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Lattice instabilities and phonon thermal transport in TlBr
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Materials with simple crystal structure usually exhibit substantial lattice thermal conductivity (κlatt ) due to a
scarcity of strong phonon-phonon scattering channels. Yet here we find simple CsCl-structure TlBr to have an
extremely low room temperature κlatt ∼ 0.5 W/m-K, while at low temperature we find a high κlatt of 155 W/m-K.
This extreme range of conductivity behavior results from lattice-instability-related anharmonicity, effective only
at temperatures above ∼30 K. Manipulating these instabilities (e.g., pressure, strain) may yield a pathway to
ultralow thermal conductivity via intrinsic phonon resistance in similar materials.
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I. INTRODUCTION

Crystalline solids with ultralow lattice thermal conductiv-
ity (κlatt) are essential for the development of energy efficient
thermal devices (e.g., thermoelectrics). Extrinsic strategies
such as alloying [1,2] and nanostructuring [3–5] are effective
in reducing κlatt , but often yield an undesirable reduction of
electrical mobility as lattice defects also scatter electrons.
Solids with intrinsically low κlatt strategically offer optimal
thermal properties without degrading electronic behaviors.
Ultralow κlatt is often realized in materials with a complex unit
cell with heavy atoms, low atomic density, and small Debye
temperature. These factors determine the so-called “lower”
limit of κlatt at high temperatures (κmin) as proposed by Slack
(Slack model) [6] and Cahill, Watson, and Pohl (CWP model)
[7]. The Slack κmin model [6] approximates contributions
from both acoustic and optic phonons, while the CWP model
[7] describes κmin in terms of acoustic phonon characteristics
only and describes hopping of vibrational energy. In recent
years, several modifications to the CWP model have been
posited to explain the limiting κlatt behaviors in crystalline
and disordered materials, including one recently proposed by
Agne et al. [8], in which the lower κlatt limit is described by
diffuson-mediated transport. On a similar note, Mukhopad-
hyay et al. [9] proposed that for ultralow κlatt materials
heat is transported by two vibrational channels, a “hopping”
channel (described by the CWP model or that proposed by
Einstein [10]) and the usual phonon conduction channel. The
combination of these two transport channels (hopping and
phonon) attained better agreement with the measured thermal
conductivities in various ultralow κlatt materials for which the
phonon conduction channel alone failed. Recently, methods
[11,12] have also been proposed to calculate thermal transport
from both particlelike phonons (diagonal terms) and wavelike
tunneling and loss of coherence between different vibrational
eigenstates (off diagonal terms) of the heat current operator
[13]. These methods show that including contributions from
off-diagonal elements improves the agreement with experi-
mental measurements in low thermal conductivity materials.

Partly motivated by these studies, in this Rapid Commu-
nication we focus on lattice dynamics and thermal transport
(experiment and theory) in diatomic TlBr, commonly used in

γ -ray detectors [14–18]. We show that despite its very simple
crystal structure (CsCl structure) TlBr exhibits an ultralow
κlatt of 0.5 W/m-K at room temperature (RT). Despite this,
it has a relatively large measured peak κlatt (155 W/m-K) at
low temperature. From first principles calculations, phonons
in TlBr exhibit two main lattice instabilities: a soft acoustic
mode instability at the M point and proximity to a ferroelectric
instability [transverse optical (TO) vibration at the � point].
These instabilities, together with the bath of other low fre-
quency TO phonons, induce strong anharmonic scattering of
heat carrying acoustic and optic phonons. This coupled with
low phonon group velocities results in ultralow κlatt . As in
Tl3VSe4 [9], a two-channel model gives improved agreement
of calculations and measurements in TlBr.

II. METHODOLOGY

The key ingredients for computing lattice thermal con-
ductivity are harmonic and anharmonic interatomic force
constants (IFCs), which govern phonon dynamics and in-
teractions. These IFCs are estimated from supercell dis-
placement techniques as implemented in PHONOPY [19,20]
and PHONO3PY [19,21] and based on first principles den-
sity functional theory (DFT) calculations within the gener-
alized gradient approximation and using the Perdew-Burke-
Ernzerhof (PBE)sol [22] exchange-correlation functional as
implemented in VASP [23–25]. For the harmonic IFCs, atoms
were displaced by 0.02 Å in 6 × 6 × 6 supercells (432 atoms)
using a 2 × 2 × 2 k mesh and energy cutoff of 600 eV. The
long-range anisotropic dipole-dipole interactions were treated
according to a method proposed by Gonze et al. [26,27].
For the third order IFCs, atoms were displaced by 0.03 Å
in 5 × 5 × 5 supercells (250 atoms) using �-point-only
sampling and energy cutoff of 600 eV. For these calculations,
all possible triplet interactions within the supercells were
included. The harmonic and anharmonic IFCs were used to
calculate κlatt by full solution of the Boltzmann transport
equation as implemented in the PHONO3PY code [19,21] and
including mass variance scattering from the natural isotope
composition. The Brillouin zone integration was performed
by the tetrahedron method using a 31 × 31 × 31 mesh.
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FIG. 1. (a) Measured (κMeas) and calculated (κCalc) lattice thermal
conductivity as a function of temperature. Previous low tempera-
ture (2–20 K) thermal conductivity measurements of Lawless [29]
(κLawless) are also shown by black open circles. (b) Vibrational
thermal conductivity determined by Einstein oscillators (κEin) and the
Cahill-Watson-Pohl (κCWP) model as a function of temperature. Also
shown are these hopping transport models combined with κCalc. Cyan
triangles in (b) correspond to lattice thermal conductivity calculated
with force constants from the temperature dependent effective poten-
tial (TDEP) approach. (c) Temperature dependence of κMeas and κCalc

in three temperature regions. For T > 40 K, κMeas deviates from T −1

behavior and decays as T −0.8.

Comparison of κlatt obtained from full solution [κCalc (full-
sol)] and using the relaxation time approximation [κCalc

(RTA)] is shown in Fig. S1 in the Supplemental Material
(SM) [28]. As expected for low κlatt materials, differences
between full solution and RTA lattice thermal conductivities
are negligible. Measurements of heat capacity and thermal
conductivity were made on commercial single crystal samples
using Quantum Design commercial equipment. Additional
details concerning experimental measurements and thermal
conductivity calculations are presented in the SM [28].

III. RESULTS AND DISCUSSION

Measured and calculated κlatt are shown in Figs. 1(a)–1(c).
The calculated lattice thermal conductivity (κCalc) includes
thermal resistance from phonon-boundary, phonon-isotope,
and three-phonon scattering. A boundary scattering length
of L = 165 µm was determined by fitting the maxima of
measured lattice thermal conductivity (κMeas). The phonon-
boundary scattering rates at low (5 K) and room (300 K) tem-
peratures are compared with corresponding phonon-isotope
and phonon-phonon scattering rates in Fig. S2 of the SM [28].
As presented in Fig. 1(c) at low temperatures, the boundary
scattering is dominant and κlatt has the expected low tempera-
ture (T < 5 K) behavior, following nearly ∼T 2.8 dependence
mostly dictated by the specific heat. κlatt peaks at 5 K with a
value of 155 W/m-K where phonon-isotope scattering [30,31]
is also significant, giving ∼26% reduction (for this choice

of L) compared with isotopically pure TlBr, mainly from
the Tl isotope disorder (29.52% Tl203, 70.48% Tl205). For
temperature in the range 6 � T � 40 K, both κMeas and κCalc

decay as T −2. At higher temperatures (T > 40 K), phonon-
phonon scattering is dominant and the κCalc varies approxi-
mately as T −1. Similar to the thermal conductivity behavior
of Tl3VSe4 [9], for T > 40 K κMeas of TlBr begins to vary
significantly from κCalc and decreases with a slower tempera-
ture dependence of ∼T −0.8 [inset of Fig. 1(c)]. At RT κCalc is
0.38 W/m-K, while κMeas is 0.49 W/m-K. Regardless of this
discrepancy, these values are surprisingly low for a simple
cubic diatomic crystal. In addition, the κpeak to κRT ratio
[ κpeak

κRT
] is remarkably large ∼320, indicating that TlBr exhibits

both high (at low temperatures) and ultralow (at temperatures
greater than 30 K) thermal conductivity. As shown in Fig. 1(a)
our low temperature κMeas is in good agreement with previous
low temperature measurements of Lawless [29] where a max-
imum κlatt of ∼166 W/m-K was observed at ∼4 K.

To better understand the observed κlatt behavior, we mea-
sured and calculated the heat capacity (C), which is shown
in Fig. 2(a) scaled by T 3. This temperature scaling is used to
highlight non-Debye-like behavior at low temperatures. C/T 3

has a broad peak centered at T = 6.6 K demonstrating Ein-
stein oscillator behavior with an average Einstein temperature
(�E) of 30.7 K (0.64 THz), in agreement with the previous
measurements of Lawless [29]. From the point of view of the
harmonic phonon dispersion, this behavior arises from flat
acoustic branches in this frequency region, as can be seen
by a peak in the calculated density of states in Fig. 2(b). As
postulated recently [9], strong anharmonic scattering confines
phonon mean free paths to the order of a lattice spacing (Ioffe-
Regel limit [32]) at RT, for which their vibrational energy may
propagate by a hopping transport channel described by one of
the minimum conductivity models discussed above.

Two models are used to describe this hopping of localized
vibrational energy: (1) one proposed by Einstein (κEin) and
(2) the CWP model (κCWP) mentioned above. These are
shown in Fig. 1(b). Details of these calculations are similar
to those given in Ref [9]. The Einstein model requires an
oscillator temperature as input, while the CWP model requires
the acoustic (transverse TA and longitudinal LA) sound
velocities. The Einstein temperature from the heat capacity
measurements is used here, while the sound velocities are
determined from the calculated phonon dispersion: TA1 =
1104 m/s, TA2 = 1140 m/s, and LA = 2269 m/s. At RT,
κEin = 0.058 W/m-K and κCWP = 0.26 W/m-K. Separately
adding these vibrational transport channels with the phonon
conductivity (κtwo−channel = κlatt + κhopping) we find that
the CWP model gives better agreement with the measured
data. The two-channel terms bracket the experimental data
around RT, similar to the previous comparison for Tl3VSe4

[9]. We note that the results discussed above do not include
the effects of quartic anharmonicity, which can shift phonon
frequencies and provide more scattering channels, even at
RT, particularly in strongly anharmonic materials [33–35].
A recent theoretical study asserts that considering phonon
renormalization and four-phonon interactions gives better
agreement between calculated and measured conductivities
of Tl3VSe4 [36]. Below we discuss the effects of temperature
in shifting phonon frequencies and altering interactions
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FIG. 2. (a) Comparison of measured (red diamonds) and calculated heat capacity (black solid curve) divided by temperature cubed (C/T 3)
as a function of temperature. (b) Calculated phonon dispersions at 0 K (solid black curves) and 100 K (red dotted curves) along with the
corresponding projected phonon density of states (PDOS) at 0 K. Red diamonds in (b) represent inelastic neutron scattering data measured at
100 K [39].

within the quasiharmonic approximation and using a more
rigorous temperature-dependent effective potential (TDEP)
method [30,37,38]. Unfortunately, directly including quartic
anharmonicity is beyond the scope of this work.

To build a better understanding of the conductivity behav-
ior in TlBr, we first examine the role of harmonic properties
in determining κlatt . Calculated phonon dispersions of TlBr
from two separate methods (typical DFT at 0 K calculations
and TDEP calculations performed at 100 K (see SM [28]) are
compared with measured neutron scattering data [39] at 100 K
in Fig. 2(b). 0-K calculations give slightly harder phonons
compared with those from the TDEP method at 100 K.
In general, the phonon dispersion calculated with the 0 K
lattice parameter is in good agreement with the neutron
scattering data, whereas the calculated 100-K optic phonon
frequencies are slightly lower than the data. This suggests
a sensitivity of the phonon structure to lattice expansion,
consistent with the strong anharmonicity discussed later. The
κlatt calculated with 0 K IFCs and TDEP IFCs [shown by
cyan triangles in Fig. 1(b)] are comparable. A comparison
of the thermal conductivities from these methods is given in
Table I. The discussion presented below is based on the IFCs
calculated with the 0-K lattice parameter.

Anticrossing behavior between LA and transverse optic
(TO) phonon branches is observed along the � − M and
� − X directions. A flat TA phonon branch can be seen
between � and M, which is responsible for the Tl-dominated
peak at 0.64 THz in the phonon density of states (PDOS). As
shown in the PDOS in Fig. 2(b), the Tl atoms are primarily
responsible for the soft acoustic branches and low acoustic
group velocities (see above). TlBr has a very large LO-TO
splitting ∼2.1 THz, greater than half of the overall dispersion.
This results from large Born effective charges, which quantify
induced lattice polarization with atomic displacements. The
calculated Born effective charges are over two times larger
(Tl: +2.2, Br: −2.2) than their nominal ionic charges Tl: +1
and Br: −1. These were previously associated with the cross-
gap hybridization between the Tl and Br p states resulting

in charge transfer between the nearest-neighbor Tl and Br
atoms upon atomic displacement [40]. Materials with such
large Born charges are often found to be near a ferroelectric
instability, as was observed in PbTe [41–43], GeTe [44], and
SnSe [45,46], manifested by soft polar TO phonons near the
� point [41,43,45,47]. Soft TO modes are also present in
the TlBr dispersion near the zone center, indicating that TlBr
is close to a ferroelectric instability as previously suggested
[40]. However, this is not the only, or even the primary, lattice
instability in TlBr. This ferroelectric instability competes with
a TA1 instability observed along the � − M direction, and
both instabilities are important for generating the low RT κlatt .
To investigate this further, we calculated phonon dispersions
with lattice parameters expanded by 1%, 1.5%, and 2.0% from
the 0 K parameter as shown in Fig. 3(a). While the frequencies
of both the TO branch (at the � point) and the TA1 branch
(at the M point) sharply decrease with increasing lattice
parameters, the TA1 frequencies become negative at 2.0%
lattice expansion indicating a dynamical instability governed
by these. The TO �-point frequencies remain positive, though
much decreased. We discuss the role of these instabilities in
determining the low RT κlatt of TlBr below.
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FIG. 3. (a) Phonon dispersions with the 0 K optimized parameter
(black solid curves) and 1, 1.5, and 2.0% expanded lattice parame-
ters. (b) Mode decomposed Grüneisen parameters calculated at 0 K.
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latt ) and spectral (κ sp

latt) lattice thermal
conductivity as a function of phonon frequency at (a) 5 K and
(b) 300 K. The y axes cover the same numerical range in each figure.

Mode-wise contributions to κlatt at low temperature (5 K)
and RT are shown in Figs. 4(a) and 4(b), respectively. Here the
frequency derivatives of the accumulated thermal conductivity
(κacc

latt ) were computed, resulting in a spectral thermal con-
ductivity (κsp

latt ) analogous to a density of states. The spectral
thermal conductivity quantifies the contribution of modes in
different frequency regions to the overall thermal transport.
At low temperatures (5 K) most of the heat is carried by
modes in the frequency window 0–0.65 THz [Fig. 4(a)]. The
temperature dependence of the branch-wise κlatt is shown
in Fig. S3(a) and S3(b) in the SM [28]. At low tempera-
tures both transverse acoustic modes (TA1 and TA2) carry
nearly similar heat (∼65 W/m-K), whereas contributions of
LA phonons are substantially smaller (18 W/m-K). As the
temperature increases the higher frequency phonon modes
are excited. These contribute both to heat transfer and to
scattering, resulting in a general reduction in κlatt . At 300 K
[Fig. 4(b)], most heat is carried by phonons in the expanded
frequency window 0–2.5 THz. The highest contribution to
κlatt stems from the LA phonons (0.11 W/m-K), while TA1,
TA2, and combined optic contributions are 0.07, 0.10, and
0.08 W/m-K, respectively.

Turning to the impacts of anharmonicity on the κlatt behav-
ior of TlBr, calculated mode Grüneisen parameters are shown
in Fig. 3(b). Since the TA1 phonon frequencies at the M point
are most sensitive to lattice expansion, they exhibit the largest
Grüneisen parameters shown by the green shaded area. In
particular, we observe a Grüneisen parameter ∼9.2 for TA1

phonons at the M point and ∼7.5 for the soft, nearly ferroelec-
tric �-point TO phonons. The TO mode Grüneisen parameters
are nearly three times smaller than those in PbTe (∼20 near
the zone center) [48], yet TlBr exhibits a much lower κlatt .
The strong anharmonicity suggested by the large Grüneisen
parameter values in TlBr, in principle, should correspond to
strong scattering of the low-frequency heat-carrying phonons.
The phonon-phonon scattering rates for the low frequency
heat carriers at different lattice strains are shown in Fig. 5(a).
The majority (∼90%) of heat in TlBr is carried by phonons
with frequencies between 0 and 2.5 THz; thus, only scattering
rates within this frequency range are discussed here. The
contributions of specific three phonon scattering processes,
namely AAA, AAO, and AOO, are shown in Fig. 5(b), where
A and O denote acoustic and optic phonons, respectively. To
highlight the relative enhancement of scattering rates under
strain, these are scaled with respect to total scattering rates
in 0–2 THz frequency window at zero strain (SR0). We find

FIG. 5. (a) Room temperature anharmonic scattering rates (SR)
as a function of frequency at 0%, 1%, and 1.5% lattice expansion.
(b) Contribution of specific three-phonon scattering processes calcu-
lated within the 0–2 THz frequency window. Individual contribution
from acoustic (TA1, TA2, LA), and optic (TO1, TO2) phonons, to the
three-phonon scattering processes are also shown. These correspond
to scattering processes that involve at least one phonon of the indi-
cated polarization. The contribution of individual phonon branches
is proportional to the bar height. The scattering rates are scaled with
respect to total scattering rate (SR0) in 0–2 THz frequency range
at 0% lattice expansion. (c) Calculated κlatt of TlBr as a function
of temperature at 0%, 1%, and 1.5% lattice expansion. The inset
shows the behavior of 300 K lattice thermal conductivity under lattice
expansion.

that at 0% strain AAO (40%) and AOO (41%) type scattering
channels (coalescence and decay processes) dominate the
phonon-phonon resistance in TlBr, whereas AAA scattering
contributes ∼19%.

Apart from the TA and TO instabilities, another interesting
feature mentioned above is an avoided crossing between LA
and TO branches at different points in the Brillouin zone.
As discussed in previous studies [49–52] this feature can
enhance the scattering between these branches and reduce
their transport efficiency. We find that nearly 45% of AAO
processes involve the LA-LA-TO scattering channel, and 35%
of AOO scattering involves the LA-TO-TO scattering channel.
This observation agrees with the theory that avoided crossings
can induce strong anharmonicity [49–52]. Thus, combined
(i) low phonon group velocities, (ii) low-frequency dispersive
optical phonons, and (iii) avoided crossings between LA and
TO branches give ultralow κlatt in TlBr, the last two inducing
significant phonon-phonon scattering.

Next, we examine the proximity of TlBr to a ferroelectric
instability with relation to its κlatt . As shown previously, the
ferroelectric state in TlBr can be achieved by expanding the
lattice parameter by 2% [17]. We calculated κlatt under 1% and
1.5% uniform lattice expansion. The resulting phonon disper-
sion and RT κlatt are shown in Figs. 3(a) and 5(c), respectively.
RT κlatt is significantly reduced with strain ∼44%, going
from 0.375 W/m-K (unstrained) to 0.21 W/m-K (1.5%).
With lattice expansion the frequencies of all phonons de-
crease; however, there are two main modifications in the
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TABLE I. Calculated TlBr κlatt at 100 and 300 K using 0 K IFCs (0 K harmonic and anharmonic IFCs calculated at the 0 K lattice
parameter), quasiharmonic approximation (QHA), and temperature-dependent force constants (TDEP). Within the QHA the temperature
dependence is included through the volume. In TDEP calculations the temperature dependence is included in both volume and IFCs. Measured
lattice thermal conductivities (κMeas) are also shown for comparison. The experimental lattice parameter* is measured at 293 K [61]. All first
principles calculations are done within PBEsol.

Temperature 0 K IFCs QHA TDEP EXP

(K) a (Å) κCalc (W/m-K) a (Å) κ
QHA
Calc (W/m-K) a (Å) κTDEP

Calc (W/m-K) a (Å) κMeas (W/m-K)

100 3.8981 1.2 3.91 0.920 3.94 0.99458 1.10
300 3.8981 0.374 3.96 0.184 3.99 0.3508 3.985* 0.49

dispersion: (i) The TO mode frequency at the zone center
decreases, and this branch becomes less dispersive along
� − X . This brings TlBr much closer to the ferroelectric
instability. (ii) The TA1 mode frequency at the M point
sharply decreases. These modifications, along with the overall
decrease in phonon frequencies, increase the phonon-phonon
scattering under lattice expansion [shown in Fig. 5(a)]. Anal-
ysis of individual scattering types (AAA, AOO, and AAO)
under lattice expansion within the 0–2 THz window is shown
in Fig. 5(b). These contributions represent relative enhance-
ments in scattering processes and are scaled with respect
to scattering rates in TlBr with no strain. Under lattice ex-
pansion, AAO- and AOO-type scatterings are enhanced by
nearly 50%. Phonon polarization analysis shows that these
enhancements are mainly driven by TO1 and TO2 phonons
(modest contributions from LA phonons are also found) as
shown in Fig. 5(b). Thus, TO phonons play an important
role in inducing strong anharmonic scattering; however, the
question remains as to whether these TO phonons mainly
belong to the ferroelectric instability or not. To investigate
this, we analyze where the TO phonons originate within the
Brillouin zone for AOO/AAO-type scattering. We observe that
the ferroelectrically active TO phonons near the zone center
contribute roughly 18% to the scattering processes, while the
remaining contribution comes from all other regions of the
Brillouin zone. This suggests that although soft ferroelectric
modes are relevant for ultralow κlatt , scattering contributions
from phonons in the entire Brillouin zone are equally impor-
tant. Similar observations were recently made for PbTe [53].

Previous experimental reports [54–56] suggested that ther-
mal expansion in TlBr from low temperature to 300 K
is around 1.2%, indicating that lattice parameters of TlBr
are sensitive to temperature. Here we include this by two
methods: (i) within the quasiharmonic approximation (QHA),
where the temperature dependence is included through the
volume by following the method described in Refs. [57,58],
and (ii) within the TDEP method, where lattice parameters
at 100 and 300 K are obtained by minimizing the free energy
using ab initio molecular dynamics simulations [59] (shown in
Fig. S4 of the SM [28]). Additionally, in the TDEP approach
the temperature dependence is included in both harmonic and
anharmonic IFCs. Phonon dispersions calculated within QHA
and TDEP methods are compared in Figs. S5(a) and S5(b)
of the SM [28]. Within the QHA the optical modes soften
and the zone center TO mode exhibits a strong decrease with
increasing temperature as presented in Fig. S5(c) [28]. As
found for PbTe [60], when the system is strongly anharmonic
the QHA does not predict the correct temperature dependence

of the TO mode. The temperature dependence of the TO
mode frequency calculated within TDEP is also shown in Fig.
S5(c) [28], where a much weaker temperature dependence is
observed. These differences have consequences in the calcu-
lation of κlatt .

Table I presents a comparison of κlatt of TlBr calculated
using 0-K IFCs (using 0-K lattice parameters and 0-K IFCs),
using the QHA, and using the TDEP method at 100 and 300 K.
The calculated lattice constants within the QHA are aQHA

100K =
3.91 Å and aQHA

300 K = 3.96 Å. Generally, with increasing lattice
parameters the κlatt decreases due to phonon softening (gen-
erally increased scattering and reduced velocities). Including
the effects of lattice expansion within the QHA worsens the
agreement between calculated (κQHA

Calc = 0.184 W/m-K) and
measured room temperature lattice thermal conductivities
(= 0.49 W/m-K) at room temperature. The behavior of κlatt

calculated within the QHA is related to strong optical phonon
softening, which results in enhanced scattering and therefore
low κlatt . On the other hand, the TDEP method does a better
job in predicting not only the lattice parameter, (aTDEP

300 K =
3.99 Å, aEXP

300 K = 3.985 Å) but also gives higher 300 K κlatt

(κTDEP
Calc = 0.35 W/m-K) in comparison with the QHA.

Although TDEP improves the κlatt when compared to QHA,
it still underestimates the measured κMeas by 0.14 W/m-K.

To address the effect of temperature and anharmonicity
in the phonon dispersion we also calculated the spectral
functions S(q, E ) [62,63] at 100 and 300 K as shown in
Figs. 6(a) and 6(b), respectively. Details of these calculations
can be found in Refs. [41,64]. With increasing temperature,
the calculated spectral function exhibits signatures of strongly
anharmonic behavior: the energy of the TO modes along

FIG. 6. TlBr spectral function [S(q, E )] calculated at (a) 100 K
and (b) 300 K using a q grid of 21 × 21 × 21. The intensities are
presented in log scale and normalized to unity.
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� − M and � − X directions are significantly softened, as
discussed above. Furthermore, the phonon bands, optic modes
in particular, become more diffuse with increasing tempera-
ture suggesting strongly increasing linewidths with increasing
temperature. These features are similar to those previously
reported for strong anharmonic materials such as PbTe, SnTe,
and PbSe [41,64].

IV. SUMMARY

Through a combination of measurements and first princi-
ples simulations, we demonstrated that phonons in TlBr are
strongly anharmonic, and that this is associated with lattice
instabilities. The ultralow κlatt (0.5 W/m-K) found at room
temperature stems from surprisingly strong phonon-phonon
scattering resistance in this simple binary compound and
low phonon group velocities. Polarization analysis of the

scattering rates revealed that the scattering resistance is not
isolated to ferroelectric soft modes, but rather derives from TO
mode scattering throughout the Brillouin zone. Furthermore,
we show that the QHA cannot correctly describe the effect of
thermal expansion on phonon dispersions and lattice thermal
conductivity of TlBr and considering temperature dependence
of the IFCs is necessary. Insights into the thermal conductivity
behavior of TlBr can be extended to similar compounds where
strong anharmonicities have been reported.
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