protected by the
C+

3z and M001T symmetries. To this end, we study the evo-
lution of phonon dispersion under a series of uniaxial (100)
tensile strains. Phonon spectra of TiO under two representa-
tive tensile (ε = 5%, 10%) strains are compared with the un-
strained case in Fig. 2(A, B). It is seen that with the presence
of tensile strain, the degenerated TA branches along the ΓA
direction are separated, and the degree of degenerate opening
gradually increases with strain. Notably, in the case of 10%
tensile strain, the significant softening of the low-lying TA
modes along the ΓA direction leads to the large separation of
three acoustic branches, which allows for increased phonon-
phonon scattering channels due to the easier fulfillment of
energy and momentum conservation rules [44–46]. Simul-
taneously, applying strain makes the TDP vanish as well, ac-
companied by the appearance of the avoided crossing between
LA and TO phonon branches, which facilitates to enlarge the
phase space for available phonon-phonon scatterings as men-
tioned previously [47, 48]. Besides, the phonon dispersion
curves gradually soften as the tensile strain increases, corre-
sponding to lower group velocities in Fig. 2(C, D), which is
capable of reducing κL. Additionally, it can be seen from the
insets of Fig. 2(C, D) that the heat capacity, another important
factor determining κL, is only slightly affected by strains.

From the perspective of phonon scattering, the prominent
changes in the phonon dispersion revealed above are ex-
pected to affect phonon lifetimes by altering the phonon-
phonon phase space. Fig. 2(E, F) shows the corresponding
three-phonon phase space under different strains. It is ev-
ident that the modal level phase space is largely increased
when the tensile strains are applied, especially for the 10%
case, which should be attributed to the combined effect of in-
creased phonon population and TPT-induced selective rules
for phonon scattering processes. On the one hand, tensile
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FIG. 1. Crystal structure, electron band structure, phonon spectrum, BZ, and suface state. (A) Crystal structure of hexagonal WC-type TiO.
The Ti atom and O atom are represented by sphere in purple and red, respectively. (B) The calculated electron band structure along high-
symmetry lines and corresponding electron density of states. (C) The calculated phonon spectrum and corresponding phonon density of states.
The Irreps of phonon branches along ∆ are inserted in which the number in brackets indicate the dimension of the Irrep and the degeneracy
fold of phonon branches along ∆. (D) The 3D bulk BZ and projected surface BZ of (100) surface. (E) The surface states of TiO on the
(100) surface. (F) Iso-energy band contours of (100) surface of TiO around 12 THz. The graduated color bar represents the amplitude of the
projected density of states in (E) and (F).

strains make the overall phonons shift to lower frequencies
due to the phonon softening, which results in the increased
phonon population as seen in the insets in Fig. 2(E, F) and
thus facilitates to increase the phase space. On the other hand,
strain-induced phonon TPT makes the energy selection rule
of three-phonon processes easier satisfied, which also tends to
increase the phase space.

To quantify the impact of strain-induced changes in the
phonon dispersion on thermal transport, we calculate the
small-grain-limit reduced thermal conductivity, κSG, at differ-
ent strains. κSG can measure the influence of the harmonic
properties on κL, which is defined as κSG = ∑λ Cλ v2

λ
. Since

the strain-induced phononic TPT occurs in the ΓA direction,
which is parallel to the c axis and perpendicular to the a and b
axes as judged from the BZ in Fig. 1(D), it is highly associated
with the thermal transport along the c axis. In view of this, we
mainly focus on the effect of phonon TPT on the thermal con-
ductivity along the c axis. Fig. 3(A) shows the normalized
κSG along the c axis using the intrinsic case as a criterion for
different strains. It can be seen that the variations in κSG are
less sensitive to strains, which actually reflect the influence of
changes in group velocities and heat capacity on κL. Specif-
ically, tensile strains slightly decrease κSG, e.g., only 6% re-
duction under 10% tension. This indicates that the change of
harmonic transport properties due to phonon softening has a
rather weak effect on the thermal conductivity.

In addition to the harmonic properties, strain also affects

phonon scattering strength by changing the anharmonic IFCs,
which determines phonon-phonon scattering matrix elements.
The phonon scattering strength is determined jointly by the
phase space and the scattering matrix elements. In order
to emphasize the consequences from changes in the phase
space, we calculate the thermal conductivities under differ-
ent strains, assuming that the anharmonic IFCs remains un-
changed. Fig. 3(B) displays the normalized κL along the c axis
at 300 K using the unstrained value as a reference. The effect
of phase space on κL can then be isolated by analyzing the
difference between the normalized κ̃SG = κSG(ε)/κSG(ε = 0)
and normalized κ̃L = κL(ε)/κL(ε = 0), namely ∆κ̃ = |κ̃L −
κ̃SG|. It is found that ∆κ̃ is substantially larger than the change
in κSG for all strain cases, and ∆κ̃ becomes larger as the strain
increases, which is enabled by the increased phase space due
to the enlarged separation of three acoustic branches by in-
creasing the strain. For the 10% case in particular, ∆κ̃ =
0.83, indicating that the phase space change reduces κL by
over 80%. This conveys to us that the effect of strain on κL is
almost entirely dominated by the phase space change, which
is closely connected to the phonon TPT.

Tensile strain-suppressed thermal conductivity

Then we elaborate how the phonon TPT affects the thermal
conductivity in more detail, taking the case of 10% uniaxial
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FIG. 2. Phonon spectra, group velocities, and scattering phase space
before and after TPT. (A) Phonon dispersions under uniaxial strain
along the [001] direction at (A) 5% and (B) 10%. Phonon group
velocities under uniaxial strain at (C) 5% and (D) 10%. The insert
shows the comparison of volumetric heat capacity values under dif-
ferent strains with the intrinsic heat capacity values. Three-phonon
phase space under uniaxial strain at (E) 5% and (F) 10%. Addition-
ally, the inset depicts the phonon population at 300 K.

tension–where the effect of phonon TPT is most pronounced–
as an example. As seen in Fig. 4(A), when 10% strain is ap-
plied, the phononic TPT occurs with the significant softening
of LA branch, which leads to avoided-crossing behavior be-
tween the LA and TO branches along the ΓA direction. Mean-
while, a large separation of three acoustic branches from the
original degeneracy between two TA branches is clearly ob-
served. These changes in phonon spectrum due to the TPT
can bring about reduced group velocities and enlarged phonon
scattering phase space, especially for the LA and low-lying
TA branches when approaching A point. It is indeed ob-
served from Fig. 4(B) that in the presence of 10% strain, the
phonon scattering rates of three acoustic branches along the
ΓA line are remarkably elevated due to the enlarged phase
space, which is a combined result of degenerate opening be-
tween TA branches and avoided crossing between the LA and
TO branches. Consequently, the corresponding modal thermal
conductivity of acoustic branches is significantly suppressed,
as depicted in Fig. 4(C). These results explicitly proves that
phononic TPT enables the significant suppression of κL.

FIG. 3. Normalized κSG and κL. (A) Normalized κSG along the c
axis at different strains at 300 K. (B) Normalized κL along the c axis
at different strains calculated using the anharmonic IFCs at ε = 0.
κSG and κL are normalized by the unstrained values.

When it comes to TPT, spin-orbit coupling (SOC) is be-
lieved to be universally important in electronic systems. A
natural question is whether it also affects the phonon proper-
ties. To address this question, we study the effects of SOC on
the phonon dispersion. As is seen in Fig. 5(A), SOC results
in no detectable change on the phonon dispersion of intrin-
sic TiO, compared with that obtained without SOC. In paral-
lel, we also pay attention to the tuning effect of strain on the
electronic band structure, as this may involve the scattering
of phonons by electrons. As plotted in blue in Fig. 5(B), in
the presence of strain, the TDP electronic state is split into
two double degenerated points, and the system remains the
semimetal phase. Given the vanishing electronic density of
states at the Fermi level, the phonon scattering by electrons
across the TPT should thus be insignificant [49, 50].

To examine the strain effect on the phonon transport, we
present the calculated temperature-dependent κL under 0%
and 10% strain in Fig. 5(C). In the absence of strain, the κL
values along the a and b axes are the same and larger than
those along the c axis. As a result of strain-induced crys-
tal symmetry breaking, the κL values along three axes are all
different when TiO is subjected to 10% strain, with the one
along b axis being largest, followed by the a axis and then
the c axis. Importantly, the κL values along three axes under
10% strain are all significantly declined over the entire tem-
perature range, compared with the intrinsic case. Specifically,
at 300 K, κL along the a, b, and c axes decreases by 77%
(from 83 to 19 W/mK), 64% (from 83 to 30 W/mK), and 66%
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FIG. 4. Phonon dispersion curves, scattering rates, and κL along
the ΓA line. (A) The phonon dispersion curves along the ΓA line
for unstrained and 10% strained cases. Comparison for the avoided-
crossing behaviour is marked by the dashed circles. (B) Compari-
son of scattering rates for acoustic phonons at 300 K under different
strains. (C) Comparison of κL values at 300 K along the ΓA line.

(from 58 to 18 W/mK), respectively. Further decomposing κL
into different branches, we can see from Fig. 5(D) that un-
der 10% strain the contributions to κL from all three acoustic
branches are substantially decreased. At 300 K, the κL con-
tributed from the TA1, TA2, and LA modes along the a (c)
axis is reduced by 80% (86%), 74% (63%), and 80% (72%),
respectively. In particular, for the intrinsic case, the topolog-
ically protected TA1 and TA2 degenerate states account for
17% and 38% of κL along the c-axis, respectively, indicating
that topological phonons contribute directly more than 50%
to the κL. It should be pointed out that the values of κL along
different axes all drop significantly under the strain, but the
reasons behind them are quite different. For the a and b axes,
the suppression of κL is largely due to the phonon softening ef-
fect caused by the strain itself, as broadly seen in many other

FIG. 5. Electron band structure and κL before and after TPT. (A)
The phonon dispersion of the intrinsic TiO with and without con-
sidering SOC. (B) Electronic band structures at 0 and 10% strains.
(C) Temperature-dependent κL of TiO at different strains along the
a, b, and c axes. (D) The contribution to κL from TA1, TA2, and
LA modes at 0 and 10% strains along the a and c axes. The inset
is the values of κL at 300 K. (E) The calculated lattice thermal con-
ductivity with (3ph+4ph) and without (3ph) four-phonon scattering
included along a and c axes at room temperature.

systems [51–53], whereas for the c axis the decrease of κL
mainly originates from the strain-induced TPT. Note also that
here the thermal conductivity is computed within the three-
phonon picture due to the limitation of computational cost.
To evaluate the effect of four-phonon scattering in TiO, we
also calculate κL at room temperature by considering phonon
anharmonicity up to the fourth order. As is seen in Fig. 5(E),
after including four-phonon scattering, κL along the a axis de-
creases by 7% (from 83 to 77 W/mK) at zero strain and 5%
(from 19 to 18 W/mK) under 10% strain, respectively. The
story is similar for the c axis. This indicates that the effect of
four-phonon scattering is not strong and is thus not considered
in the present calculation.
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FIG. 6. Phonon scattering rates, cumulative κL, and phonon anharmonic before and after TPT. (A) The total phonon scattering rates at T = 300
K. (B) The phonon scattering rates from different branches at T = 300 K. (C) Spectral and cumulative κL along the c-axis with respect to the
phonon frequency. (D) The transition probability matrices |V3|2. The calculated κL from the mixed IFCs along (E) a and (F) c axes.

Physical origin of thermal conductivity reduction

The thermal conductivity of a material is jointly determined
by group velocities vλ , heat capacity Cv, and phonon lifetimes
τλ . From the above analysis of κSG, we can see that the re-
duction in κL along the c axis resulting from group veloci-
ties and heat capacity accounts only for 6%, far less than the
actual reduction of 66%. This indicates that the significant
suppression in κL comes mainly from the shortened phonon
lifetimes. Hence, we analyze the phonon scattering rates, in-
verse of phonon lifetimes, as seen in Fig. 6(A). It is clear that
through the TPT, the phonon scattering rates are significantly
increased in the whole frequency range. Particularly, the orig-
inal phonon scattering rates have a very marked dip in the fre-
quency range of 6-12 THz, while the scattering rates of these
phonons increase by almost an order of magnitude when the
10% strain is applied. This prominent feature is closely re-
lated to the enlargement of phase space for three-phonon scat-
tering as discussed later.

For more insights, we compare the phonon scattering rates
of each branch in Fig. 6(B). It is showed that the phonon scat-
tering rates of all the heat-carrying acoustic branches under
the strain are substantially larger than those without the strain,
especially for the low-lying TA modes below 6 THz. To illus-
trate which frequency ranges are affected across the TPT, the
spectral lattice thermal conductivity along the c axis and its ac-
cumulation with frequency are provided in Fig. 6(C). Indeed,
phonons below 10 THz, corresponding to acoustic branches,

are a major contributor to thermal conductivity and their con-
tributions are largely diminished across the TPT.

The phonon scattering rates depend on the phase space and
the scattering matrix elements, both of which can be altered
by the applied strain. To find out which one dominates the in-
crease in phonon scattering rates, we detect these two quanti-
ties separately. Fig. 6(D) shows the mode-resolved scattering
matrix elements, which can be used to measure the phonon an-
harmonicity [54–56]. It can be seen that the mode-level scat-
tering matrix elements, although somewhat different, are com-
parable in magnitude before and after applying the strain. The
phonon phase space characterizes the number of all available
phonon scattering channels for simultaneously satisfying the
energy and momentum conservation. As seen in Fig. 2(F), the
overall phase space of all phonons is significantly increased
when 10% strain is applied. Thus, the increase of phase space
induced by TPT is a leading driver of enhancing the phonon
scattering. To quantify effects of these two quantities on κL,
we calculate the thermal conductivity using the mixed IFCs.
By combining the harmonic IFCs at ε = 10% and anharmonic
IFCs at ε = 0%, we obtain κL = 7 and 7 W/mK along the
a and c axes at 300 K, which is lower than the actual value
of κL = 19 and 18 W/mK using all the IFCs at ε = 10%, as
given in Fig. 6(E, F). This implies that the lattice anharmonic-
ity is actually weakened after imposing the strain, and if it
remains constant the effect of phonon TPT on κL would be
even stronger.

To establish a deeper understanding of connection between
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FIG. 7. Phonon scattering rates and phase spaces from different processes. The contribution to (A-C) phonon scattering rates and (D-F)
weighted phase spaces along the ΓA line from different processes.

the phonon band topology and phonon scattering rates, we fur-
ther analyze the contributions of different processes to phonon
scattering rates. As shown in Fig. 7(A-C), the phonon scatter-
ing rates below 10 THz are governed by three-phonon pro-
cesses involving either three acoustic phonons (aaa) or two
acoustic and one optical modes (aao), while processes among
one acoustic and two optical phonons (aoo) have a minor con-
tribution. At ε = 0%, the double-fold degenerated nodal line
between TA branches allows the acoustic phonons to bunch
together, which prevents the aaa processes due to the con-
straint of phonon scattering selection rules. As a consequence,
the phonon scattering rates arising from aaa processes exhibit
a large dip in a wide frequency range below 12 THz, corre-
sponding to the relatively lower phase space of aaa processes
along the ΓA direction shown in Fig. 7(D). Upon the 10%
uniaxial tension, the opening of the degenerated TA branches
largely weakens the acoustic bunching effect, resulting in
the significantly increased phase space of aaa processes for
all three acoustic branches as illustrated in Fig. 7(D). Thus,
the phonon scattering rates contributed by aaa processes are
largely increased accordingly, as seen in Fig. 7(A). Besides,
at ε = 10%, the three optical phonon branches also show soft-
ening, accompanied by the avoiding crossing between the LA
and optical phonons, as shown in Fig. 4(A), which makes it
easier for aao processes to satisfy the energy conservation
rules. As a result, the phase space of aao processes for all
acoustic branches is considerably enlarged after the phonon
TPT, as demonstrated in Fig. 7(E). This results in the enhance-
ment of phonon scattering involving aao processes. For aoo
processes, although they have only a minor contribution to

scattering rates, it can be seen from Fig. 7(F) that through the
TPT, their phase spaces for three acoustic phonon branches
are all increased significantly. Especially for the low-lying
TA (TA1) branch, when approaching the A point, aoo process
cannot even occur in the unstrained case, but makes a signifi-
cant contribution to the phase space after the strain is applied.
These results provide strong evidence that topological effects
of phonons strength phonon scattering by increasing available
scattering channels and thus suppress κL, which can be a ef-
fective strategy to improve the performance in many applica-
tions requiring low κL, such as thermoelectrics and thermal
barrier coatings.

DISCUSSION

In summary, we have disclosed significant impact of strain-
induced topological phonon phase transition in suppressing
the lattice thermal transport of TiO by first-principles calcu-
lations combined with the linearized phonon BTE. The sys-
tematic symmetry analyses explicitly show the coexistence of
the nodal line formed by two TA branches and a TDP among
the LA and optical branches. We apply a series of uniaxial
strains to achieve the TPT of these nontrivial phonons, and
explore its implication on the phonon thermal transport. Im-
portantly, we find that application of the 10% uniaxial tensile
action causes the large separation of acoustic branches and
avoided crossing between LA and TO branches due to the
breaking of degenerate states of topological phonons, which
increases phonon-phonon scattering phase space drastically
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and consequently results in significant suppression of ther-
mal conductivity along the c axis, with 66% reduction at room
temperature. This finding establishes the correlation between
the phononic TPT and thermal conductivity, and provides a
fundamental basis for regulating heat conduction in solids.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

For additional information or resource requests, please
get in touch with the lead contact, Xiaolong Yang:
yangxl@cqu.edu.cn.

Materials availability

This study did not generate new unique materials.

Data and code availability

The data generated in this study are available from the lead
contact upon reasonable request.

Computational Methods

All first-principles calculations were implemented in the
Vienna Ab initio Simulation Package (VASP) [57, 58] with
the projector augmented wave potential [59]. The gen-
eralized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof functional (PBE) was used for the exchange-
correlation functional [60, 61]. The topological surface states
were calculated by the Wanniertools package [62], and the ir-
reducible representations of phonon branches were obtained
by the PhononIrep package [63]. The harmonic interatomic
force constants (IFCs) were calculated using 4×4×4 super-
cells within a finite displacement method, as implemented in
the open source software Phonopy package [64]. With the
same method, the third-order IFCs were obtained using the
Thirdorder script [65], considering the atomic interactions up
to the tenth-nearest neighbors with 4×4×4 supercells. To
check the importance of four-phonon scattering, the fourth-
order FCs are needed, which were calculated considering the
second nearest neighbors with 4×4×4 supercells, by utiliz-
ing the Fourthorder code [66]. To obtain the accurate κL,
the linearized Boltzmann transport equation (BTE) was ex-
actly solved within an iterative scheme using a 16×16×16 q-
points, by employing a modified version of ShengBTE pack-
age [65, 66]. Here the phonon lifetimes were calculated by
considering the isotope and three-phonon scattering.

The phonon scattering rate due to three-phonon processes
can be expressed as

1
τ3,λ

=
1
N

(
+

∑
λ ′λ ′′

Γ
+
λλ ′λ ′′ +

−

∑
λ ′λ ′′

Γ
−
λλ ′λ ′′

)
, (Equation 1)

Γ
+
λλ ′λ ′′ =

h̄π

4
f ′0 − f ′′0

ωλ ωλ ′ωλ ′′

∣∣V+
λλ ′λ ′′

∣∣2 δ (ωλ +ωλ ′−ωλ ′′),

(Equation 2)

Γ
−
λλ ′λ ′′ =

h̄π

4
f ′0 + f ′′0 +1
ωλ ωλ ′ωλ ′′

∣∣V−
λλ ′λ ′′

∣∣2 δ (ωλ −ωλ ′−ωλ ′′),

(Equation 3)
where N is the number of q-points in the Brillouin zone, and h̄
is the reduced Planck constant. f0(ωλ ) represents the occupa-
tion number of phonon with frequency ω . Γ

+
λλ ′λ ′′ corresponds

to absorption processes involving one phonon with the com-
bined energy of two phonons, and Γ

−
λλ ′λ ′′ describes emission

processes in which the energy of one incident phonon is split
among two phonons.

As an important quantity determining the three-phonon
scattering rate, the scattering matrix elements are given by

V±
λλ ′λ ′′ = ∑

i∈u.c.
∑
j,k

∑
αβγ

φ
αβγ

i jk

eα

λ
(i)eβ

p′,±q′( j)eγ

p′′,−q′′(k)√
MiM jMk

,

(Equation 4)
which depend on the normalized eigenfunctions ep,q of the
three phonons involved and on the anharmonic IFCs φ

αβγ

i jk =

∂ 3E
∂ rα

i ∂ rβ

i ∂ rγ

i

, with i, j, and k representing atomic indices. rα
i and

Mi denote the α component of the displacement from the equi-
librium position and the mass of the ith atom, respectively.
eα

λ
(i) is the α component of the eigenfuinction of mode λ at

the ith atom.
The weighted phase space characterizes the three-phonon

scattering events that satisfy phonon energy and momentum
conservation conditions, which is expressed as

W±
λ

=
1

2N ∑
λ ′λ ′′

{
2( f ′0 − f ′′0 )
f ′0 + f ′′0 +1

}
δ (ωλ ±ωλ ′−ωλ ′′)

ωλ ωλ ′ωλ ′′
.

(Equation 5)
for absorption (+) and emission (-) processes, respectively.
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