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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Local time reversal symmetry breaking induced attenuation and
localization of phonon transmission
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Time-reversal symmetry (TRS) breaking induced dissipationless topological phonon edge modes provide an unprece-
dented way to manipulate phonon transport. However, the effect of TRS breaking on the transport properties of bulk phonon
modes is still unclear. In this work, we assess the effect of local TRS-breaking domains on the transport properties of bulk
phonon modes in a two-dimensional (2D) hexagonal phononic lattice model. The results show that bulk phonon modes can
be strongly scattered by local TRS breaking owing to the shift of the local phonon band gap, which results in significant
suppression of phonon transmission. Moreover, we show that the aperiodic distribution of local TRS-breaking domains
can induce phonon Anderson localization, and the localization length can be effectively tuned by the strength of TRS
breaking. Our study suggests that TRS breaking can not only be used to construct dissipationless topological phonon edge
states, but also be used to block the transmission of bulk phonon modes by carefully controlling the size and distribution of
TRS-breaking domains. Such results provide a highly alternative way for manipulating energy flux at the nanoscale.

Keywords: phonon transmission, time reversal symmetry, phonon localization
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1. Introduction
The thermal transport properties of solids and nanostruc-

tures have attracted growing interest and have promoted the
fast-growing field of “phononics” owing to their important
roles in thermal logic and electronic devices.[1] For instance,
developing efficient thermoelectric devices requires materi-
als with low thermal conductivity — a key challenge in the
field.[2,3] Conversely, materials exhibiting high thermal con-
ductivity are essential for addressing nanoscale heat dissipa-
tion, a major bottleneck in modern electronic devices.[4–6]

So far, fruitful efforts have been devoted to manipulating
phonon transport by structural modulation[7–12] or external
fields.[13–15] However, new ideas and methodologies are still
demanded to further manipulate phonon transport efficiently
in a highly controllable and independent manner for optimiz-
ing the performance of thermoelectric, thermal management,
and thermal rectification in nano-devices.

Electron topology–related physical effects, such as the
quantum Hall effect, anomalous Hall effect, and spin quan-
tum Hall effect, have revolutionized the research of condensed
matter physics and materials science.[16,17] This has led to the
discovery of new quantum states of matter, “topological in-
sulators”, which have been theoretically predicted and exper-
imentally observed in various systems, including HgTe quan-
tum wells[18] and Bi2X3 (X = Te, Se) crystals.[19] They are

characterized by a fully insulating gap in the bulk and gapless
edge or surface states that are protected by time-reversal sym-
metry (TRS) breaking, supporting dissipationless electronic
conduction channels on the material edges, which greatly im-
pacts the design of low-power and high-performance electron-
ics and thermoelectrics.[20]

Phonon analogues of topological edge states are consid-
ered capable of supporting dissipationless heat-transport chan-
nels, opening up new possibilities in the field of energy trans-
port and conversion.[21] Phonons do not couple directly with
magnetic fields; thus, the TRS of vibrational states is hardly
broken by external or internal magnetic fields in practical crys-
tals. Nevertheless, several indirect approaches have been pro-
posed to break TRS, such as the Lorentz force on charged ions
and Raman spin–lattice coupling in magnetic materials.[22]

Alternatively, TRS can also be theoretically broken directly
by gyroscopic coupling[23] and the Coriolis force.[24,25] In-
spired by these fundamental theoretical models, phonon ana-
logues of electronic topological states have been realized in ar-
tificial metamaterials and nanomaterials, such as the kagome
lattice,[26] Kekulé lattice,[27] Wigner crystal,[28] graphene-like
materials,[29,30] vdW heavy fermion materials,[31] MSi (M =

Fe, Mn, Co, Ni),[32] MoB2,[33] Cu2O,[34] and so on. Such
findings pave the way for designing thermal devices based on
topological phonon modes.

Crystal symmetry plays a vital role in phonon ther-
†Corresponding author. E-mail: zengyujia@hnust.edu.cn
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mal conductivity and thermal rectification.[35] The crys-
tal symmetry determines the selection rules of electron–
phonon,[36,37] phonon–phonon,[38] and magnon–phonon[39,40]

scattering, thus significantly influencing the thermal conduc-
tivity of materials. However, the effect of time-reversal sym-
metry breaking on phonon thermal transport properties has
been rarely reported. Ong et al.[41] reported that the topo-
logical edge phonon state remains dissipationless under slight
mass disorder; however, correlated disordered media can at-
tenuate the transport of topological phonon edge states. Our
previous work also shows that the robustness of topological
phonon modes in crystalline materials is broken when the
wave functions of two edge states overlap.[42,43] In contrast,
studies on the effect of TRS breaking on the transport proper-
ties of trivial bulk phonon modes are comparatively lacking so
far. In practical nanostructures, trivial bulk phonon modes are
the major contributors to heat transport. Effective control of
the scattering of bulk phonon modes is highly desired for ther-
moelectric and thermal logic devices to achieve higher perfor-
mance in energy conversion and rectification. For this reason,
it is necessary to understand the influence of TRS breaking on
the transport of trivial bulk phonon modes.

In this work, we apply an extended atomistic Green’s
function method to explore the effect of local time-reversal
symmetry breaking on phonon scattering and localization in
a two-dimensional hexagonal phononic lattice model. We
show that local TRS breaking can result in strong two-phonon
scattering of bulk phonon modes, and that the scattering in-
tensity can be tuned by the gyroscopic coupling constant.
Furthermore, we show that Anderson-localized states can be

formed by one-dimensionally distributed aperiodic local TRS-
breaking domains. The localization length is found to be
strongly modulated by the coupling constant of the TRS-
breaking domains.

2. Theoretical model and methods
Here, we consider a hexagonal lattice model that is con-

structed from two atoms, A and B, with masses mA and mB,
respectively. The primitive lattice is depicted in Fig. 1(a). In
this model system, the phonon modes can be described by the
eigenvalue equation(

𝐻(𝑞)−ω(𝑞)2𝑀
)
𝑈(q) = 0, (1)

where 𝐻 and 𝑀 denote the dynamical and mass matrices,
respectively. By solving this equation, the eigenvalue (fre-
quency) ω(𝑞) and eigenvector 𝑈 of the phonon modes can
be obtained. In this model, the force constants are modeled
by considering the second-nearest-neighbor interactions as k1

and k2 = k1/20. Therefore, we can define the characteristic
phonon frequency as ω0 = (k1/µ)1/2, where µ is the reduced
mass of atoms A and B. According to our calculations, as
the ratio k2/k1 increases, only the frequencies of low-energy
phonons are significantly affected. On the other hand, for an
actual two-dimensional material, the interaction between first-
nearest neighbors is generally about one order of magnitude
weaker than that between second-nearest neighbors.[44] There-
fore, further increasing the ratio between k2 and k1 will not
have any significant impact on the phonon dispersion.
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Fig. 1. (a) Schematic of the two-dimensional (2D) hexagonal phononic lattice model, showing the primitive cell surrounded by a black solid line.
Bulk phonon dispersion when (b) TRS is preserved (mA = mB = 1) and (c) TRS is broken (α = 0.3). (d) Schematic of the nanoribbon with total
length L, width W , and the TRS-breaking domain with length LT and width WT. Phonon dispersion at open boundary conditions when (e) TRS
is preserved (mA = mB and α = 0) and (f) TRS is broken. The gray and purple shaded areas indicate non-trivial phonon band gaps opened by
TRS-breaking.
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To introduce TRS breaking in this model, we adopt the
gyroscopic coupling approach. For a practical nanostructure,
this effect can be realized through the Lorentz force on ionic
lattices or Raman spin–lattice interactions in magnetic lattices.
The gyroscopic coupling simply breaks time-reversal symme-
try by introducing an imaginary part into the off-diagonal ele-
ments of the mass matrix of a specific atom

MA(B) =

(
mA(B) iα
−iα mA(B)

)
, (2)

where α is the gyroscopic coupling constant, which is pro-
portional to the atomic mass mA(B). Following the above dis-
cussion, the bulk phonon dispersion at mA = mB and α = 0
is shown in Fig. 1(b), where both inversion and time-reversal
symmetries are preserved. Under such conditions, we can
clearly see two degenerate frequencies within the first Bril-
louin zone at the Γ and K points. These degenerate states
can be lifted by TRS breaking, and a bulk phonon band gap
(BPBG) opens when the gyroscopic coupling is nonzero, as
depicted in Fig. 1(c). Such TRS-breaking-induced band gaps
can support dissipationless edge phonon modes.[23]

The parameters derived from the bulk force constants can
be employed to construct the tight-binding Hamiltonian under
open boundary conditions. Following our previous work,[43]

we apply the acoustic sum rule correction to the diagonal
blocks of the Hamiltonian under open boundary conditions.
The structure of the ribbon model is depicted in Fig. 1(d).
We can then determine the phonon dispersion of the ribbon
model both with and without gyroscopic coupling, as shown
in Figs. 1(e) and 1(f). It can be clearly seen that two topolog-
ical edge phonon modes appear in the two BPBGs, respec-
tively, when TRS is broken. However, the phonon disper-
sion without gyroscopic coupling remains gapless. The dif-
ference in phonon dispersion reveals the mode mismatch be-
tween TRS-breaking and TRS-preserving regions, suggesting
that bulk phonon modes could be blocked by TRS-breaking
domains.

To calculate the phonon transmission function, we adopt
the mode-resolved Green’s function method. In the atomistic
Green’s function framework, the retarded Green’s function of
the central region is given by

𝐺r
C(ω) =

(
ω

2𝐼C−𝐻C−𝛴L−𝛴R
)−1

. (3)

The retarded surface Green’s functions of the left and right
leads are given by

𝑔r
L(ω) =

[
(ω + iη)2𝐼L−𝐻00

L −𝐻10
L 𝑔r

L𝐻
01
L
]−1

,

𝑔r
R(ω) =

[
(ω + iη)2𝐼R−𝐻00

R −𝐻01
R 𝑔r

R𝐻
10
R
]−1

, (4)

which are computed using the decimation technique. To solve
for the mode-resolved phonon transmission probability, we
calculate the advanced and retarded Bloch matrices of the left
and right leads

𝐹 a
L =𝐻10

L 𝑔r
L, 𝐹 r

R = 𝑔a
R𝐻

10
R . (5)

The bulk eigenvector matrices 𝑈 and the eigenvalue matrices
corresponding to the phase factors for the leads can be deter-
mined directly from the Bloch matrices

𝐹
r/a
σ 𝑈

r/a
σ =𝑈

r/a
σ 𝛬

r/a
σ , (6)

where σ = L,R, and the corresponding velocity matrices Vσ ,
needed to compute the mode-resolved phonon transmission
coefficients, are defined as

𝑉L =
iaL

2ω
𝑈 r

L𝐻
10
L [𝑔r

L−𝑔a
L]𝐻

01
L 𝑈 a

L,

𝑉R =
iaR

2ω
𝑈 r

R𝐻
01
R [𝑔a

R−𝑔r
R]𝐻

10
R 𝑈 a

R. (7)

Finally, the mode-resolved phonon transmission coefficient t
from the left to right lead is calculated as

𝑡LR =
2iω
√

aLaR
𝑉

1/2
L [𝑈 r

L]
−1𝐺r

LR[𝑈
a†

R ]−1𝑉
1/2

R , (8)

where 𝐺LR is given by

𝐺r
LR = 𝑔r

L𝐻LC𝐺
r
C𝐻CR𝑔

a
R. (9)

The elements of the transmission matrix |𝑡|2 represent the
transmission probability from mode i in the left lead to mode
j in the right lead.

3. Results and discussion
To calculate the phonon transmission between TRS-

preserving and TRS-breaking domains, we first construct a
ribbon model with a sandwich structure, namely, the time-
reversal symmetry of the lattice is distributed as preserv-
ing/breaking/preserving (PBP). Here, the device is divided
into left (L), center (C), and right (R) parts. In the left and
right leads, there is no gyroscopic coupling applied to the lat-
tice, i.e., the strength of TRS-breaking is zero (α = 0). In the
scattering region, the TRS-breaking depends on the coupling
strength α , and the shape of the TRS-breaking domain (red
panel) is characterized by the number of unit cells (UC) span-
ning the scattering region, with length LT and width WT. The
total length and width of the ribbon model are characterized
by L and W , respectively. Therefore, we can write the device
Hamiltonian as

𝐻 =



. . . . . .

. . . 𝐻11
L 𝐻01

L
𝐻10

L 𝐻00
L 𝐻LC

𝐻CL 𝐻C 𝐻CR
𝐻RC 𝐻00

R 𝐻01
R

𝐻10
R 𝐻11

R
. . .

. . . . . .


. (10)
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Here, we apply the extended atomistic Green’s function
method, originally developed by Ong et al.[45–47] and fur-
ther extended in our previous work under open boundary
conditions,[42] to calculate the phonon mode-resolved trans-
mission probability.

Figure 2 presents the mode-resolved phonon transmission
probabilities for modes with positive group velocities. When
TRS is preserved throughout the entire nanoribbon, the trans-
mission probability for each phonon mode remains strictly
at 1.0, due to the perfect frequency matching between the
bulk leads and the central region. In contrast, as the TRS-
breaking strength α increases from 0.2 to 0.6, the phonon
transmission probability exhibits a significant reduction. No-
tably, phonon modes near the center of the Brillouin zone
with lower group velocities are more susceptible to the in-
fluence of local TRS-breaking. Additionally, a distinct cut-
off frequency emerges, above which phonon transmission is
strongly suppressed. This suppression arises because the cor-
responding propagating modes are entirely localized at the
edges, as confirmed by the local density of states shown in
Fig. 3(a). Such edge-dominated transport channels are sup-
ported by non-trivial local phonon band gaps within the TRS-
breaking domain. Furthermore, the cutoff frequency can be
tuned by adjusting the coupling strength α , since the upper
and lower edges of the band gap shift with increasing α . It
should be noted that we adopt a two-dimensional hexagonal
lattice model in this work; thus, the transmission of out-of-
plane vibrational phonon modes is ignored. Liu et al. pointed
out that out-of-plane and in-plane vibrations are generally de-
coupled from each other in an atomically flat structure such
as graphene. Even when they are allowed to hybridize in a
buckled structure, leading to avoided crossings in the phonon
dispersion, the hybridization does not break the degeneracy
and thus does not alter the topological nature of phonons.[22]

Therefore, we focus on discussing the transmission of in-plane
vibrations.
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The introduction of TRS-breaking disrupts the transla-
tional invariance of the force constant matrix along the trans-
port direction. Consequently, well-defined dispersion rela-

tions can no longer be directly compared between the TRS-
preserving (α = 0) and TRS-breaking (α > 0) regions. Never-
theless, it is heuristically valuable to interpret how local TRS-
breaking affects the transport of bulk phonon modes. To this
end, we compare the phonon density of states (PDOS) in the
central region under both TRS-preserving and TRS-breaking
conditions, as shown in Fig. 3(a). It can be clearly seen that lo-
cal TRS-breaking induces localization of bulk phonon modes
below 0.5ω/ω0. More notably, the PDOS above 0.8ω/ω0

exhibits significant changes as α increases from 0 to 0.8: the
PDOS peaks shift toward lower frequencies, and the corre-
sponding vibrational states become increasingly localized.

To quantitatively describe this behavior, we further cal-
culate the lower and upper frequencies of two BPBGs. As
shown in Fig. 3(b), the lower edge of BPBG-1 consistently
shifts toward lower frequencies, while its upper edge first in-
creases and then decreases with α . In contrast, BPBG-2 shows
the opposite trend. Interestingly, the downward shift of the
lower edge of BPBG-1 correlates well with the observed peak
shift in the PDOS. Moreover, the frequency difference be-
tween the upper and lower edges defines the absolute band
gap, which exhibits a nonmonotonic evolution: both abso-
lute band gaps initially widen and subsequently narrow as the
TRS-breaking strength α increases. A critical transition oc-
curs around α = 0.27.
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Based on the analysis of bulk phonon dispersion, each
TRS-breaking-induced local BPBG supports only a single
edge phonon branch under open boundary conditions. There-
fore, the scattering of bulk phonon modes primarily arises
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from variations in the local band gap. When bulk phonon
states fall within the frequency range of the local band gap,
transport becomes confined to a single edge phonon channel,
while all other propagating modes are strongly suppressed.

To assess the influence of local TRS-breaking on phonon
thermal transport, we show the contour of total phonon trans-
mission as a function of α for different TRS-breaking domain
sizes, as shown in Figs. 4(a)–4(c). The transmission of low-
frequency phonon modes (below 0.5ω/ω0) is less affected
when the width of the TRS-breaking domain is smaller than
the width of the ribbon. However, it is evident that high-

frequency phonon modes are significantly suppressed with
increasing coupling strength and width of the TRS-breaking
domain. Once localized TRS-breaking is introduced, the
transmission gap between 1.25–1.37ω/ω0 consistently oc-
curs, even when the TRS-breaking domain does not span the
entire width of the nanoribbon. In addition, the transmission
gap initially increases and then decreases with increasing cou-
pling strength, as shown in Fig. 4(d). This variation in the
transmission gap corresponds to the shift in the phononic band
gap discussed previously.
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To assess the thermal transport, we calculate the dimen-
sionless ratio κ/κ0 as a function of α , where κ0 and κ are
the thermal conductances of the TRS-preserved and TRS-
breaking configurations, respectively. As shown in Fig. 4(e),
κ/κ0 decreases monotonically with increasing TRS-breaking
strength, and this trend is strongly influenced by the width
of the local TRS-breaking domain. This behavior is pri-
marily governed by the degree of hybridization between the
phonon dispersions of the TRS-breaking and TRS-preserving
domains. When the TRS-breaking domain spans the full width
of the nanoribbon, the change in thermal conductance be-
comes more gradual near the critical transition point. In this
case, the local band gap is entirely determined by the cou-
pling strength α , and bulk phonon transport channels are sup-

pressed. However, when the TRS-breaking domain is nar-
rower than the nanoribbon, the vibrational states in the central
region arise from the hybridization between TRS-breaking and
TRS-preserving domains, thereby providing additional trans-
mission channels for bulk phonon modes.

The fundamental relationship between TRS-breaking do-
mains and phonon transmission indicates that a local TRS-
breaking domain can both scatter bulk phonon modes and sup-
port a robust edge transport channel. Theoretically, when an
edge phonon mode originating from a TRS-breaking domain
enters a TRS-preserving region, it transforms into a trivial bulk
phonon mode. To clarify this behavior, we further examine the
effect of doping on phonon transmission. For comparison, two
cases are considered: in the first case, only the TRS-breaking
domain is doped; in the second case, the entire nanoribbon is
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uniformly doped. In both cases, the phonon transmission is
averaged over more than 100 randomly generated doping con-
figurations, with the dopant concentration fixed at 50%.
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Fig. 5. Mode-resolved and total phonon transmission probabilities from
the left to right lead for (a) doping within the TRS-breaking domain
and (b) doping across the entire nanoribbon, under different doping
strengths ∆m.

The mode-resolved and total phonon transmission prob-
abilities for the two cases are shown in Figs. 5(a) and 5(b).
It can be seen that the edge-state transport channel provided
by the local TRS-breaking domain can be destroyed by im-
purities regardless of the region in which the doping is per-
formed. Remarkably, the total transmission of high-frequency
bulk phonons remains robust even as the doping strength ∆m
increases from 0.5 to 2.0, provided that the doping is con-
fined to the TRS-breaking domain, as indicated by the yel-
low shaded area in Fig. 5(a). On the other hand, the effect of
doping on phonon modes with frequencies below 1.0ω/ω0 is
essentially the same in both cases, with transmission probabili-
ties decreasing monotonically with increasing doping strength
(∆m). Generally, high-frequency phonon modes are more sus-
ceptible to impurities. However, the results suggest that their
transmission can be preserved by introducing a local TRS-
breaking domain within the doped region. The robustness
of bulk phonon transport against impurity scattering primar-
ily arises from the presence of edge channels supported by
the locally TRS-breaking domain. When bulk phonons en-
counter these domains, their modes can be converted into
topological edge phonon states, allowing them to traverse the
doped region while avoiding impurity scattering. Although the
phonons revert to bulk modes after exiting the TRS-breaking
domain, they can still be transmitted from the left to the right
lead, as long as their frequencies match those within the bulk
phonon dispersion of the leads. This topological protection
mechanism enables bulk phonons to bypass impurity scatter-
ing via temporary conversion into edge states within the TRS-
breaking region before re-entering the bulk dispersion in the

leads. Moreover, as discussed previously, the frequency range
of this transport channel is tunable. Leveraging this feature,
phonon transport at specific frequencies can be selectively en-
abled by adjusting the strength of the local TRS-breaking do-
main.

To further understand the effect of TRS-breaking on bulk
phonon transport, we construct an aperiodic superlattice (ap-
SL), as depicted in Fig. 6(a). The localization length is ex-
tracted from the exponential decay of the transmission coef-
ficient, τ(ω,𝑞) = τ0(ω,𝑞)exp(L/ξ ), with respect to the cen-
tral region length, providing direct evidence of phonon An-
derson localization.[48,49] Here, we emphasize that the phonon
transmission coefficient in the long-wavelength limit is 1.0 for
different lengths, and thus their localization length should be
infinite, whereas the exponential fitting yields a finite value.
In previous studies, these phonon modes are categorized as
ballistic modes. However, research on mass-disordered super-
lattices indicates that phonon Anderson localization is actu-
ally ubiquitous when the central region is sufficiently long and
strongly disordered.[50–52] Therefore, the localization length
of phonon modes larger than the system size is treated as a
simple extrapolation value from the exponential fitting in this
work. To ensure accuracy, we verified the reliability of these
extrapolated values under different truncated system sizes.
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Fig. 6. (a) Schematic of an aperiodic time-reversal symmetry break-
ing/preserving superlattice. (b) Localization lengths of individual phonon
modes in the ap-SL for coupling strengths α = 0.3 (black dots) and
α = 0.6 (red dots).

We present the results with the truncated system size
L = 200 UC in Fig. 6(b) (black dots) for all individual phonon
modes. The results clearly show that disordered local TRS-
breaking domains can also induce phonon Anderson localiza-
tion. More interestingly, we investigate whether the strength of
symmetry breaking can effectively tune the localization length
without changing the number of interfaces. For this purpose,
we calculate the localization length at α = 0.6 with the same
truncated system size (red dots in Fig. 6(b)). The localization

116302-6



Chin. Phys. B 34, 116302 (2025)

length of the majority of phonon modes, including topologi-
cal edge modes, decreases by up to one order of magnitude
with the increase of coupling strength, and their localization
lengths are mostly distributed within 1–100 UC. Only the lo-
calization lengths of phonon modes in the low-frequency range
are less affected by the strength of TRS-breaking. In addition,
the phonon modes within the local topological band gap are
also significantly influenced by the strength of TRS-breaking.
These results suggest that localization lengths can be tuned by
the strength of TRS-breaking.

4. Conclusion
In summary, using the mode-resolved Green’s function

method, we provide mode-level insight into the effect of local
time-reversal symmetry breaking on phonon transport proper-
ties. Local TRS-breaking can enlarge local phonon band gaps
and shift the bulk phonon dispersion, resulting in strong scat-
tering of bulk phonons and suppression of thermal conduc-
tance. More importantly, we demonstrate that aperiodic local
TRS-breaking domains can induce phonon Anderson local-
ization, and the localization length can be tuned by adjusting
the strength of TRS-breaking. Our results suggest that local
time-reversal symmetry breaking can serve as an independent
method to manipulate phonon transport. Given that local TRS-
breaking can be realized via charged ions or spin–lattice inter-
actions under an external magnetic field, we expect that local
TRS-breaking in crystals is a promising approach for manipu-
lating phonon transport at the nanoscale. This will promote the
development of high-performance thermoelectric and thermal
logical devices.
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