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Ruddlesden-Popper chalcogenides push the
limit of mechanical stiffness and glass-like
thermal conductivity in single crystals

Md Shafkat Bin Hoque 1,17, Eric R. Hoglund 2,3,17, Boyang Zhao4,17,
De-Liang Bao 5, Hao Zhou 6, Sandip Thakur 7, Eric Osei-Agyemang8,
Khalid Hattar 9,10, Ethan A. Scott 1,10, Mythili Surendran 4, John A. Tomko 1,
John T. Gaskins11, Kiumars Aryana 1, Sara Makarem 2, Adie Alwen4,
Andrea M. Hodge4, Ganesh Balasubramanian12, Ashutosh Giri 7, Tianli Feng6,
Jordan A. Hachtel 3, Jayakanth Ravichandran 4,13,14 ,
Sokrates T. Pantelides 5,15 & Patrick E. Hopkins 1,2,16

Insulating materials featuring ultralow thermal conductivity for diverse
applications also require robust mechanical properties. Conventional think-
ing, however, which correlates strong bonding with high atomic-vibration-
mediatedheat conduction, led todiverseweakly bondedmaterials that feature
ultralow thermal conductivity and low elastic moduli. One must, therefore,
search for strongly-bonded single crystals in which heat transport is impeded
by other means. Here, we report intrinsic, glass-like, ultralow thermal con-
ductivity and ultrahigh elastic-modulus/thermal-conductivity ratio in single-
crystalline Ruddlesden-Popper Ban+1ZrnS3n+1, n = 2, 3, which are derivatives of
BaZrS3. Their key features are strong anharmonicity and intra-unit-cell rock-
salt blocks. The latter produce strongly bonded intrinsic superlattices,
impeding heat conduction by broadband reduction of phonon velocities and
mean free paths and concomitant strong phonon localization. The present
study initiates a paradigm of “mechanically stiff phonon glasses”.

Designing materials with ultralow thermal conductivity (κ) without
reducing their density and degrading their mechanical properties
typically evades century-old theories onmicroscopic heat conduction.
In non-metallic crystals, the primary modes of thermal transport are

lattice vibrations, namely phonons. Dating back to theories originally
pioneered by Peierls, Leibfreid and Schlomann, Einstein, and Debye,
the thermal transport of atomic vibrations is directly related to the
interatomic bond strengths1–9. Hence, “ultralow" thermal conductivity
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properties, such as heat capacity and 
thermal conductivity, have been given 
far less attention.[9–11] Although the 
random distributions of atomic con-
figurations in HEAs are appealing for 
understanding the role of configurational 
disorder on thermal transport, insight 
is limited by the significant electronic  
contribution that arises from the metallic 
nature of most HEAs, which can obscure 
insight into the lattice thermal conduc-
tivity. When non-metal constituents 
comprise a disordered solid solution, the 
dynamics of thermal transport become 
dominated by phonons. However, only 
recently was the concept of entropy stabili-
zation realized in ceramics,[12] allowing for 
an ideal platform to study the role of mass 
and interatomic force disorder beyond 
what has been previously accessible. Since 
the conception of these ceramics, high-

entropy oxides have demonstrated the capability for superionic 
mobility[13] and thermochemical water splitting.[14] Furthermore, 
high configurational entropy can be highly beneficial to the 
development of thermoelectric properties.[15] Understanding 
the general implications of extreme configurational entropy on 
the lattice thermal conductivity would greatly benefit the design 
of high-entropy materials for use in such applications.

To this end, we study the thermal properties of a new class 
of mixed oxides analogous to their HEA metallic counterparts, 
entropy-stabilized oxides (ESOs), characterized by their high 
configurational entropy that leads to structural and chemical sta-
bilization through a local minimization of Gibbs free energy.[12] 
Each ESO forms a single-phase, single-crystal rocksalt struc-
ture having a fixed oxygen anion sublattice; between each 
oxygen atom pair sits a cation randomly selected among the 
equiprobable distribution of five or six unique elements. The 
ESOs (see Table  1) include J14 (MgxNixCuxCoxZnxO, x = 0.2),  
and five 6-cation oxides made up of the J14 composition plus an 
additional cation to include Sc (J30), Sb (J31), Sn (J34), Cr (J35), 
and Ge (J36). We show that ESOs possess amorphous-like thermal 
conductivities that, in contrast to analytical theory, drop by a factor 
of two when adding an additional cation species to a five-cation 
crystal, regardless of the mass added. Using extended X-ray 
absorption fine structure (EXAFS), we isolate the mechanism of 
this reduction to atomic level disorder resulting from charge dif-
ferences among the ions. This local atomic disorder manifests 

Manipulating a crystalline material’s configurational entropy through the 
introduction of unique atomic species can produce novel materials with 
desirable mechanical and electrical properties. From a thermal transport 
perspective, large differences between elemental properties such as mass 
and interatomic force can reduce the rate at which phonons carry heat and 
thus reduce the thermal conductivity. Recent advances in materials synthesis 
are enabling the fabrication of entropy-stabilized ceramics, opening the door 
for understanding the implications of extreme disorder on thermal transport. 
Measuring the structural, mechanical, and thermal properties of single-crystal 
entropy-stabilized oxides, it is shown that local ionic charge disorder can 
effectively reduce thermal conductivity without compromising mechanical 
stiffness. These materials demonstrate similar thermal conductivities to 
their amorphous counterparts, in agreement with the theoretical minimum 
limit, resulting in this class of material possessing the highest ratio of elastic 
modulus to thermal conductivity of any isotropic crystal.

Ceramics

High-entropy alloys (HEAs), consisting of five or more approxi-
mately equimolar compositions of elements,[1,2] have proven 
to exhibit unique physical properties such as high hardness,[3] 
thermal stability,[4] structural stability,[5] as well as corrosion, 
oxidation, and wear resistance.[6–8] While microstructure and 
mechanical properties have been extensively studied, thermal 
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isotopically enriched cBN now takes its place 
as one of the highest thermal conductivity 
materials in existence.

Impressively, the relatively simple 
criteria set by Slack are still applicable 
for most non-metallic solids as shown in 
Fig. 1a, where we plot κ as a function of 
!Mδθ3
I

 (where !M
I

 is the average mass, δ3 
is the average volume and θ is the Debye 
temperature). The factor !Mδθ3

I
 maximizes 

for strongly bonded crystals with light 
atoms, and is able to fairly replicate 
measurements of κ. However, this scaling 
fails to describe κ of high-quality crystals of 
BAs, where higher order phonon scattering 
mechanisms (Fig. 1b) and the limited phase 
space for phonon–phonon scattering need 
to be considered2. The scaling also fails to 
predict κ for natural cBN, where observed 
κ falls below the line due to substantial 
contributions from resistive phonon–
impurity scattering (Fig. 1c)1.

We can thus apply insight from 
first-principles calculations to analyse the 
necessary phonon scattering mechanisms 
responsible for ultrahigh thermal 
conductivity. For BAs, heavier As atoms 
dictate the motion of the acoustic phonons 
that carry most of the heat. As such, the 
more isotopically homogeneous As atoms 
only weakly scatter with the isotope defects 
from the lighter boron atoms that dictate 
the shorter wavelength and more dispersive 
optical modes2. Therefore, the thermal 
conductivities of isotopically enriched and 
natural BAs samples are comparable (see 
Fig. 1a). In contrast, due to the similarity 
in B and N masses, the inclusion of natural 

isotopes in cBN crystals can have a drastic 
effect on κBN as compared with higher order 
anharmonic processes (Fig. 1c). Taken 
together, κ of isotope-enriched cBN could 
potentially surpass κ of BAs (Fig. 1d).

To validate these theories, Chen et al. 
used pump–probe thermoreflectance 
techniques to measure the thermal 
conductivity of synthetic crystals of cBN 
with natural and controlled abundance of 
boron isotopes from 250 K to 500 K. Their 
results showed that the rate of decrease 
in thermal conductivity with temperature 
for cBN is similar to diamond, but slower 
than BAs. For ideal crystals, a faster rate 
of decrease of thermal conductivity with 
temperature suggests a stronger role of the 
higher order scattering processes, as was 
corroborated by first-principles calculations 
that show weak higher order anharmonic 
processes in cBN, in contrast to BAs where 
four-phonon processes play a vital role. 
Their calculations also showed that the 
combination of large relative mass difference 
in boron isotopes (resulting in a strong 
isotope effect) and weaker anharmonic 
phonon scattering processes leads to 
ultrahigh κ in cBN.

For over 65 years, finding a heat 
conductor to rival diamond has proven 
daunting. However, Chen et al. show that 
high-quality crystals of cBN can possess 
comparable thermal conductivities,  
of ∼1,600 W m−1 K−1 at room temperature. 
While isotope enrichment can minimize 
resistive phonon scattering processes, 
intrinsic phonon transport properties are 
ultimately governed by atomic masses 

and the stiffness of chemical bonds. The 
discovery of materials with bond strengths 
similar to diamond, combined with well 
prescribed phonon–isotope scattering 
processes, could present another mechanism 
to achieve ultrahigh-thermal-conductivity 
materials. Tuning of interatomic bonds 
by external stimuli could enable changes 
in phonon scattering rates and velocities, 
and so increase thermal conductivity. 
Additionally, with anticipated challenges 
in the heterogeneous integration of these 
high-thermal-conductivity materials into 
composites and devices — a well-known 
issue for diamond — the ability to create 
dynamically tunable thermal properties 
in easily integrated materials could offer 
a solution to the implementation of these 
ultrahigh-thermal-conductivity materials in 
thin films and interfaces.

The realization of ultrahigh thermal 
conductivity in cBN represents the 
collaborative efforts of scientists and 
engineers with a range of expertise. This 
discovery was a result of designing a 
material with an end goal of achieving 
a desired thermal property, as opposed 
to the thermal property being evaluated 
after designing the material for another 
functionality. This ‘thermal-first’ material 
development is a necessary charge to push 
the limits of thermal sciences and discover 
unrealized thermophysical processes. 
While Slack’s predictions provide us with 
a blueprint for relatively simple material 
systems, there is a periodic table worth of 
opportunities for thermal-first material 
development of complex systems, which 
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Fig. 1 | Thermal conductivity scaling with strength of bonding and average mass in crystal, and the role of different phonon scattering processes in 
boron-containing materials. a, Room-temperature thermal conductivity versus the Slack scaling parameter for GaAs (ref. 7), Ge (ref. 8), GaN (ref. 9),  
Si (ref. 10), diamond (ref. 11), SiC (ref. 9), BeO (ref. 12), AlN (ref. 12), BAs (ref. 5), and cBN (refs. 1,6). Dashed line represents the equation from Slack. b–d, 
Schematics describing the phonon scattering mechanisms in crystals of natural and isotopically enriched BAs with a thermal conductivity of ~1,200 W m−1 K−1 
(b), natural cBN with a thermal conductivity of ~850 W m−1 K−1 (c) and isotope-enriched cBN with a thermal conductivity of ~1,600 W m−1 K−1 (d). Phonon–
isotope scattering can significantly affect the thermal conductivity of cBN, whereas it has negligible influence on BAs due to large mass-mismatch between the 
atomic constituents in BAs. Similarly, four-phonon processes are important for natural and isotopically enriched BAs, while three-phonon scattering dominates 
the thermal conductivity of isotopically enriched cBN, with negligible influence from four-phonon processes.

• What makes a high k material?
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of κ 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in κ among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane 
direction,[22] a 30 × reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/κ) to show that ESOs fall in line with the highest E/κ 
crystals at room temperature, surpassing prominent thermal 
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Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (κ) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to κ for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.
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Inorganic Crystals with Glass-Like and Ultralow Thermal
Conductivities†

Matt Beekman* and David G. Cahill

The ability to control the transport of thermal energy is critical in a wide
variety of technologies. At the same time, understanding the underlying
microscopic mechanisms of thermal transport in solids continues to be a
central goal of condensed matter and materials physics, with many persistent
challenges and unanswered questions. One of the remarkable findings has
been the observation that some crystalline materials have very low, glass-like
thermal conductivities despite long-range order in the arrangement of the
atoms in their structure. Although examples with such unusual behavior were
initially rare, the number of crystalline materials known to have glass-like
thermal conductivities has grown significantly in the past two decades.
Moreover, some fully dense inorganic solids have recently been discovered
that possess ultralow thermal conductivities below the so-called glass limit. In
this review, we use several specific examples to highlight the salient structural
and lattice dynamical features of these intriguing “glass-like crystals,”
focusing on current understanding of the microscopic mechanisms that cause
these crystals to conduct heat like a glass. The study of such materials
continues to push our understanding of heat transport in solids and the roles
that chemical bonding and structural order and disorder play in thermal
transport processes.

1. Introduction

One of the defining characteristics that differentiates a crystal
from a glass is the microscopic arrangement of the constituent
atoms of the material: the periodic arrangement of atoms in
conventional crystals possesses translational and rotational sym-
metries that result in long-range order that is lacking in the
amorphous arrangement of atoms in a glass.[1] The mechani-
cal, electrical, and thermal properties of these two types of ma-
terials are often strikingly different, a direct consequence of the
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ordered versus disordered arrangement
of the atoms. This is especially true
of thermal conductivity, a ubiquitous
materials property that plays a key role
in diverse technological applications
such as thermal barrier coatings, ther-
moelectric energy conversion, thermal
management in integrated circuits, and
heat transfer in buildings.[2–4] The ma-
jority of crystalline solids have relatively
high thermal conductivities, whereas
non-metallic amorphous solids, or
glasses, typically have very low thermal
conductivities, with a very different
temperature dependence as well.[%]

Although there can exist a variety
of carriers of heat in solids, includ-
ing less common carriers such as pho-
tons and magnons,[6] in most materi-
als at ordinary temperatures thermal
conduction is dominated by electronic
charge carrier and/or lattice vibration
contributions.[7,(] For many applications,
including thermoelectric energy conver-
sion and thermal barrier coatings in high
temperature gas turbines, crystalline ma-
terials are the best candidates due to

the need for stability at high temperature and/or the simultane-
ous need for specific electrical properties such as high charge car-
rier mobility. At the same time, in applications such as thermal
barrier coatings in gas turbines and thermoelectric energy con-
version, irreversible heat conduction limits e)ciency, thus the
constituent materials need to have thermal conductivity values
that are as low as possible.[2,3] For these reasons, significant ef-
fort in materials research has focused on understanding and re-
ducing the lattice component of thermal conductivity, resulting
in gains in materials performance and a continually improving
understanding of thermal transport in crystals.[9–11]

One of the products of research in this area has been the ob-
servation that a variety of crystalline solids have lattice thermal
conductivities that are unusually low, mimicking those of glasses
in both magnitude and temperature dependence.[12] Beyond just
satisfying scientific curiosity, a better understanding of this sur-
prising behavior has the potential to improve energy conversion
e)ciency and positively impact a number of technologies, includ-
ing those mentioned above. This paper provides an overview of
inorganic crystalline materials that have glass-like thermal con-
ductivities, in particular thermal conductivities that are near (or
even below) the respective theoretical minimum for the material
and exhibit the characteristic temperature dependence of a glass.

Cryst. Res. Technol. 2017, )2, 1700114 C© 2017WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700114 (1 of 13)
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a quantum mechanical model of atomic vibrations in a solid.[24]

His model assumed each atom in a crystal behaves as a quantum
harmonic oscillator with the same vibrational frequency, with no
phase coherence between oscillators. In applying hismodel to the
problem of the thermal conductivity of crystals, Einstein included
coupling of each oscillator to 24 nearest neighbors to maximize
energy transfer, but his model nevertheless grossly under pre-
dicted the thermal conductivity for crystals.[24] The two key short-
comings in applying Einstein’s model to crystals were the as-
sumptions that the oscillators all vibrate with the same frequency
and that the oscillations were all independent, in stark contrast
to the subsequentlymore successful phononmodel that assumes
collective motion of the atoms in delocalized waves. However, his
model does produce relatively good agreement with the experi-
mental data for glasses (see Figure 1). Even better agreement is
achieved if, instead of treating each individual atom as the oscil-
lating entity with a single frequency, groups of atoms with a vari-
ety of frequencies are considered to be the oscillating entities.[15]

In this picture, thermal energy di%uses through the solids via a
random walk between localized oscillators, which is much less
efficient than transport by the extended wavelike phonon excita-
tions in crystals.[12,15] The di%erence in magnitude and temper-
ature dependence of the lattice thermal conductivity for crystals
and glasses can therefore be understood.
The thermal conductivity predicted by the “modified” Einstein

model for a given material has been termed the “minimum ther-
mal conductivity,” “amorphous limit,” or “glass limit”.[12] It can
also be derived from Equation (1) by assuming that each phonon
experiences such strong scattering that its mean free path is
reduced to half of its wavelength, at which point the phonon
concept itself begins to lose meaning.[12,25] Such models provide
one possible answer to a long-standing question: What is the
lower limit to the thermal conductivity of a solid? The answer
to this question of course has important implications for perfor-
mance limitations in technologies such as thermoelectric energy
conversion.[26] As shown in Figure 1 and Figure 2, the relatively
simple modified Einstein model predicts the high temperature
thermal conductivity of amorphous solids relatively well, provid-
ing both a physical picture for the atomic vibrations and thermal
transport processes in glasses and an estimate of the minimum
achievable thermal conductivity for a solid of given composition
and density.[12]

Remarkably, although most crystals have relatively high lat-
tice thermal conductivities with the characteristic temperature
dependence shown in Figure 1, some crystalline materials have
thermal conductivities that are actually more characteristic of a
glass, both inmagnitude and temperature dependence. In the fol-
lowing sections, we review some specific examples of such crys-
talline materials (Figure 3), as well as the current understand-
ing of the mechanisms and features that appear to be linked to
this unusual behavior. We first examine how the introduction of
certain types of extrinsic structural disorder, i.e. defects, into a
crystalline material can transform its thermal conductivity from
crystalline to glass-like. We then consider how some structural
and lattice dynamical features that are intrinsic to some crystals,
including low energy vibrational modes and pronounced anhar-
monicity, can apparently produce glass-like thermal conductivity
in a crystal “naturally.” Finally, we conclude with a look at sev-
eral unconventional crystals, including aperiodic crystals and so-

Figure 2. Thermal conductivity of various amorphous solids (closed sym-
bols) and disordered crystals (open symbols) vs. the experimentally mea-
sured thermal conductivity for the samematerials. Reprinted from Ref. 27,
Copyright 2006, with permission from Elsevier.

called “ferecrystals,” the lattice dynamics of which still remain
poorly understood in comparison to conventional crystals.

3. Extrinsic Structural Disorder In Crystals

Structural disorder in crystalline materials can be broadly sep-
arated into two major classes: static disorder and dynamic dis-
order. The term “static” refers to some type of compositional or
structural disorder that reduces long-range order in the crystal.
The term “dynamic” refers to the presence of some feature of
the system involving atomicmotions that impedes thermal trans-
port, often through the efficient scattering of the heat carrying
acoustic phonons. Both types can have significant e%ects on the
phonon vibrational spectrum and phonon scattering, and both
types can sometimes be present simultaneously and interrelated.
We illustrate this first with a structurally simple example: crystals
with the NaCl structure type (Figure (a).
The simplest way to introduce static structural disorder in a

crystal is by substitution of one constituent by another to form
an alloy or solid solution. The mechanisms by which this alter-
ation of the structure impacts the thermal conductivity of crys-
tals are relatively well understood.[6,),1(] In forming (KCl)1-x(KBr)x
solid solutions between KCl and KBr, the larger, more massive
Br replaces Cl in the structure. This type of random site substitu-
tion generally produces phonon scattering by mass fluctuations
due to the mass di%erence between the atoms, as well as local
strain and stress due to the di%erence in ionic radius and chem-
ical bonding.[6,),1(] Presuming complete solubility, the e%ect on
phonon scattering is often most pronounced near 50% substi-
tution, corresponding to the most “disordered” composition. As
shown in Figure 4, the peak thermal conductivity value of the KCl
crystal is reduced bymore than one order ofmagnitude when x!
0.5.[12] Although alloy site substitution can significantly lower the
lattice thermal conductivity, simple isoelectronic solid solutions
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or even amorphous phase

• This can also reduce electron transport, which 
will reduce thermoelectric performancewww.advancedsciencenews.com www.crt-journal.org

Figure 3. Selected examples of crystals with very low or glass-like lattice thermal conductivity: (a) NaCl-type solid solutions with alkali cyanides, (b)
fluorite and antiflourite crystals with vacancies or interstitials (not shown), (c) filled skutterudites (A = filler atom), (d) intermetallic clathrates with
“rattling” guest atoms (A = guest atom), (e) Zn4Sb3 (interstitial sites not shown), (f) turbostratically disordered WSe2 (rotational disorder not shown),
and (g) Cu3SbSe3 with stereochemically active lone pair electrons.

Figure 4. Thermal conductivity of (KCl)1-x(KBr)x solid solutions. The cal-
culatedminimum thermal conductivity for KCl is also shown. Isoelectronic
substitution significantly reduces the thermal conductivity, yet it remains
much higher than the glass limit and retains the typical crystalline tem-
perature dependence. Reprinted with permission from Ref. 12. Copyright
1992 by the American Physical Society.

do not typically reduce thermal conductivities to values anywhere
near the glass limit, and the lattice thermal conductivity usually
retains the typical crystalline temperature dependence.
Thermal conductivities that approach the glass limit can, how-

ever, be obtained in other types of solid solutions. We again use
the rock salt structure as an example. In (KBr)1-x(KCN)x, the di-
atomic CN– anion replaces the Br– anion. Although the crys-
tal chemistry of the host structure is very similar to the preced-
ing example, the resulting effect on the thermal conductivity is
very different: as shown in Figure 5, the thermal conductivity in
this case is glass-like with a similar magnitude and temperature
profile as vitreous silica.[12] Since the elongated CN– is oriented
along the 111 direction in the face-center cubic KBr structure,
there are eight symmetrically equivalent orientations available.
At sufficiently low temperatures, the CN– molecule can therefore
quantum mechanically tunnel between these eight orientations,
producing a tunnel splitting in the librational energy levels.[2%]

Presumably, the heat carrying acoustic phonons of the KBr host
lattice are resonantly scattered by these tunnel states, which be-
have similarly to the tunneling states in a glass and produces the
T2 dependence at low T. At higher temperatures, the random lo-
cal stresses associated with the substitution of the elongated CN–

for Br– presumably produce lattice vibrations that are in some
ways glass-like.[27] Note that, as illustrated in Figure 5, doubling
the KCN content from x ! (.2 to x ! (.) does not appreciably
affect the thermal conductivity, which is glass-like in both cases.
It is also possible to achieve glass-like thermal conductivity in

solid solutions by introducing static disorder by the creation of va-
cancies and/or interstitial atoms. Examples are found in the flu-
orite and anti-fluorite structures (Figure 3b). The glass-like ther-
mal conductivity of the well-known thermal barrier coating ma-
terial yttrium stabilized zirconia (Zr1-xYxO2-x/2 or YSZ) with the
fluorite structure has been attributed to the presence of oxygen
vacancies (B atom sites in Figure 3b).[29] Substitution of two Y3+

Cryst. Res. Technol. 2017, &2, 17((114 C© 2(17WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700114 (4 of 13)
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 T im e-domain thermoreflectance
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Abstract

Time-domain thermore!ectance (TDTR) has been instrumental in 
measuring the heat transfer properties of bulk and nanostructured 
materials over the past two decades. In this Primer, we describe the 
optical and thermal aspects of TDTR, with an in-depth discussion on the 
theory, apparatus design and implementation. We present examples 
that illustrate the ability of TDTR to measure thermal conductivity 
tensors, thermal conductance across material interfaces, and volumetric 
heat capacity of thin "lms, 2D materials and bulk materials. The ability 
of TDTR to spatially resolve thermal properties is useful for studying 
heterogeneous material systems, such as materials processed in or 
subjected to extreme environments. We consider current limitations 
of pump–probe metrologies and discuss recent advancements of 
TDTR, such as time-resolved magneto-optic Kerr e#ect (TR-MOKE), 
beam-o#set TDTR/TR-MOKE, steady-state thermore!ectance, frequency- 
domain thermore!ectance and laser-!ash TDTR. Finally, we present an 
outlook on anticipated technological developments to further expand 
the ability of TDTR to measure nanoscale thermal properties.
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in a single optical table. We provide a detailed guide for building TDTR 
set-ups in Supplementary Note 1.

TDTR apparatus
Laser system. TDTR experiments typically use a solid-state diode- 
pumped Ti:sapphire oscillator that generates sub-picosecond pulses 
at a central wavelength of ~800 nm, with a spectral bandwidth of 
~10–12 nm and a repetition rate of 80 MHz. If the output beam is ellip-
tical, cylindrical lenses can be used to correct it70. In Supplementary 
Box 1, we provide an overview of Gaussian beam optics and associated 
formulae that are useful for beam shaping, beam collimation and 
focusing down to diffraction-limited spot sizes.

Delay stage. The delay stage controls the time delay between the pump 
and probe beams at the sample by introducing a controllable difference 
in path length. The delay stage can be placed in either the pump or 
probe path. Setting the delay stage on the pump path introduces a 
phase shift, ei π f t.2 . .mod delay , in the heating function that needs to be 
accounted for in the thermal modelling, where fmod is the pump modula-
tion frequency and tdelay is the pump–probe delay time70. The delay time 
is equal to the optical path length difference divided by the speed of 
light. The delay stage must introduce a path length difference of at least 
≈0.9 m, yielding a delay time of at least ≈3 ns, so that the 
transducer–sample interface conductance, G, can be determined. G is 
measured by observing the timescale over which the metal film 
transducer’s temperature decays, given by τ h C G= /t t , where τ is the 
transducer’s thermal response time, ht is the transducer’s thickness and 
Ct is the transducer’s volumetric heat capacity. Typical values are  
ht = 10–7 m, Ct = 3 × 106 J m–3 K–1 and G = 108 W m–2 K–1, and thus τ is ≈3 ns.

Modulation of the pump beam. TDTR derives its sensitivity to the 
thermal properties of the sample by measuring the thermal response 
of the sample to harmonic heating at fmod, and therefore modula-
tion of the pump beam is necessary. An electro-optic modulator is 
used to modulate the train of pump pulses with typical modulation 

frequencies ranging between 0.1 and 20 MHz. The resulting heat-
ing function is shown in Fig. 3c. We discuss the effect of square and 
harmonic modulation envelopes in Supplementary Note 1.

Objective lens and integrated microscope. The pump and probe 
beams are focused onto the sample surface using an objective lens. 
Lenses with long working distances facilitate integration with sample 
environments such as optical cryostats or heater stages for in situ 
measurements. The probe beam must not be clipped at the back focal 
plane of the objective lens or anywhere on the optical path between 
the sample and the detector. Clipping the beam causes measurement 
artefacts by converting thermal expansion-induced phase modula-
tions of the probe beam into intensity modulations76–81. This condition 
limits the size of the probe beam in free space, and consequently the 
diffraction-limited spot size on the sample (associated formulae can be 
found in Supplementary Box 1). An integrated microscope, composed 
of a charge-coupled device camera and a suitable lens, allows for sample 
surface imaging and ensures that the sample is reliably placed at the 
focal plane of the objective lens. Imaging of the surface also allows users 
to avoid regions of the sample with dust or defects and simplifies the 
spatial overlap of the pump and probe beams on the sample surface82.

Detector and lock-in amplifier. The reflected probe beam is focused 
onto a silicon photodetector with a response time sufficient to resolve 
signals at fmod. The detector is connected to a radio-frequency lock-in 
amplifier. The lock-in amplifier measures the amplitude and phase 
of the AC signal at fmod. In Supplementary Note 1, we discuss design 
considerations for the detection circuit, and methods for blocking the 
pump beam from reaching the detector, which is critical.

Advanced TDTR methods
Beam-offset set-up. Precise control over the spatial overlap of pump 
and probe beams, known as the beam offset, is achieved either by using 
a goniometer with motorized actuators on the polarized beam-splitter 
(PBS) in front of the objective lens70 or by utilizing motorized actuators 
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Heater and
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Optical pump
probe metrologiesTDTR Pump-beam offset

TR-MOKE Laser flash
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Fig. 1 | Introduction to optical pump–probe 
metrologies for thermal property measurements. 
a, Time-domain thermoreflectance (TDTR) 
measurements where the reflection geometry 
allows for thermal conductivity and heat capacity 
measurements of thin films and bulk samples. 
b, Beam-offset measurements where the heater and 
thermometer spots are offset by a specified distance. 
This geometry allows measurements of thermally 
anisotropic samples. c, Time-resolved magneto-
optic Kerr effect (TR-MOKE) measurements. 
By substituting thermoreflectance with magneto-
optic thermometry, this technique improves spatio-
temporal resolution and allows measurements 
of thinner films. Beam-offset measurements 
can be performed in both TDTR and TR-MOKE 
configurations. d, Laser-flash measurements, where 
the heater and thermometer spots are on opposite 
sides of the substrate. By providing additional 
information about the temperature profile in 
the through-plane direction, laser flash is useful 
for multilayer samples with multiple unknown 
properties.
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Figure S1: (a) Best-fit thermal model to the TDTR data for BaZrS3, Ba3Zr2S7, and Ba4Zr3S10 crystals at room temperature.
(b) Sensitivity of TDTR measurements to the ratio of in-phase to out-of-phase signal (–V in/Vout) for BaZrS3 at room tem-
perature. Here, Cv, ! , G, and d represent volumetric heat capacity, thermal conductivity, thermal boundary conductance, and
thickness, respectively.

S3. Steady-state temperature rise during TDTR measurements

Since the RP phases possess ultralow thermal conductivity, steady-state temperature rise from pulsed
laser heating can be a major concern, particularly at low temperatures. Therefore, at each temperature,
we calculate the steady-state temperature rise for the precise aluminum/sample geometry from the nu-
merical solution to the cylindrical heat equation.10 For each sample, we optimize the laser power to
obtain good signal to noise ratio and minimal steady-state temperature rise. The maximum steady-state
temperature rise observed in our study is 11 K. This degree of steady-state temperature rise is not ex-
pected to change the properties of aluminum and samples significantly to cause any error.11

S4. Uncertainty analysis

We calculate the uncertainty (→) of TDTR measurements using the following equation12–14

→=

√

(∀)2 +

(
R ·

#∃
S!

)2
+!

(
S%
S!

· #%
%

)2
(S1)

here the first term ∀ represents the standard deviation of multiple measurements across different spots.
The second term R#∃

S!
represents the uncertainty in determining the absolute value of the phase from the

lock-in amplifier. R, #∃ , and S! stand for the ratio of in-phase to out-of-phase signal, uncertainty of
the phase, and sensitivity of R to ! in the thermal model, respectively. The third term S%

S!
#%
% represents

the propagation of uncertainty from individual input parameters to the thermal model. #% and S% are
uncertainty of parameter % and sensitivity of R to % in the thermal model, respectively.

We conduct the TDTR measurements at 8.4 MHz modulation frequency. At such high modulation
frequency, the signal noise and #∃ is quite small.7 Therefore, the main sources of uncertainty in the

4
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ABSTRACT
We demonstrate a Thermo-Optical Plane Source (TOPS) technique to measure the thermal conductivity of materials. This high-throughput
method measures the thermal conductivity of materials with minimal sample preparation and limited restrictions on sample shape and
geometry. Moreover, the technique is applied to solids, liquids, gels, and pastes with no change in implementation. The TOPS technique
uses laser heating to induce a steady-state temperature rise in a material and infrared thermography to measure the corresponding tem-
perature rise. Fourier’s law is applied to directly measure thermal conductivity, rather than thermal diffusivity or effusivity, eliminating the
need for prior knowledge of density and specific heat. We demonstrate the ability to measure thermal conductivities ranging from 0.03 to
60 Wm⌐1 K⌐1 at room temperature.
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0267492

I. INTRODUCTION

The thermal conductivity (ω) of materials plays a critical role in
the design, development, and performance of a wide array of tech-
nologies and applications. For example, the efficiency of insulating
foams and porous materials for thermal isolation in applications
ranging from wearables to building materials is directly tied to
their inability to conduct heat.1–5 Accurate and high-throughput
measurement of these low thermal conductivity materials is an
outstanding challenge in this community, where a century old tech-
nique, the guarded hot plate method, remains the standard for direct
(steady-state) measurements of ω,6 despite a bulky experiment, oner-
ous sample requirements, and measurement times on the order of
hours. Another major industry that requires accurate measurements
of ω is solid-state energy conversion technologies such as thermo-
electric devices,7–9 where maintaining a large temperature gradient
across materials is paramount and, as such, accurate knowledge of
ω for these materials on operational length scales is necessary to
evaluate the device performance via the thermoelectric device figure
of merit.9 On the other end of the spectrum, the higher thermal

conductivities of ceramics, metals, semiconductors, and their com-
posites are a crucial parameter dictating the efficiency of nearly all
modern electronic devices,10–12 quantifying their ability to dissipate
heat generated during operation.

Across a myriad of industries underlying modern technology,
accurate measurement of ω can be of utmost importance. The ideal
tool for such characterization should be simple to use, relevant to
an array of material types, high-throughput, accurate, and repeat-
able. That is, the ideal technique is capable of measuring ω no matter
its value (both low and high extremes), measures various material
types and phases (solid, liquid, gels, pastes, gases, powders, etc.)
without any change in approach, is nondestructive, is localized to
identify differences in thermal properties rather than an aggregate
property, is unaffected by sample size or geometry, is unaffected
by sample nonidealities such as surface roughness or scratches, and
requires little to no sample preparation for measurement. Further-
more, the ideal technique should require minimal assumptions and
inputs about the sample; this inherently requires a direct measure-
ment of thermal conductivity rather than a measurement of thermal
diffusivity and/or effusivity.

Rev. Sci. Instrum. 96, 074901 (2025); doi: 10.1063/5.0267492 96, 074901-1
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X-ray diffraction, EXAFS and STEM–EDS probes are sensitive

to 10 s of nm, 10 s of Å and 1 Å length scales, respectively. While
any single technique could be misinterpreted to conclude
homogenous mixing, the combination of X-ray diffraction,
EXAFS and STEM–EDS provide very strong evidence. We note,
in particular, the similarity in EXAFS oscillations (both in
amplitude and position) out to 12 inverse angstroms. This
similarly would be lost if local ordering or clustering were present.
Consequently, we conclude with certainty that the cations are
uniformly dispersed.

Discussion
The set of experimental outcomes show that the transition from
multiple-phase to single phase in E1 is driven by configurational
entropy. To complete our thermodynamic understanding of this
system, it is important to understand and appreciate the enthalpic
penalties that establish the transition temperature. In so doing,
the data set can be tested for self-consistency, and the present
data are brought into the context of prior research on oxide
solubility.

First, we consider an equation relating the initial and final
states of the proposed phase transition:

MgOðRSÞ þNiOðRSÞ þCoOðRSÞ þCuOðTÞ þZnOðWÞ¼ Mg;Ni;Co;Cu;Znð ÞOðRSÞ

For MgO, NiO and CoO, the crystal structures of the initial
and final states are identical. If we assume that solution of each
into the E1 rocksalt phase is ideal, the enthalpy for mixing is zero.
For CuO and ZnO, there must be a structural transition to
rocksalt on dissolution from tenorite and wurtzite, respectively. If
we again assume (for simplicity) that the solution is ideal, the
mixing energy is zero, but there is an enthalpic penalty associated
with the structure transition. From Davies et al. and Bularzik
et al., we know the reference chemical potential changes for the
wurtzite-to-rocksalt and the tenorite-to-rocksalt transitions of
ZnO and CuO; they are 25 and 22 kJ mol% 1, respectively36,37. If
we make the assumption that the transition enthalpies of
ZnO(wurtzite) to ZnO(rocksalt E1) and CuO(tenorite) to
CuO(rocksalt E1) are comparable, then the enthalpic penalty
for solution into E1 can be estimated. For ZnO and CuO, the
transition to solid solution in a rocksalt structure involves an
enthalpy change of (0.2) & (25 kJ mol% 1)þ (0.2) & (22 kJ mol% 1), a
total of þ 10 kJ mol% 1. This calculation is based on the product

of the mol fraction of each multiplied by the reference transition
enthalpy.

This assumption is consistent with the report of Davies et al.
who showed that the chemical potential of a particular cation in a
particular structure is associated with the molar volume of that
structure36. Since the rocksalt phases of ZnO and CuO have
molar volumes comparable to E1, their reference transition
enthalpy values are considered suitable proxies.

In comparison, the maximum theoretically expected config-
urational entropy difference at 875 !C (the temperature were we
observe the transition experimentally) between the single species
and the random five-species solid solution is B15 kJ mol% 1,
5 kJ mol% 1 larger than the calculated enthalpy of transition. It is
possible that the origins of this difference are related to mixing
energy as the reference energy values for structural transitions to
rocksalt do not capture that aspect.

While the present phase diagrams that monitor Ttrans as a
function of composition demonstrate rather symmetric behaviour
about the temperature minima, it is unlikely that mixing
enthalpies are zero for all constituents. Indeed, literature reports
show that enthalpies of mixing between the constituent oxides in
E1 are finite and of mixed sign, and their magnitudes are on the
same order as the 5 kJ mol% 1 difference between our calculated
predictions36. This energy difference may be accounted for by
finite and positive mixing enthalpies.

Following this argument, we can achieve a self-consistent
appreciation for the entropic driving force and the enthalpic
penalties for solution formation in E1 by considering enthalpies
of the associated structural transitions and expected entropy
values for ideal cation mixing.

As a final test, these predictions can be compared with
experiment, specifically by calculating the magnitude of the
endotherm observed by DSC at the transition from multiple-
phase to single-phase states. Doing so we find a value
B12 kJ mol% 1 (with an uncertainty of ±2 kJ mol% 1). While
we acknowledge the challenge of quantitative calorimetry, we
note that this experimental result is intermediate to and in close
agreement with the predicted values.

Compared with metallic alloys, the pronounced impact of
entropy in oxides may be surprising given that on a per-atom
basis the total disorder per volume of an oxide seems be lower
than in a high-entropy alloy, as the anion sublattice is ordered
(apart from point defects). The chemically uniform sublattice is
perhaps the key factor that retains cation configurational entropy.
As an illustration, consider a comparison between random metal
alloys and random metal oxide alloys.

Begin by reviewing the case of a two-component metallic
mixture A–B. If the mixture is ideal, the energy of interaction
EA–B¼ (EA–AþEB–B)/2, there is no enthalpic preference for
bonding, and entropy regulates solution formation. In this
scenario, all lattice sites are equivalent and configurational
entropy is maximized. This situation, however, never occurs as
no two elements have identical electronegativity and radii values.
Figure 6a illustrates a two-component alloy scenario A–B where
species B is more electronegative than A. Consequently, the
interaction energies EA–A, EB–B and EA–B will be different. A
random mixture of A–B will produce lattice sites with a
distribution of first near neighbours, that is, species A
coordinated to 4-B atoms, 2-A and 2-B atoms, etcy Different
coordinations will have different energy values and the sites are
no longer indistinguishable. Reducing the number of equivalent
sites reduces the number of possible configurations and S.

Now consider the same two metallic ions co-populating a
cation sublattice, as in Fig. 6b. In this case, there is always an
intermediate anion separating neighbouring cation lattice sites.
Again, in the limiting case where only first near neighbours are

Mg Co

ZnCuNi

HAADFa

5 Å

Figure 5 | STEM–EDS analysis of E1. (a) HAADF image. Panels labelled as
Zn, Ni, Cu, Mg and Co are intensity maps for the respective characteristic
X-rays. The individual EDS maps show uniform spatial distributions for each
element and are atomically resolved.
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equimolar. Two dependencies become apparent: the entropy
increases as new species are added and the maximum entropy is
achieved when all the species have the same fraction. Both
dependencies assume ideal random mixing. Two series of
composition-varying experiments investigate the existence of
these trends in formulation E1.

The first experiment monitors phase evolution in five
compounds, each related to the parent E1 by the extraction of a
single component. The sets are equilibrated at 875 !C (the threshold
temperature for complete solubility) for 12 h. The diffraction

patterns in Fig. 2a show that removing any component oxide results
in material with multiple phases. A four-species set equilibrated
under these conditions never yields a single-phase material.

The second experiment uses five individual phase diagrams to
explore the configurational entropy versus composition trend. In
each, the composition of a single component is varied by ±2,
±6 and ±10% increments about the equimolar composition
while the others are kept even. Since any departure from
equimolarity reduces the configurational entropy, it should
increase transition temperatures to single phase, if that transition
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Figure 2 | Compositional analysis. (a) X-ray diffraction analysis for a composition series where individual components are removed from the parent
composition E1 and heat treated to the conditions that would otherwise produce full solid solution. Asterisks identify peaks from rocksalt while carrots
identify peaks from other crystal structures. (b) Calculated configurational entropy in an N-component solid solutions as a function of mol% of the Nth
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Fig. 3. (a) Thermal conductivity predictions for LJ-based solid solutions with 2 to 5 components for a range of alloy fractions at T = 25 K using the NEMD approach. (b) Thermal
conductivity of LJ solid solutions with two to five atom species populating the crystalline matrix at 50% alloy concentration as a function of temperature. The dashed lines are
inverse power fits. For comparison, the thermal conductivity of amorphous LJ-argon and an amorphous solid comprising equal amounts of the 4 different impurity species from
the 5-component alloy are also included (black open and closed circles, respectively).

dominant 1/T temperature trend for the LJ-argon case that gradu-
ally becomes less prominent as the number of impurity species is
increased in the computational domain. This is due to the fact that
alloy scattering dominates the phonon scattering processes in these
structures [27,28]. Furthermore, in qualitative agreement with the
VCA predictions, the NEMD-predictions demonstrate that increasing
the number of alloy components from a 4 to a 5 component solid
solution does not decrease the thermal conductivity (within uncer-
tainties) for the entire temperature range investigated. However, as
the energy parameter for the impurity masses in the 5-component
alloy is reduced by 15% in comparison to that of LJ argon, the ther-
mal conductivity of the solid solution can be lowered further, which
can be attributed to the scattering caused by the bond disorder. Simi-
larly, changing the length parameter for the impurity masses further
reduces the thermal conductivity below the mass scattering limit
due to changes in the local force-field.

Generally, the minimum limit to thermal conductivity in fully
dense dielectric solids is attributed to the amorphous phase of the
solid where the energy is transported through the random walk of
atomic vibrations [3,29]. For LJ argon, we determine the thermal con-
ductivity of the amorphous phase by creating an amorphous domain
using the melt-quench technique [30–32]. As the melting tempera-
ture for argon is 87 K, we melt the crystalline system at 300 K for
a total of 100 ps to eliminate any memory of the initial configu-
ration [24]. Then rapid quenching at 8.1×1011 K s−1 is performed
to generate the amorphous structure at the desired temperature.
Note, the amorphous LJ solid is only stable up to 20 K; therefore,
Fig. 3b shows the thermal conductivity for the amorphous LJ argon
up to this temperature. The four and five component alloys show
similar thermal conductivities to the amorphous solid at high tem-
peratures, while the alloy structures with bond disorder can posses
thermal conductivities that are comparable to (or even lower) than
the minimum limit marked by the amorphous phase of LJ-argon
at all temperatures studied in this work. For comparison, we also
include the thermal conductivity of the amorphous phase of an alloy
formed from equal concentrations of the four impurity atom species
(of the 5-component alloy; “amorphous alloy of impurities” except
for the host LJ-argon) in Fig. 3b. As is clear, only at high temperatures
where the thermal conductivity is dominated by the combination of

Umklapp scattering and alloy scattering does the thermal conductiv-
ity of the bond-disorder crystalline phase of the 5-component alloy
compare with that of the “amorphous alloy of impurities”.

To gauge the role of the local strain field associated with chang-
ing s and e in the LJ potential, we run additional simulations on
the 5-component alloys by varying the interatomic potential for
all impurity atom species with respect to the host LJ-argon atoms.
Fig. 4a shows the thermal conductivity as a function of change in e
for the impurity masses in the 5-component system at 55 K. As is
clear from the figure, the thermal conductivity can be reduced by
∼15% by lowering e by 15% for these structures. In order to visu-
alize this local strain field, we calculate the von Mises strain on
each atom as detailed in Ref. [33] for the alloys with and with-
out the change in the LJ potential. For these calculations, the local
deformation gradient tensor is determined within a cutoff radius of
10 Å for each particle in the relaxed structure relative to an ini-
tial fcc structure for LJ-argon with a lattice constant of 5.31 Å. The
change in the atomic level strain that results in the reduction in ther-
mal conductivity is observable in Fig. 4b and c, where we plot the
snapshots of the cross-sections (along with the entire computational
domains on the right for the two structures discussed above) show-
ing the atomic strain calculations for the 5-component alloys with
and without bond disorder, respectively. The 15% change in e for the
impurity atoms manifests as local strain on the atoms relative to the
LJ host lattice, which evidently results in the reduction of thermal
conductivity. Note, a further decrease in thermal conductivity is not
observed by lowering e alone as shown in Fig. 4a. However, as s is
changed by 10% compared to the length parameter of the host lattice
(s impurities = 3.75 Å), a further reduction in thermal conductivity is
possible, which can also lead to thermal conductivities comparable
to (and even beyond) that of the “amorphous alloy of impurities” as
noted in the previous paragraph.

Fig. 4d plots the local strain field for the 5-component alloy for
this case. In comparison to the other two cases considered earlier,
the local strain for this structure is noticeably greater, which corre-
sponds with the reduced thermal conductivity. We note that for a
comprehensive investigation of the effect of strain on the thermal
conductivity, phonon lifetimes and harmonic and anharmonic effects
resulting from the external strain, the reader is referred to Ref. [34].
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itself in an observable distortion of the oxygen sublattice while 
preserving long-range crystallographic order measured with X-ray 
diffraction (XRD). This finding is further corroborated by molec-
ular dynamics simulations that account for differences among 
interatomic forces through electrostatic interactions based on 
Bader charges taken from density functional theory calculations.

ESO thin films were grown epitaxially on MgO substrates 
using pulsed laser deposition. Because the ESOs are pinned 
in-plane to the MgO substrate, their in-plane lattice parameters 
match that of MgO at 4.21 Å, whereas the out-of-plane lattice 
parameters vary slightly based on composition. Crystal struc-
tures were characterized using XRD. Figure 1a shows the 2θ–ω 

XRD scan around the (200) MgO substrate peak. Lower (higher) 
2θ indicates larger (smaller) out of-plane lattice parameters. 
Thermal characterization was performed using a combined 
time- and frequency-domain thermoreflectance technique  
(see Methods) to simultaneously measure the thermal conduc-
tivity (κ) and volumetric heat capacity (Cv) of the thin-film ESO 
samples by modulating the pump heating event over a range of 
frequencies large enough to decouple thermal diffusivity from 
thermal effusivity. A schematic of the experiment and the sample 
geometry is shown in Figure 1b. The resulting best-fit surface 
model and data are shown in Figure 1c for J14, along with the 
normalized residuals, for the phase as a function of delay time 
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Table 1. Thermal and physical properties of ESOs at room temperature. Measured properties include film thickness (d), thermal conductivity (κ), 
volumetric heat capacity (Cv), and elastic modulus (E).

Name Composition d [nm] κ [W m−1 K−1] Cv [MJ m−3 K−1] E [GPa]

J14 MgxNixCuxCoxZnxO, x = 0.2 114 ± 2 2.95 ± 0.25 3.01 ± 0.49 152.0 ± 10.6

J30 MgxNixCuxCoxZnxScxO, x = 0.167 149 ± 4 1.68 ± 0.13 3.37 ± 0.42 236.7 ± 15.9

J31 MgxNixCuxCoxZnxSbxO, x = 0.167 117 ± 6 1.41 ± 0.17 3.29 ± 0.54 158.4 ± 10.9

J34 MgxNixCuxCoxZnxSnxO, x = 0.167 118 ± 2 1.44 ± 0.10 3.29 ± 0.44 180.8 ± 17.9

J35 MgxNixCuxCoxZnxCrxO, x = 0.167 109 ± 8 1.64 ± 0.24 3.96 ± 0.75 151.0 ± 9.2

J36 MgxNixCuxCoxZnxGexO, x = 0.167 109 ± 3 1.60 ± 0.14 3.55 ± 0.48 229.9 ± 21.2

Figure 1.  Structural and thermal characterizations. a) 2θ – ω XRD scan around the (200) MgO substrate peak. Inset shows J14 crystal structure with 
red anions representing oxygen and cation cites occupied by a random distribution of five distinct elements. b) Schematic for TDTR/FDTR experiment: 
sample is 80 nm Aluminum on a ≈100 nm ESO film grown on an MgO substrate. Laser heating by a modulated pulsed pump is detected by a probe 
by locking into the pump modulation frequency; the modulation frequency is varied and the probe is delayed in time relative to the pump, creating a 
time and frequency space to which to fit a thermal model. c) Combined TDTR/FDTR experimental phase data (ϕ = tan−1(Vout/Vin)) and surface fit for J14 
at room temperature (symbols), together with the best-fit thermal model and resulting normalized residuals (|(ϕm − ϕd)/ϕd |). d) Contour of deviation 
sum as functions of κ and Cv for all thin film samples, as determined by the 95% confidence interval in the normalized residuals. Sample composi-
tions are provided in Table 1. e) κ versus sixth-cation atomic mass for six-cation ESOs. For reference, κ of J14 is also shown at its average cation mass.
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Figure 1.  Structural and thermal characterizations. a) 2θ – ω XRD scan around the (200) MgO substrate peak. Inset shows J14 crystal structure with 
red anions representing oxygen and cation cites occupied by a random distribution of five distinct elements. b) Schematic for TDTR/FDTR experiment: 
sample is 80 nm Aluminum on a ≈100 nm ESO film grown on an MgO substrate. Laser heating by a modulated pulsed pump is detected by a probe 
by locking into the pump modulation frequency; the modulation frequency is varied and the probe is delayed in time relative to the pump, creating a 
time and frequency space to which to fit a thermal model. c) Combined TDTR/FDTR experimental phase data (ϕ = tan−1(Vout/Vin)) and surface fit for J14 
at room temperature (symbols), together with the best-fit thermal model and resulting normalized residuals (|(ϕm − ϕd)/ϕd |). d) Contour of deviation 
sum as functions of κ and Cv for all thin film samples, as determined by the 95% confidence interval in the normalized residuals. Sample composi-
tions are provided in Table 1. e) κ versus sixth-cation atomic mass for six-cation ESOs. For reference, κ of J14 is also shown at its average cation mass.
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and modulation frequency. From this, we follow the procedure 
outlined by Wang et al.[16] to determine the 95% confidence 
interval of fitted thermal conductivity and heat capacity based on 
the two-standard deviation difference from the minimum nor-
malized residual. Figure 1d shows the results for J14 and all six-
cation ESOs, where contour lines indicate the combinations of κ 
and Cv corresponding to a 95% confidence interval.

There is a strong reduction in thermal conductivity between 
J14 and all six-cation oxides; variation in κ among the latter are 
within 20% of one another and follow an expected decreasing 
trend with heavier average cation mass, as shown in Figure 1e. 
Accounting for uncertainties arising from film thicknesses and 
thermal properties does not explain this reduction from five to 
six cations. This finding suggests that there is an enhanced level 
of phonon scattering intrinsic to the six-cation oxides compared 
to J14 that is dictating the observed reduction in thermal conduc-
tivity. Furthermore, a 105 nm polycrystalline J14 sample (p-J14) 
was fabricated on an amorphous SiO2 (a-SiO2) substrate; grain 
sizes were on the order of 50–100 nm as determined by atomic 
force microscopy (AFM). Grain boundaries typically scatter pho-
nons on the order of the grain size,[17,18] which would reduce the 
thermal conductivity of p-J14 relative to single crystal J14. Because 
the substrate is a-SiO2 in this case, heat capacity and thermal con-
ductivity cannot be experimentally decoupled (see Supporting 
Information for details). However, if we assume that the heat 
capacity is that of J14, the thermal conductivity of p-J14 is, within 
uncertainty, equal to that of J14. This indicates that phonon scat-
tering at grain boundaries negligibly affects the thermal conduc-
tivity, suggesting that the phonons contributing most strongly to 
thermal transport in J14 have mean-free paths smaller than this 
average grain size. Moreover, this result indicates that even with 
additional extrinsic scattering mechanisms, the thermal conduc-
tivity of J14 does not reduce to those of the six-cation oxides. To 
understand the significance of this reduction in thermal conduc-
tivity, we measure a 78 nm amorphous J14 (a-J14) film grown 
on a-SiO2. Again assuming the same heat capacity as J14, the 
thermal conductivity of a-J14 is 1.16 ± 0.16, almost a third that 
of J14, and within 20% of the thermal conductivity of J31. This 
amorphous thermal conductivity is typically assumed to be the 
minimum limit to the intrinsic thermal conductivity of a solid.[19]

Reduced crystalline thermal conductivity approaching the 
amorphous limit is an attractive property to several applications, 
including thermoelectric power generation[20] and thermal bar-
rier coatings,[21] where crystalline materials allow for the desir-
able electronic properties and temperature stability necessary 
for extreme environments. Such reduction is often achieved 
via nanostructuring with defects and/or interfaces, the latter of 
which resulted in the lowest thermal conductivity measured in a 
fully dense solid at 0.05 W m−1 K−1 for WSe2 in the cross-plane 
direction,[22] a 30 × reduction over the c-axis thermal conductivity 
of single-crystal WSe2. For macroscale applications in which films 
inevitably become large enough that grains of varying orienta-
tions form, thermal conductivity reduction in one crystallographic 
direction does not have significant benefit. Thus, for isotropic 
crystals, such reduction is typically achieved via increasing com-
positional disorder,[23] which can lead to mass mismatch, atomic 
radii mismatch, and local atomic strain that results in additional 
phonon scattering. For example, mixed crystals with controlled 
disorder were shown to have thermal conductivities that approach 

their minimum limit.[19] Similarly, unary and binary compound 
superatomic crystals were shown to have amorphous-like thermal 
conductivities when orientational disorder is present.[24] On the 
other hand, complex crystals such as the cubic I-V-VI2 semicon-
ductor AgSbTe2 have intrinsically glass-like thermal conduc-
tivities[25] attributed to the spontaneous formation of nanoscale 
domains with different orderings on the cation sublattice.[26]

Regardless of the mechanism, a thermal conductivity reduc-
tion generally comes at the expense of a crystal’s stiffness, as 
determined by its elastic modulus. This is shown in Figure 2a, 
where thermal conductivity is plotted as a function of elastic 
modulus for a wide array of isotropic crystals. Whereas metals 
can maintain a relatively high thermal conductivity due to contri-
bution from electron transport, phonons are the dominant heat 
carriers in non-metals; reduction of elastic modulus is indicative 
of a reduction in phonon group velocity and energies, resulting 
in a lowered thermal conductivity. As shown in Figure 2a,  
the regime of simultaneously stiff and insulative crystals is 
unpopulated, despite the need in practical applications such 
as thermal barrier coatings. We show that ESOs, whose elastic 
moduli are measured with contact resonance AFM (CR-AFM), 
represent a step towards filling this void. In fact, in Figure 2b, 
we quantify the ratio of elastic modulus to thermal conduc-
tivity (E/κ) to show that ESOs fall in line with the highest E/κ 
crystals at room temperature, surpassing prominent thermal 
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Figure 2.  Thermal and elastic properties of crystals. a) Thermal conduc-
tivity (κ) versus elastic modulus (E) for a wide range of isotropic crys-
tals at room temperature. Materials are grouped into metals (squares) 
and non-metals (triangles), the former having the subset of HEAs (open 
squares) and the latter having the subset of ESOs (circles). b) Ratio of E 
to κ for the highest-ratio crystals from (a). A table of data and references 
can be found in the Supporting Information.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1805004 (4 of 8)

www.advmat.dewww.advancedsciencenews.com

barrier coating materials such as zirconates BaZrO3, La2Zr2O7 
and the most commonly used Y2O3-stabilized ZrO2 (YSZ).[27] By 
comparison, HEAs have elastic moduli falling anywhere from  
20 to 180 GPa,[28] while thermal conductivities generally exceed  
10 W m−1 K−1.[28] The general metallic nature of most HEAs means 
that they will have relatively large contributions from electrons to 
thermal conductivity. However, recent developments in HEAs for 
use in thermoelectric applications[11,29] have demonstrated that 
HEAs can have thermal conductivities as low as 0.5 W m−1 K−1 
at room temperature.[11] Because E/κ (∝ 1/Cvτ, where τ is phonon 
scattering time) is indicative of the phonon scattering rate, the 
high ratios observed for ESOs demonstrate the use of entropy sta-
bilization with multiple components to reduce phonon scattering 
times rather than velocities, which opens the door to unique com-
binations of properties, in this case simultaneously high elastic 
modulus and near-minimum thermal conductivity.

To better understand this reduction in thermal conductivity 
from five to six cations, we measure the thermal conductivi-
ties of J14 and J35 over a temperature range of 78–450 K, pre-
sented in Figure 3a. J14 and J35 have nearly identical average 
mass, thickness, and sound speed, making the two ideal candi-
dates to compare. A similar reduction in thermal conductivity 
is observed in J35 compared to J14 at all temperatures tested. 
Unlike typical crystalline materials’ thermal conductivity trends 
with temperature, both J14 and J35 display trends indicative of 
amorphous materials, having increasing thermal conductivities 
with temperature. To put this into perspective, we measure the 
thermal conductivity of a-J14 to show this characteristic amor-
phous thermal conductivity relation with temperature, revealing 
that J35 shows similar magnitudes of thermal conductivity 
to those of a-J14 at comparable temperatures. Furthermore, 
we measure two-cation oxides of Cu0.2Ni0.8O, Zn0.4Mg0.6O, 
Co0.25Ni0.75O at 230–450 K to show the characteristic Umklapp 
scattering trend (∝ 1/T) expected in crystalline materials and 
enhanced thermal conductivity relative to J14/J35. Qualita-
tively, the addition of cations results in greater deviation from 

a perfect crystal, which reduces thermal conductivity through 
increased phonon scattering. We model this phonon scattering 
to estimate the thermal conductivity as a function of tempera-
ture using the virtual crystal approximation (VCA),[30] details 
and assumptions for which are provided in the Supporting 
Information.

Assessing the VCA as a predictive model, Figure 3 shows 
that it accurately describes the thermal conductivity relation 
with temperature for both b) Cu0.2Ni0.8O and c) Zn0.4Mg0.6O 
when considering only mass disorder as the phonon-defect 
scattering process. The VCA, while capturing the Umklapp 
scattering temperature trend observed experimentally, does not 
accurately predict the magnitude of thermal conductivity for 
d) Co0.25Ni0.75O, owing to the nearly identical mass of Co and 
Ni, suggesting the need to include additional phonon scattering 
due to variations in the interatomic force constants (IFCs). For 
the purposes of the VCA analytical model, we treat the IFC 
scattering rate coefficient and the Grüneisen parameter, which 
affects normal scattering rates, as fitting parameters. With 
these adjustable parameters, the VCA can accurately capture 
the measured thermal conductivity, as depicted in Figure 3d. 
Addition of these fitting terms proves to make a negligible 
difference for b) Cu0.2Ni0.8O and c) Zn0.4Mg0.6O. Overall, the 
VCA captures the thermal conductivity of these two-cation 
oxides with reasonable agreement to experiment.

When applied to five- and six-component ESOs, the VCA 
lacks predictive capability in both magnitude and temperature 
trend; this is shown in Figure 3e,f for J14 and J35, respectively. 
In fact, the VCA predicts that J14 and J35 should have higher 
thermal conductivities than both Zn0.4Mg0.6O and Co0.25Ni0.75O 
due their virtual crystal’s average mass having a smaller 
weighted difference with constituent masses than do the two-
cation oxides. Indeed, a saturation of phonon scattering from 
mass disorder limits the thermal conductivity reduction achiev-
able with an increasing number of components.[31] A similar 
argument can be made regarding additional terms describing 
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Figure 3.  a) Thermal conductivity versus temperature. Purple and gray lines depict VCA models without fitting parameters for Cu0.2Ni0.8O and 
Zn0.4Mg0.6O, while the maroon line is the minimum thermal conductivity model for J14 (κmin); shaded regions indicate uncertainties in the model. 
Thermal conductivity data are shown together with VCA models with and without adjustable parameters for b) Cu0.2Ni0.8O, c) Zn0.4Mg0.6O,  
d) Co0.25Ni0.75O, e) J14, f) J35, and g) a-J14.
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the modified unit cell for both a) J14 and b) J35 compositions 
extracted by EXAFS. For J14, we find an expected distortion of 
the Co octahedra that coincides with the observed lattice param-
eters of the tetragonal unit cell, a = 4.21 Å and c = 4.29 Å. By the 
second coordination shell, or absorber-metal scattering paths, 
we find that the half-path length agrees with observed lattice 
parameters within less than 1%. The addition of a sixth cation, 
as is the case in J35, appears to dramatically change the absorber 
octahedra such that a geometric extension no longer aligns to 
the lattice parameters. J35 exhibits a tetragonally compressed 
unit cell, with a = 4.21 Å and c = 4.08 Å. Half-scattering path 
lengths between the Co absorber and the six nearest neighboring 
oxygen atoms suggest a highly compressed octahedra with four 
planar oxygens at 1.93 Å and two axial oxygens at 1.96 Å. Again, 
comparing the half-scattering path length of the next nearest 
neighbors agrees with observed lattice parameters to within 1%. 
These EXAFS results largely align with our hypothesis from the 
thermal measurements in that a large strain is present in the 
six-cation ESOs such that the oxygen atoms are displaced from 
their ideal coordination positions. Such strong oxygen sublattice 
distortion is the indicator that IFC disorder is greatly enhanced 
in J35 relative to J14. This strong IFC disorder is promoted by 
charge compensation among cations to preserve charge neu-
trality when a sixth cation is added.[40]

The attribution of thermal conductivity reduction in ESOs to 
IFC disorder is further supported by molecular dynamics simu-
lations (see Supporting Information) in which IFC disorder is 
modeled by electrostatic point charges in the interatomic poten-
tial based on Bader charges from density functional theory 
calculations. These simulations reveal that accounting for 

differences in interatomic forces through adjustment of average 
properties, analogous to the VCA, cannot capture the magni-
tude or trend in thermal conductivity, whereas integration of 
randomly distributed mass and charge disorder accurately cap-
tures the reduction in thermal conductivity observed between 
J14 and six-cation oxides, reducing the thermal conductivity by 
a factor of almost two, in agreement with experiment. More-
over, in these simulations, we decouple mass and charge dis-
order to show that the latter is responsible for the strong reduc-
tion in thermal conductivity measured. Taken together, the 
experiment and simulation reveal that entropy-stabilized oxides 
can have uniquely low thermal conductivities while main-
taining a relatively high elastic moduli, made possible through 
highly disordered interatomic forces resulting from charge dis-
order among ionic bonds. These results provide an example of 
the broader aspect of entropy stabilization as a means to create 
materials with unique thermophysical properties that could be 
highly beneficial to thermoelectric and thermal barrier coating 
applications.

Experimental Section
Time- and Frequency-Domain Thermoreflectance: A combined time- and 

frequency-domain thermoreflectance (TDTR and FDTR) method is used, 
which is an optical pump-probe technique, to simultaneously measure 
the thermal conductivity and volumetric heat capacity of the thin-film 
ESO samples. This approach is based on the concept of varying the 
modulation frequency of the heating event to change the measurement 
property from thermal effusivity to thermal diffusivity, thereby decoupling 
thermal conductivity from volumetric heat capacity, allowing for a unique 
measurement of both quantities.[41–43] The approach by Wei et al.[43] is 
extended to incorporate TDTR phase data over a range of frequencies 
sufficient for FDTR, so as to combine the benefits of multifrequency 
TDTR and FDTR for thermal property measurement. This development 
provides a robust approach for measuring both the heat capacity and 
thermal conductivity of thin films.

Using the output of a pulsed Ti:Sapphire oscillator generating 200 fs 
pulses at a repetition rate of 80 MHz, the beam is divided into two paths, 
a pump path and a probe path. The pump is used to heat a sample of 
interest, which has an 80 nm aluminum layer deposited on it to serve as 
a transducer to convert the optical energy to thermal energy. The probe 
is used to measure the in-phase and out-of-phase change in reflectance 
resulting from the pump-induced heating at time delays ranging from 
200 ps to 6 ns and modulation frequencies ranging from 500 kHz to 
10 MHz. A lock-in amplifier is used to collect data at a given modulation 
frequency and improve signal-to-noise ratios. The number of data points 
collected are chosen such that they are sufficient for TDTR at a given 
frequency and pulsed-pulsed FDTR at a given probe time delay. Using 
a multilayer, radially symmetric thermal model incorporating both time 
delay and modulation frequency information directly extending from 
TDTR analysis procedures,[44–46] a surface fitting method is used to 
minimize the residuals between a time- and frequency-dependent thermal 
model with experimental data by varying three thermal parameters: ESO 
volumetric heat capacity (Cv), ESO thermal conductivity (κ), and Al/
ESO thermal boundary conductance (GAl/ESO). The ESO/MgO thermal 
boundary conductance (GESO/MgO) can in principle be set as a fitting 
parameter as well. However, in practice this parameter case is insensitive, 
such that doing so gives no additional benefit or physically meaningful 
information. Further details on the combined TDTR/FDTR approach and 
its comparison to the alternative methods to simultaneously measure Cv 
and κ can be found in the Supporting Information.

Extended X-Ray Absorption Fine Structure: EXAFS spectra were 
collected at beamline 10-BM-B at the Advanced Photon Source, Argonne 
National Laboratory (Lemont, IL). The Co K-edge was measured in 
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Figure 5.  Modified local structure of J14 and J35. Illustration depicts 
local structural changes about the cobalt species in a) J14 and b) J35. 
A comparison of the changes as a result of adding the sixth cation can 
be viewed by unit cell cross section along the (200) plane, as shown in 
(c) and (d) for J14 and J35, respectively. The lowercase roman numerals 
mark the coordination shell radius for i) nearest neighbor anion, ii) next 
nearest neighbor anion, and iii) nearest neighbor cation. In both cases, 
the nearest neighbor cation shell radius corresponds to one-half the face 
diagonal of the unit cell parameters, as determined through XRD.
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Tamura formula42, and such a scattering rate cannot yield the
observed temperature dependence and low values of thermal
conductivity.

Next, we examined whether anharmonic damping could
explain the observed trend using first-principles anharmonic
phonon calculations based on the structure determined by single-
crystal XRD. In this method, known as the temperature-
dependent effective potential (TDEP) method, the renormalized
harmonic force constants are determined at each temperature by
fitting the force-displacement data sets obtained from density
functional theory to a model Hamiltonian43–45. This method is
capable of incorporating anharmonicity beyond the perturbative
limits of conventional phonon calculations. As shown in Fig. 1f,
this calculation matches the value of thermal conductivity at
room temperature but predicts the opposite temperature trend of

thermal conductivity. This result suggests that the anomalous
thermal conductivity of BaTiS3 has a different origin.

Local structure of BaTiS3. To quantitatively characterize the
local structure of BaTiS3, we measured neutron powder diffrac-
tion patterns on the NOMAD instrument at the Spallation
Neutron Source (see “Methods” section) and performed a pair
distribution function (PDF) analysis using the PDFgui computer
program46. Figure 2a shows the PDF (G(r)) for pair distances up
to 10 Å. Significant peak anisotropy exists in the negative Ti-S
peaks (note that because Ti has a negative neutron scattering
length Ti-S and Ti-Ba peaks in the PDF appear negative). Typi-
cally, pair–pair correlation peaks decrease in intensity with
increasing temperature because of thermal motion; this trend is
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Fig. 1 Structural and thermal transport properties of BaTiS3 single crystal. Illustration of the BaTiS3 structure in perspective view along c axis (a) and
projected down a axis (b). Blue and orange spheres denote Ba and S atoms, respectively. Octahedra formed by Ti and six surrounding S atoms are
highlighted in green. c XRD measurement of a crystal to identify the crystallographic directions. The left inset panel of c is an SEM image of the sample for
which thermal conductivity was measured using TDTR. The right inset panel of c is the rocking curve for the 200 reflections. STEM HAADF images
showing c axis (d) and a axis (e) projection of BaTiS3. The bottom panels show the high-resolution HAADF images with overlaid atomic models.
fMeasured thermal conductivity versus temperature for BaTiS3 (green) and other materials from literature. First-principles calculations using temperature-
dependent effective potential (TDEP) method are also shown (black dashed line). Data for BaTiO3 and SrTiO3, amorphous silica (a-SiO2), Bi2Te3,
CsBiNb2O7, CsPbI3, NaNbO3, Tl3VSe4, AgSbSe2, SnSe and (SnS)1.2(TiS2)2 are from refs. 4,16,18,19,21,26,41,69,70, respectively. The estimation of error bars is
detailed in Supplementary Information.
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spectroscopy on multiple BTS platelets and needles grown at
different times to confirm the reproducibility of these results
(Supporting Information, V).

■ THERMAL ANISOTROPY
The growth of BTS along different crystallographic orienta-
tions allows us to study the anisotropy in its thermal transport.
To measure thermal transport anisotropy, we use the TDTR
technique.29,30 Figure 4a shows the thermal conductivity along
the [001] direction (intra-chain k∥) measured in this study as
well as the measurements of Sun et al.16 along the [100]
direction (inter-chain k⊥). We verified the thermal conductivity
along the [100] crystallographic direction near room temper-
ature (Figure 4a) to be in agreement with that of Sun et al.16

The thermal conductivity of BTS along the [001] and [100]
directions (k∥ and k⊥, respectively) were measured to be 1.69
± 0.24 and 0.38 ± 0.06 W m−1 K−1, which gives rise to an
anisotropy ratio (k∥/k⊥) of ∼4.5. This large anisotropy ratio
provides evidence that the thermal transport along the inter-
chain direction is significantly more resistive compared to the
intra-chains.
Moreover, temperature dependence of k∥ follows the same

glass-like thermal conductivity observed in the temperature
dependence of k⊥ (Figure 4a). Sun et al.16 posited that the
BTS thermal conductivity along the [100] direction exhibits a
glass-like trend due to the enhanced phonon scattering
mediated by the tunneling of Ti ions between degenerate
double well potential. To understand the nature of this thermal
transport anisotropy, we compare the temperature-dependent

anisotropy ratio of BTS along with that of graphite,31 BP,32

and SnSe33 in Figure 4b. In materials with an anisotropic
crystal structure such as graphite, BP, and SnSe, the thermal
conductivity along different crystallographic directions is
dictated by the same phonon−phonon Umklapp scattering
mechanism,34,35 and hence, the anisotropy ratio is nearly
constant as a function of temperature.33,34 Figure 4b shows
that the anisotropy ratio of BTS is also nearly temperature-
independent. This indicates that the phonon-scattering
mechanism dictating the thermal transport along the [001]
and [100] directions of BTS is likely the same.
In Figure 4c, we plot the thermal conductivity anisotropy

ratio as a function of average thermal conductivity for
inorganic materials having anisotropic crystal struc-
tures.31−33,36−41 As demonstrated here, quasi-1D BTS is one
of the most thermally insulating anisotropic crystalline material
reported to date. In addition, its anisotropy ratio is significantly
higher than that of other low thermal conductivity materials
such as SnSe and Bi2Te3. The difference in anisotropy ratio
among these materials can be attributed to the anisotropy in
the crystal structure.36 BTS possesses a chain-like structure
with large Ba ions separating the chains, whereas SnSe and
Bi2Te3 possess a layered orthorhombic33 and layered
hexagonal42 crystal structures with corrugations leading to
more isotropic thermal conductivity, respectively. The high
anisotropy ratio and a reasonable thermal stability up to 600
°C43 of BTS establishes it as a promising material for
directional thermal regulation in applications needing thermal
insulators.

Figure 4. (a) Thermal conductivity of BTS as a function of temperature along the [001] and [100] directions (intra-chain and inter-chain,
respectively). The temperature-dependent thermal conductivity along the [100] direction has been adopted from Sun et al.16 (b) Anisotropy ratio
as a function of temperature for BTS, graphite,31 BP,32 and SnSe.33 (c) Anisotropy ratio as a function of average thermal conductivity

( )k
k k

avg 2
= + ⊥ for BTS and other inorganic materials31−33,36−41 with anisotropic crystal structure. The solid symbols represent measurements

taken in this study and open symbols represent literature values. (d) Time periods (T) of the pressure front derivative along the [001] and [100]
directions of the BTS crystal measured via TDBS. Here, R represents the ratio of in-phase to out-of-phase signal.
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giant optical anisotropy with difference in the real part of
refractive index along different axes of up to 0.76 in the mid- to
long-wave infrared regime, and a strongly dichroic window of
1.5−4.5 μm. Sun et al. (2020)16 further demonstrated that
BTS single crystals possess glass-like ultralow thermal
conductivity along the [100] direction (a-axis) and showed
evidence for enhanced phonon scattering mediated by
tunneling of Ti ions between degenerate double-well
potential.16 However, full characterization of the optical,
thermal, and electronic properties of BTS along different
crystallographic directions remains a challenge, as single
crystals with different orientations have not been available.
Here, we report the synthesis of BTS crystals with platelet

morphology in two different orientations, (100) and (001),
aside from the majority needle-like crystals using chemical
vapor transport (CVT). We verified the presence of a uniaxial
optical axis parallel to the TiS6 chains (c-axis) via Fourier
transform infrared (FTIR) spectroscopy and a giant optical
anisotropy between the directions parallel and perpendicular to
the c-axis consistent with past reports.15,17 We performed time-
domain thermoreflectance (TDTR)18,19 measurements at
room temperature and found the thermal conductivity values
to be 1.69 ± 0.24 and 0.38 ± 0.06 W m−1 K−1 along the c- and
a-axis, respectively. Furthermore, glass-like temperature
dependence is observed along both directions, as seen in
amorphous materials. The thermal anisotropy is likely caused
by the differences in phonon scattering rates along the two
directions as we find the longitudinal sound speed measured
via time-domain Brillouin scattering (TDBS) to be nearly the
same along the two crystallographic directions.

■ CRYSTAL GROWTH AND MECHANISM
Figure 1a,b shows a schematic projected view of the crystal
structure of BaTiS3 (BTS) for (100) or (010), and (001)
crystal orientations, respectively. The orientation of the crystal
is defined by the orientation of the as-shown projected surface.
Our past growth efforts have resulted in both needle-like and
platelet-like crystals with (100) orientation.15 In this work, we
show that (001)-oriented BTS crystals can be also synthesized
using vapor transport growth. A detailed account of the growth
methods is available in the Methods section.
Figure 1c−e shows the SEM image of the BTS needle, and

(100)- and (001)-oriented BTS platelets, respectively.

Compared to the needle and rectangular platelet-shaped BTS
(100) crystals, BTS (001) crystals show distinct hexagonal
faceting, suggesting hexagonal symmetry for this face. The
typical thickness of the platelets was ∼5−20 μm, while needles
were ∼20−50 μm thick. Aside from the crystal morphology,
we used X-ray diffraction (XRD) to determine the crystalline
orientation (Figure S2c−e). Extinct reflections of 00l, where l
= 2n + 1, is a distinct sign of (001) orientation. The measured
rocking curves show narrow full-width-at-half-maximum
(∼0.011−0.013°) for all BTS morphologies.
We performed a systematic investigation of the effect of

growth parameters on the orientation and size of the crystals
(Table 1). We observed a sensitive dependence of the

orientation of the crystals on the growth temperature,
suggesting a subtle temperature-dependence of the surface
energy for the different facets. Under a near-equilibrium
condition, the Gibbs−Wulff shape of the crystal is controlled
by minimizing the total surface energy for constant volume,
∑iγiAi, where Ai is the area of face i and γi is the surface free
energy per unit area of face i.20 Based on this argument,
surfaces with lower γi are more favored at low temperatures. A
temperature below 1020 °C is too low to strike a balance
between nucleation and growth to form large-area crystalline
surfaces, thus making polycrystalline powders the dominant
product. As the growth temperature is raised above 1020 °C,
the (100) surface becomes most favored among all the
terminations, and the BTS crystal nuclei with (100) faces are
stable and sustain an appreciable growth rate, forming BTS
needles. When the temperature is above 1055 °C, the (001)
orientation featuring (001) faces is also favored. Between 1020
and 1055 °C, a certain amount of growth along ⟨001⟩ is
allowed to form a larger (100) surface, enabling BTS platelets
with (100) orientation. We usually find larger crystals of both

Figure 1. BTS crystals with different morphologies and orientations: (a) projected view of the crystal structure of (100)- or (010)-oriented BTS
visualizing quasi-1D TiS3

2− chains along the c-axis; (b) projected view of the crystal structure of (001)-oriented BTS; scanning electron microscopy
(SEM) images and crystal orientations of (c) BTS needle, (d) (100)-oriented BTS platelet, and (e) (001)-oriented BTS platelet. Crystal shape and
surface terraces can be used to distinguish them.

Table 1. BTS of Different Shapes and Orientations

crystal
reaction temperature

(°C)
crystal

morphology
surface

orientation

BTS needle 1020−1060 needle-like {100}
(100)-oriented
BTS

1040−1060 rectangular
platelet

(100)

(001)-oriented
BTS

1055−1060 hexagonal
platelet

(001)
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giant optical anisotropy with difference in the real part of
refractive index along different axes of up to 0.76 in the mid- to
long-wave infrared regime, and a strongly dichroic window of
1.5−4.5 μm. Sun et al. (2020)16 further demonstrated that
BTS single crystals possess glass-like ultralow thermal
conductivity along the [100] direction (a-axis) and showed
evidence for enhanced phonon scattering mediated by
tunneling of Ti ions between degenerate double-well
potential.16 However, full characterization of the optical,
thermal, and electronic properties of BTS along different
crystallographic directions remains a challenge, as single
crystals with different orientations have not been available.
Here, we report the synthesis of BTS crystals with platelet

morphology in two different orientations, (100) and (001),
aside from the majority needle-like crystals using chemical
vapor transport (CVT). We verified the presence of a uniaxial
optical axis parallel to the TiS6 chains (c-axis) via Fourier
transform infrared (FTIR) spectroscopy and a giant optical
anisotropy between the directions parallel and perpendicular to
the c-axis consistent with past reports.15,17 We performed time-
domain thermoreflectance (TDTR)18,19 measurements at
room temperature and found the thermal conductivity values
to be 1.69 ± 0.24 and 0.38 ± 0.06 W m−1 K−1 along the c- and
a-axis, respectively. Furthermore, glass-like temperature
dependence is observed along both directions, as seen in
amorphous materials. The thermal anisotropy is likely caused
by the differences in phonon scattering rates along the two
directions as we find the longitudinal sound speed measured
via time-domain Brillouin scattering (TDBS) to be nearly the
same along the two crystallographic directions.

■ CRYSTAL GROWTH AND MECHANISM
Figure 1a,b shows a schematic projected view of the crystal
structure of BaTiS3 (BTS) for (100) or (010), and (001)
crystal orientations, respectively. The orientation of the crystal
is defined by the orientation of the as-shown projected surface.
Our past growth efforts have resulted in both needle-like and
platelet-like crystals with (100) orientation.15 In this work, we
show that (001)-oriented BTS crystals can be also synthesized
using vapor transport growth. A detailed account of the growth
methods is available in the Methods section.
Figure 1c−e shows the SEM image of the BTS needle, and

(100)- and (001)-oriented BTS platelets, respectively.

Compared to the needle and rectangular platelet-shaped BTS
(100) crystals, BTS (001) crystals show distinct hexagonal
faceting, suggesting hexagonal symmetry for this face. The
typical thickness of the platelets was ∼5−20 μm, while needles
were ∼20−50 μm thick. Aside from the crystal morphology,
we used X-ray diffraction (XRD) to determine the crystalline
orientation (Figure S2c−e). Extinct reflections of 00l, where l
= 2n + 1, is a distinct sign of (001) orientation. The measured
rocking curves show narrow full-width-at-half-maximum
(∼0.011−0.013°) for all BTS morphologies.
We performed a systematic investigation of the effect of

growth parameters on the orientation and size of the crystals
(Table 1). We observed a sensitive dependence of the

orientation of the crystals on the growth temperature,
suggesting a subtle temperature-dependence of the surface
energy for the different facets. Under a near-equilibrium
condition, the Gibbs−Wulff shape of the crystal is controlled
by minimizing the total surface energy for constant volume,
∑iγiAi, where Ai is the area of face i and γi is the surface free
energy per unit area of face i.20 Based on this argument,
surfaces with lower γi are more favored at low temperatures. A
temperature below 1020 °C is too low to strike a balance
between nucleation and growth to form large-area crystalline
surfaces, thus making polycrystalline powders the dominant
product. As the growth temperature is raised above 1020 °C,
the (100) surface becomes most favored among all the
terminations, and the BTS crystal nuclei with (100) faces are
stable and sustain an appreciable growth rate, forming BTS
needles. When the temperature is above 1055 °C, the (001)
orientation featuring (001) faces is also favored. Between 1020
and 1055 °C, a certain amount of growth along ⟨001⟩ is
allowed to form a larger (100) surface, enabling BTS platelets
with (100) orientation. We usually find larger crystals of both

Figure 1. BTS crystals with different morphologies and orientations: (a) projected view of the crystal structure of (100)- or (010)-oriented BTS
visualizing quasi-1D TiS3

2− chains along the c-axis; (b) projected view of the crystal structure of (001)-oriented BTS; scanning electron microscopy
(SEM) images and crystal orientations of (c) BTS needle, (d) (100)-oriented BTS platelet, and (e) (001)-oriented BTS platelet. Crystal shape and
surface terraces can be used to distinguish them.
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Ruddlesden-Popper Ba3Zr2S7 and Ba4Zr3S10
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circles). TheMLMD thermal conductivity simulations of Ba3Zr2S7 show
quantitative agreement with the experimental data. The cross-plane
thermal conductivities of the sulfide RP phases are even lower than
those of vdW layered materials, except when thin film samples and
interlayer rotations are involved10,44. On the other hand, the sulfide RP
phases feature far superior mechanical properties of all vdW layered
materials.

Defects in materials have also been known to lead to ultralow
thermal conductivity and glass-like temperature trends7. X-ray dif-
fraction data mentioned earlier (shown in Supporting Information
section S1), combined with the agreement of the simulations of the
thermal conductivity with the experimental data, prove the high
quality of the single crystals used in this study, which precludes the
attribution of the low thermal conductivity to disorder and defects. To
study how the introduction of defects would change thermal con-
ductivity, we irradiate the BaZrS3 and Ba4Zr3S10 crystals with high
energy gold ions. The measured cross-plane thermal conductivities of
theheavily ion-irradiated crystals as a functionof iondoseare shown in
Fig. 2b. The thermal conductivity of BaZrS3 exhibits a sigmoidal
reduction, typically characteristic of irradiated crystalline
materials45,46. At low doses, irradiation introduces low concentrations

of clustered point defects and vacancies. The overall crystal structure
remains relatively unchanged, whereby the thermal conductivity is
nearly constant. At high doses, point-defect concentrations increase
and damaged regions overlap, which gradually decreases the thermal
conductivity to that of an amorphous solid.

Compared to BaZrS3, a completely different thermal conductivity
trend is observed vs. ion dose in the RP phases; the thermal con-
ductivity of the Ba4Zr3S10 crystals remains nearly constant regardless
of gold ion dose. TEMmicrographs show that the layering of Ba4Zr3S10
crystals remains uninterrupted throughout the range of doses,
although high doses can introduce amorphous pockets (see Sup-
porting Information). In vdW layeredmaterialswith interlayer rotation,
ion irradiation can lead to increased thermal conductivity due to
increases in interatomic bonding10. However, due to the already strong
bonding of the RP phases, no such trend is observed in the present
study. The resistance of the RP crystals to irradiation damage makes
them a highly suitable thermal barrier coating in deep space applica-
tions in radiation environments.

To gain insight into the role of anisotropy in ultralow thermal
conductivity of the RP phases, wemeasure the thermal conductivity of
Ba3Zr2S7 along the in-plane direction (perpendicular to c-axis) at room

Fig. 1 | Structure of perovskite BaZrS3 and Ruddlesden-Popper Ban+1ZrnS3n+1.
Ball-and-stick model of (a) Pnma perovskite BaZrS3 and (b) I4mmm Ruddlesden-
Popper Ba3Zr2S7 showing grayZrS6 octahedra and green BaS bonds. Redmarkers in
(b) indicate the perovskite blocks of the RP phase separated by the rock-salt blocks.
Blue dotted lines between BaS atomic planes indicate themidplane of the rock-salt
blocks. Ball-and-stick model of a (c) Zr octahedra, (d) undistorted Ba polyhedral,
and (e) rock-salt building block resulting from layering in Ba3Zr2S7. Integrated
differential phase contrast images of the (f) BaZrS3, (g) Ba3Zr2S7, (h) Ba4Zr3S10
crystals. Enlarged regions from the cyan annotations are shown below each image.

In the enlargements, two perovskite unit cells are annotated with Ba (green), Zr
(gray) and S (yellow) circles. (i) Z-contrast imageand (j) BaZr composite image from
a STEM-EELS spectrum image. Intensity maps of (k) Ba-M45, (l) Zr-M23 background-
subtracted edges.m, n Section views along (200) and (110) of the valence electron
density of the RP-phase Ba3Zr2S7 calculated by DFT, respectively. Red marks and
blue dashed lines help to correlate atomic structure to that of panel (b). o A line
profile of the valence electron density along the white dashed line in (m). Blue bars
illustrate the rock-salt-block regions.
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temperature as shown in Fig. 2c. The in-plane thermal conductivity is
1.06 ± 0.14 W m−1 K−1 which is ~2.5 times higher than the cross-plane
thermal conductivity (0.45 ± 0.07 W m−1 K−1). It is noteworthy that the
MLMD-simulated in-plane and cross-plane thermal conductivities are
1.02 ± 0.17 and 0.53 ± 0.02 W m−1 K−1, respectively, showing excellent
quantitative agreement with the experimental anisotropy. The agree-
ment combined with the X-ray diffraction data rule out the impact of
defects on measured thermal conductivities. The major structural
difference between the in-plane and cross-plane directions is the per-
iodic rock-salt and perovskite layers, relative to continuous layers in-
plane. This result suggests that, despite the strong bonding, the rock-
salt layers are causing the ultralow and anisotropic thermal con-
ductivity in the RP phases.

To understand how the introduction of rock-salt layering leads to
the ultralow thermal conductivities in the RP phases compared to that
of crystalline BaZrS3, we consider three factors that may contribute to
ultralow thermal conductivity: 1) anharmonic scattering, 2) decreased
phonon group velocities (vg), and 3) phonon localization within unit
cells47.

To assess the role of anharmonic scattering, we calculated the
spectral energy density (SED) of BaZrS3 and Ba3Zr2S7 based onMLMD,
as shown in Fig. 3a, b. Compared to a typical semiconductor (e.g.,

silicon, gallium nitride), the SEDs of both BaZrS3 and Ba3Zr2S7 show
much more blurred and broadened linewidths, indicating strong
anharmonicity and large phonon scattering rates47,48. These features
could be a critical reason for the ultralow thermal conductivity. The
large overlapping of branches due to the anharmonic broadening also
indicates that the interband tunneling (i.e., diffusons) should be sig-
nificant, based on the Wigner formalism49,50. This feature could be a
reason for the glass-like thermal conductivity exhibited by the
experimental data. Recent calculations using the Wigner formalism
show that diffuson contributes 30% to thermal conductivity of BaZrS3.
We expect the diffuson contribution to beeven larger in Ba3Zr2S7 since
the broadening of SED is more significant.

Group velocity (vg) is another important parameter to understand
the diffusivity of vibrationalmodes in amaterial13. The group velocities
along the cross-plane direction (vg,z) of BaZrS3 and Ba3Zr2S7 are com-
pared in Fig. 3c. Despite the presence of strong intra- and inter-
perovskite-block bonding strength in Ba3Zr2S7, its cross-plane phonon
modes have smaller group velocities at nearly all frequencies with
relatively flat dispersions. Though weak cross-plane bonding (e.g., in
van der Waals layered materials) results in relatively flat bands, the
reverse is not true as strongly bonded materials often have flat bands.
For example, optical phonon bands are often relatively flat in strongly
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Fig. 2 | Thermal conductivities - experimental and simulated. a TDTR-measured
cross-plane thermal conductivity of BaZrS3 and its RP derivatives. For comparison,
we also include the three-phonon and MLMD predicted thermal conductivity of
BaZrS3 and RP phases. The three-phonon prediction is adopted from Osei-
Agyemang et al.41 The minimum limit and diffuson limit refer to Cahill et al.4 and
Agne et al.'s6 theoreticalmodels. bThermal conductivity distribution of BaZrS3 and

RP phases as a function of heavy ion-irradiation doses. The thermal conductivity of
the crystalline BaZrS3 is lower compared to panel (a) due to the presence of nano-
domains (see Supporting Information for details). c Anisotropic thermal con-
ductivity of Ba3Zr2S7 measured by TDTR at room temperature. The uncertainty/
error bars of the measurements are discussed in the Supporting Information.
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temperature as shown in Fig. 2c. The in-plane thermal conductivity is
1.06 ± 0.14 W m−1 K−1 which is ~2.5 times higher than the cross-plane
thermal conductivity (0.45 ± 0.07 W m−1 K−1). It is noteworthy that the
MLMD-simulated in-plane and cross-plane thermal conductivities are
1.02 ± 0.17 and 0.53 ± 0.02 W m−1 K−1, respectively, showing excellent
quantitative agreement with the experimental anisotropy. The agree-
ment combined with the X-ray diffraction data rule out the impact of
defects on measured thermal conductivities. The major structural
difference between the in-plane and cross-plane directions is the per-
iodic rock-salt and perovskite layers, relative to continuous layers in-
plane. This result suggests that, despite the strong bonding, the rock-
salt layers are causing the ultralow and anisotropic thermal con-
ductivity in the RP phases.

To understand how the introduction of rock-salt layering leads to
the ultralow thermal conductivities in the RP phases compared to that
of crystalline BaZrS3, we consider three factors that may contribute to
ultralow thermal conductivity: 1) anharmonic scattering, 2) decreased
phonon group velocities (vg), and 3) phonon localization within unit
cells47.

To assess the role of anharmonic scattering, we calculated the
spectral energy density (SED) of BaZrS3 and Ba3Zr2S7 based onMLMD,
as shown in Fig. 3a, b. Compared to a typical semiconductor (e.g.,

silicon, gallium nitride), the SEDs of both BaZrS3 and Ba3Zr2S7 show
much more blurred and broadened linewidths, indicating strong
anharmonicity and large phonon scattering rates47,48. These features
could be a critical reason for the ultralow thermal conductivity. The
large overlapping of branches due to the anharmonic broadening also
indicates that the interband tunneling (i.e., diffusons) should be sig-
nificant, based on the Wigner formalism49,50. This feature could be a
reason for the glass-like thermal conductivity exhibited by the
experimental data. Recent calculations using the Wigner formalism
show that diffuson contributes 30% to thermal conductivity of BaZrS3.
We expect the diffuson contribution to beeven larger in Ba3Zr2S7 since
the broadening of SED is more significant.

Group velocity (vg) is another important parameter to understand
the diffusivity of vibrationalmodes in amaterial13. The group velocities
along the cross-plane direction (vg,z) of BaZrS3 and Ba3Zr2S7 are com-
pared in Fig. 3c. Despite the presence of strong intra- and inter-
perovskite-block bonding strength in Ba3Zr2S7, its cross-plane phonon
modes have smaller group velocities at nearly all frequencies with
relatively flat dispersions. Though weak cross-plane bonding (e.g., in
van der Waals layered materials) results in relatively flat bands, the
reverse is not true as strongly bonded materials often have flat bands.
For example, optical phonon bands are often relatively flat in strongly
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Fig. 2 | Thermal conductivities - experimental and simulated. a TDTR-measured
cross-plane thermal conductivity of BaZrS3 and its RP derivatives. For comparison,
we also include the three-phonon and MLMD predicted thermal conductivity of
BaZrS3 and RP phases. The three-phonon prediction is adopted from Osei-
Agyemang et al.41 The minimum limit and diffuson limit refer to Cahill et al.4 and
Agne et al.'s6 theoreticalmodels. bThermal conductivity distribution of BaZrS3 and

RP phases as a function of heavy ion-irradiation doses. The thermal conductivity of
the crystalline BaZrS3 is lower compared to panel (a) due to the presence of nano-
domains (see Supporting Information for details). c Anisotropic thermal con-
ductivity of Ba3Zr2S7 measured by TDTR at room temperature. The uncertainty/
error bars of the measurements are discussed in the Supporting Information.

Article https://doi.org/10.1038/s41467-025-61078-5

Nature Communications | ��������(2025)�16:6104� 4

S5. Steady-state thermoreflectance (SSTR)

Along with TDTR, we employ another optical pump-probe technique named steady-state thermore-
flectance (SSTR) to measure the thermal conductivity. Unlike TDTR, SSTR technique is insensitive to
the volumetric heat capacity of aluminum and samples. We employ this technique to validate the vol-
umetric heat capacity assumed for amorphous BaZrS3 film. In SSTR setup, a continuous wave pump
laser (532 nm wavelength) is modulated at 100 Hz frequency to create steady-state temperature rise at
the sample surface. The reflectivity change and temperature rise are detected by a continuous wave probe
laser (786 nm wavelength). By changing the pump laser power, the heat flux deposited on the sample
surface and corresponding steady-state temperature rise can be changed. By correlating the pump laser
power and temperature rise via Fourier’s law, the thermal conductivity of any material can be derived.
More details regarding the SSTR setup can be found in previous publications.12,19,20 We use 1/e2 pump
and probe diameters of →20 µm for the measurements.

S6. In-plane thermal conductivity measurements of Ba3Zr2S7

We use TDTR technique to first measure the thermal conductivity of Ba3Zr2S7 crystals along the c-
axis. The measured value is presented as the cross-plane thermal conductivity (i.e., 0.45 ± 0.07 W m↑1

K↑1).

We next tilt the crystals by 90↓ and measure the thermal conductivity perpendicular to the c-axis. This
value is presented as the in-plane thermal conductivity (i.e., 1.06 ± 0.14 W m↑1 K↑1).

Figure S3 provides visual illustrations of in-plane and cross-plane thermal conductivity measurements
by TDTR. Since we are physically tilting the crystals by 90↓, we can use the same modulation frequency
and spot sizes for the measurements without impacting sensitivity.

Al transducer

Along c-axis

Cross-plane

Al transducer

Ʇ c-axis

In-plane

Figure S3: Cross-plane and in-plane thermal conductivity measurements by tilting the Ba3Zr2S7 crystals.
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bonded materials, e.g., GaAs. Another strongly bonded material, β-
Ga2O3, has a relatively large number of flat bands and thus low thermal
conductivity. The origin of relatively flat bands in strongly bonded
materials is not always clear.

In Fig. 3d, we plot the cumulative number of phonon modes as a
function of group velocity to quantify the number of modes having
ultralow group velocities. We find that 80% of phonon modes of
Ba3Zr2S7 have a vg,z lower than the sound speed of air. In comparison,
the x component shows a larger group velocity, which is similar to that
of BaZrS3. This feature would indicate that the in-plane thermal con-
ductivity of Ba3Zr2S7 is similar to that of BaZrS3 but the cross-plane
thermal conductivity would be much lower, which is consistent with
both the experimental observations and the simulations. Thus, the
ultralow phonon velocities, induced by the presence of periodic
building blocks in unit cells, is another key contributing factor to the
ultralow thermal conductivities.

The third possible factor contributing to ultralow thermal con-
ductivity is phonon localization. We note that the ultralow group
velocities of Fig. 3c, d do not inherently imply phonon localization. For
example, phonons in relatively flat optical bands in GaAs have small
group velocities, but are not localized anywhere because the primitive
unit cell has only two atoms. To study the spatial localization of pho-
non waves within a unit cell of BaZrS3 and Ba3Zr2S7, we calculate the

participation ratio (PR) of the vibrational modes. Localized vibrational
modes are usually defined as having a participation ratio lower than
0.151. As shown in Fig. 3(e,f), the participation ratio of Ba3Zr2S7 is sig-
nificantly lower than that of BaZrS3 across all frequencies. It is note-
worthy that some low-frequencymodes (<2 THz) in the RP phase have
a participation ratio that is smaller than 0.1, which is comparable to the
localization expected for locons in amorphousmaterials51,52. This result
provides evidence that the presence of rock-salt building block layers
in the RP phases causes a significant number of vibrational modes to
become highly localized18.

To further show the localization of the vibrational modes, we
estimate the average mean free path of phonons in Ba3Zr2S7 in Sup-
porting FigureS12. Assuming thediffuson thermal conductivity is zero,
the average mean free path of phonons is estimated as 1 nm, to match
with experimental thermal conductivity. Since diffuson contribution is
nonzero, the actual mean free path of phonons should be smaller than
1 nm, the inter-gap thickness. These considerations indicate that the
phonons are localized inside the rock-salt layers of Ba3Zr2S7 by the
gaps, being consistent with the participation ratio results.

In summary, the presence of intra-unit-cell rock-salt blocks in the
sulfide RP phases derived fromBaZrS3 and the corresponding selenide
and telluride RP phases effectively produces strongly bonded, intrinsic
superlattices with different periodicities and interfacial regions that

Fig. 3 | Evaluation of factors that influence thermal conductivity. Spectral
energy density calculated fromMLMD for (a) BaZrS3 and (b) Ba3Zr2S7. The overlays
are the harmonic dispersions of phonons in BaZrS3 and Ba3Zr2S7, which contrast
with the blurred SED (SEDs for materials with negligible anharmonic effects look
very much like the corresponding harmonic dispersions, as we show in the case of
silicon in Supplemental Figure S19). c vg of the BaZrS3 and RP structure along the

cross-plane direction as a function of frequency with the dashed black line serving
as a reference for air. d Cumulative number of phononmodes having up to a given
group velocity as a function of frequency for the crystals along cross- (z) and in- (x)
plane directions. e Participation ratio (PR) as a function of frequency for BaZrS3 and
(b) Ba3Zr2S7. f Cumulative number of phonon modes having up to a given PR as a
function of frequency.
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temperature as shown in Fig. 2c. The in-plane thermal conductivity is
1.06 ± 0.14 W m−1 K−1 which is ~2.5 times higher than the cross-plane
thermal conductivity (0.45 ± 0.07 W m−1 K−1). It is noteworthy that the
MLMD-simulated in-plane and cross-plane thermal conductivities are
1.02 ± 0.17 and 0.53 ± 0.02 W m−1 K−1, respectively, showing excellent
quantitative agreement with the experimental anisotropy. The agree-
ment combined with the X-ray diffraction data rule out the impact of
defects on measured thermal conductivities. The major structural
difference between the in-plane and cross-plane directions is the per-
iodic rock-salt and perovskite layers, relative to continuous layers in-
plane. This result suggests that, despite the strong bonding, the rock-
salt layers are causing the ultralow and anisotropic thermal con-
ductivity in the RP phases.

To understand how the introduction of rock-salt layering leads to
the ultralow thermal conductivities in the RP phases compared to that
of crystalline BaZrS3, we consider three factors that may contribute to
ultralow thermal conductivity: 1) anharmonic scattering, 2) decreased
phonon group velocities (vg), and 3) phonon localization within unit
cells47.

To assess the role of anharmonic scattering, we calculated the
spectral energy density (SED) of BaZrS3 and Ba3Zr2S7 based onMLMD,
as shown in Fig. 3a, b. Compared to a typical semiconductor (e.g.,

silicon, gallium nitride), the SEDs of both BaZrS3 and Ba3Zr2S7 show
much more blurred and broadened linewidths, indicating strong
anharmonicity and large phonon scattering rates47,48. These features
could be a critical reason for the ultralow thermal conductivity. The
large overlapping of branches due to the anharmonic broadening also
indicates that the interband tunneling (i.e., diffusons) should be sig-
nificant, based on the Wigner formalism49,50. This feature could be a
reason for the glass-like thermal conductivity exhibited by the
experimental data. Recent calculations using the Wigner formalism
show that diffuson contributes 30% to thermal conductivity of BaZrS3.
We expect the diffuson contribution to beeven larger in Ba3Zr2S7 since
the broadening of SED is more significant.

Group velocity (vg) is another important parameter to understand
the diffusivity of vibrationalmodes in amaterial13. The group velocities
along the cross-plane direction (vg,z) of BaZrS3 and Ba3Zr2S7 are com-
pared in Fig. 3c. Despite the presence of strong intra- and inter-
perovskite-block bonding strength in Ba3Zr2S7, its cross-plane phonon
modes have smaller group velocities at nearly all frequencies with
relatively flat dispersions. Though weak cross-plane bonding (e.g., in
van der Waals layered materials) results in relatively flat bands, the
reverse is not true as strongly bonded materials often have flat bands.
For example, optical phonon bands are often relatively flat in strongly
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Fig. 2 | Thermal conductivities - experimental and simulated. a TDTR-measured
cross-plane thermal conductivity of BaZrS3 and its RP derivatives. For comparison,
we also include the three-phonon and MLMD predicted thermal conductivity of
BaZrS3 and RP phases. The three-phonon prediction is adopted from Osei-
Agyemang et al.41 The minimum limit and diffuson limit refer to Cahill et al.4 and
Agne et al.'s6 theoreticalmodels. bThermal conductivity distribution of BaZrS3 and

RP phases as a function of heavy ion-irradiation doses. The thermal conductivity of
the crystalline BaZrS3 is lower compared to panel (a) due to the presence of nano-
domains (see Supporting Information for details). c Anisotropic thermal con-
ductivity of Ba3Zr2S7 measured by TDTR at room temperature. The uncertainty/
error bars of the measurements are discussed in the Supporting Information.

Article https://doi.org/10.1038/s41467-025-61078-5

Nature Communications | ��������(2025)�16:6104� 4

17



Ruddlesden-Popper Ba3Zr2S7 and Ba4Zr3S10

Nature Communications 16, 6104 (2025)

largely reduce phonon velocities andmean free paths, inducing strong
localization. Combinedwith the strong anharmonicity that is known to
be intrinsic to chalcogenides,32–36 the chalcogenide RP phases are a
class of single-crystalline materials that can achieve broadband
restriction of thermal transport, leading to ultralow thermal con-
ductivities, while sustaining high elastic moduli and hence high E/κ
ratios.

In Fig. 4, we compare the E/κof BaZrS3 and its RPderivativeswith a
wide range of single crystals. The materials shown here range from
soft, insulating crystals (e.g., Co6S8) to stiff, conductive crystals (e.g.,
diamond). The elastic moduli of BaZrS3 and RP phases are significantly
higher than those of other ultralow-thermal-conductivity single crys-
tals (e.g., superatoms, metal halide perovskites, and layered per-
ovskites) and are surpassed only by oxides and some semiconductors.
Despite such strong bonding, the RP phases possess an ultralow
thermal conductivity. As a result, the E/κ ratio of the Ba3Zr2S7 single
crystal is the highest reported to date. Though some polycrystalline
materials have larger E/κ ratios,24,53 the record E/κ ratio shown in Fig. 4
among single-crystalline solids is very significant in its own right as not
only it eliminates any extrinsic spurious influences in E/κ values, but
also allows us to study the fundamental mechanisms behind the
mechanically stiff phonon glass paradigm.Additionally, the E/κ ratio of
the RP phase is ~3 times higher than that of BaZrS3.

As shown in Fig. 4, oxides generally possess a high elastic mod-
ulus. By replacing oxygen with sulfur, we reduce thermal conductivity
significantly with moderate reduction in the elastic modulus. Intro-
duction of strongly bonded periodic interfaces can further reduce the
thermal conductivity without sacrificing stiffness proportionately. The
sulfides studied here sit in an ideal regime of relatively high elastic
modulus and low thermal conductivity thereby opening a paradigm
for finding high E/κ ratio materials. For example, RP phases of BaHfS3
are also likely to exhibit a high E/κ ratio. Moreover, the study of chal-
cogenide perovskites has gained momentum only recently. We
anticipate the discovery and synthesis of a broad range of layered
phases such as Aurivillius phases and Dion Jacobson phases in the near
future54,55. These layered materials will present additional opportu-
nities to test and further the paradigm of “mechanically stiff pho-
non glass”.

The RP phases of BaZrS3 is found to possess ultralow thermal
conductivity and ultrahigh modulus-to-thermal conductivity ratio. We

find that the rock-salt layers separating the perovskite sections of the
RP structure lead to highly anisotropic thermal conductivity, with the
cross-plane reaching values comparable to the amorphous solid
despite similar and highly strong bonding across the full unit cell.
Together with simulations, our results provide evidence that the rock-
salt layers in the single crystal RP phases lead to ultralow phonon
velocities, ultrashort phonon mean free paths, and strong localization
within rock-salt layers, leading to ultralow, glass-like thermal con-
ductivity. Our study provides a detailed overview of the mechanisms
needed to achieve ultralow thermal conductivity in a non-vdW,
strongly bonded, layered material.

Methods
Time-domain thermoreflectance (TDTR)
We use a two-tint time-domain thermoreflectance (TDTR) setup to
measure the thermal conductivity of the crystalline and amorphous
BaZrS3, Ba3Zr2S7, and Ba4Zr3S10 specimens56,57. In our TDTR setup, a
Ti:sapphire oscillator (80MHz, ~808nmcentralwavelength, and ~14 nm
full width at half maximum) emanates subpicosecond laser pulses that
are split into a high-power pump and a low-power probe beam. The
pump beam ismodulated at a frequency of 8.4MHz by an electro-optic
modulator (EOM) to create oscillatory heating events at the sample
surface. The probe beam is then directed through a mechanical delay
stage to detect the temporal change in thermoreflectivity which is
related to the surface temperature change. Using a lock-in amplifier and
a balanced photodetector, the probe beam measures the temperature
decay up to 5.5 ns. The TDTR data are analyzed by fitting a cylindrically
symmetric, multilayer thermal model to the ratio of in-phase to out-of-
phase signal (–Vin/Vout) from the RF lock-in amplifier58–61.

Ion irradiation
The BaZrS3 and Ba4Zr3S10 single crystals are irradiated with gold (Au)
ions at an energy of 2.8 MeV using a 6 MV tandem Van de Graaff
accelerator. The ion implantation depths are calculated via SRIM
simulations for an ion energy of 2.8 MeV. Details of the SRIM simula-
tions for determining the stopping range of ions can be found in
previous publications46,62. The implantation depths of the Au ions are
greater than 450 nm. This length scale is much larger than the thermal
penetration depth of TDTR measurements63. Therefore, the thermally
probed region and the measured thermal conductivity are of the
defected region pre-end-of-range45,64.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Now how do we push to higher moduli independently of k? 134

Figure 8.7: (a) The elastic modulus values obtained from picosecond acoustics and nanoin-
dentation are in good agreement, indicating the robustness of the acoustics measurements.
(b) SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,
compared to semiconductors and conventional thermal barrier materials.

limited stiffness. The engineered TiN/TiC superlattices overcome these traditional trade-

offs. SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,

positioning them alongside or above top-performing semiconductors and far surpassing

conventional thermal barrier materials like YSZ and La2Zr2O7. This performance stems

from the simultaneous enhancement in elastic modulus, via coherent strain suppression

and moderation of thermal conductivity, governed by interface-driven phonon dynamics.

These findings support TiN/TiC superlattices as promising candidates for applications re-

quiring both tunable thermal conductivity and enhanced elastic modulus, such as turbine

coatings, microelectronic packaging, and next-generation thermal barrier systems.

8.3 Summary

In this chapter, I unveil the effects of strain variation and interface chemical disorder

on thermal and mechnical properties of thin-period TiN/TiC superlattices. I find that strain

modification enhances cross-plane thermal conductivity by up to a factor of 2 in super-

lattices with high interface density compared to that with lower interface density. This

Controlling modulus with 
interfaces in refractory 

carbide/nitride 
superlattices

85]. To detect a possible depth-dependence of mechanical properties, H 
vs hmax is plotted in Fig. 7(b) for the case of the Λ → 30 nm sample. Each 
datapoint in Fig. 7(b) represents the average of 6 indentations, for a total 
of 36 indentations per sample. The plotted error bars indicate the 
standard deviation from the 6 indentations. Within this measured un-
certainty, the hardness H → 11.1 ↑ 1.8 GPa is constant, that is, inde-
pendent of hmax. Nevertheless, surface protrusions are expected to affect 
nanoindentation measurements more at smaller hmax, leading to both 
lower H values at low hmax and an increased number of outliers. In this 
study, we define outliers as datapoints which deviate by ω2σ from the 
average H. Outliers are removed from the data set and not included in 
the subsequent analyses. The VN/VC films have an average of two 
outliers per sample, corresponding to 5 % of all 180 indents. There is no 
systematic correlation between hmax and the number of outliers, indi-
cating that effects from surface protrusions on the measured H are 
within the plotted error bars and, thus, negligible. The H vs hmax values 
from the other Λ → 1.9 – 15 nm samples (not shown) demonstrate similar 
depth-independent hardness results.

Fig. 8 summarizes the nanoindentation results, showing plots of the 
measured hardness H and elastic modulus E as a function of modulation 
period. The dashed lines indicate H and E values measured for the pure 
VN and VC films and the expected HROM and EROM from the isostress rule 
of mixtures (ROM). Each data point is obtained from a single sample, 
with 6 indentations with hmax → 20, 40, 60, 80, 100, and 120 nm 
measured in 6 different surface regions, corresponding to 36 

indentations per sample. The hardness decreases with increasing mod-
ulation period, from H → 16.4 GPa for Λ → 1.9 nm to H → 12.6 and 12.4 
GPa for Λ → 3.8 and 7.5 nm, and the lowest H → 10.3 and 11.1 GPa for Λ 
→ 15 and 30 nm. These values are all between the measured HVN → 5.1 ↑
1.1 GPa for the pure VN film and HVC → 19.4 ↑ 1.9 GPa for the VC film, 
indicated by purple and green horizontal lines in Fig. 8(a). The dashed 
orange line indicates the expected hardness based on the isostress rule of 
mixtures for a laminate composite of VN and VC. It is obtained from [86] 

HROM → HVN ↓ HVC

CΛεVN ↓ HVC ↔ CΛεVC ↓ HVN
ε (2) 

where CΛ,VN and CΛ,VC are the Λ-dependent N-to-V and C-to-V ratios 
determined from the compositional fitting, corresponding to the orange 
and red lines in Fig. 4, respectively. All measured hardness values are 
close to the ROM prediction, indicating that our VN/VC films do not 
exhibit hardness enhancement associated with the composition modu-
lation and/or nitride/carbide intermixing. We note that the ROM pre-
diction decreases with increasing Λ. This is due to the increasing N 
content at larger superlattice periods. Correspondingly, the slight 
decrease in H with increasing Λ is attributed to an increasing N content, 
effectively softening the films.

Fig. 8(b) is a plot of the elastic modulus of the VN/VC films. It is, 
within experimental uncertainty, independent of Λ. Averaging the 
measured moduli from the five samples, corresponding to the average 
from 180 indents, yields E → 260↑10 GPa. This is between EVN → 226 
↑34 and EVC →323↑21 GPa measured for the pure VN and VC films, 
respectively. These values agree with the previously discussed studies 
which report large ranges EVN → 186 - 378 GPa [9,46,52] and EVC → 210 
- 436 GPa [6,14,49,54], a decreasing H and E with increasing film 

Fig. 7. (a) Typical nanoindentation load-displacement curves with a maximum 
displacement hmax → 20, 40, 60, 80, 100, and 120 nm, as labeled, and (b) 
hardness H vs hmax, from a VN/VC film with Λ → 30 nm. The arrows in (a) 
indicate loading and unloading directions.

Fig. 8. (a) Hardness H and (b) elastic modulus E vs Λ of VN/VC films. Dashed 
lines indicate values from pure VN and VC films, and from the isostress rule of 
mixtures (ROM) prediction.
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Figure 8.7: (a) The elastic modulus values obtained from picosecond acoustics and nanoin-
dentation are in good agreement, indicating the robustness of the acoustics measurements.
(b) SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,
compared to semiconductors and conventional thermal barrier materials.

limited stiffness. The engineered TiN/TiC superlattices overcome these traditional trade-

offs. SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,

positioning them alongside or above top-performing semiconductors and far surpassing

conventional thermal barrier materials like YSZ and La2Zr2O7. This performance stems

from the simultaneous enhancement in elastic modulus, via coherent strain suppression

and moderation of thermal conductivity, governed by interface-driven phonon dynamics.

These findings support TiN/TiC superlattices as promising candidates for applications re-

quiring both tunable thermal conductivity and enhanced elastic modulus, such as turbine

coatings, microelectronic packaging, and next-generation thermal barrier systems.

8.3 Summary

In this chapter, I unveil the effects of strain variation and interface chemical disorder

on thermal and mechnical properties of thin-period TiN/TiC superlattices. I find that strain

modification enhances cross-plane thermal conductivity by up to a factor of 2 in super-

lattices with high interface density compared to that with lower interface density. This
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Figure 8.5: (a) TDTR thermal decay signals showing the picosecond acoustics echoes
from different interfaces for Al coated superlattices. The shift in acoustic echoes indi-
cates a change in phonon velocities in fine layered structures.(b) The phonon velocities
(red circles) exhibit a trend consistent with the thermal conductivity (blue square). The
total velocity uncertainty is calculated by combining the spot-to-spot variation with the
propagated uncertainty, which is determined from the thickness measurement and the rela-
tive errors of the Gaussian fits to the weaker echo.(c) The thermal conductivity follows the
trend of acoustics phonon velocity indicating the dominace of the phonon transport in the
superlattices.

significant role in governing thermal transport in these superlattices. Among the superlat-

tices, SL-30 demonstrates both the lowest phonon velocity and the lowest thermal conduc-

tivity, indicating suppressed phonon transport. In contrast, SL-13 and SL-6 show enhanced

phonon velocities, and notably, the measured velocities in SL-6 and SL-3 exceed those of

bulk TiN (8548.2 ± 466.4 m/s) and TiC (9167.5 ± 474.1 m/s), indicating the dominance

of phonon contribution to the thermal conductivity of SL-6 and SL-3. Figure 8.5(c) also

shows that the thermal conductivity trends with acoustics phonon velocity.

This enhanced velocity is likely influenced by the presence of secondary compounds at

the interfaces, whose relative abundance is greater in SL-6 and SL-3 compared to SL-30.

These compounds may exhibit distinct vibrational properties that contribute to modified

phonon dynamics. Furthermore, strain analysis reveals that SL-6 is more homogeneously

strained, while SL-30 exhibits significant strain inhomogeneity. Taken together, these re-

sults indicate that the combination of strain uniformity and interface-induced vibrational

dynamics in short-period superlattices contributes to the higher phonon velocities observed

in SL-6 and SL-3.
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Figure 8.5: (a) TDTR thermal decay signals showing the picosecond acoustics echoes
from different interfaces for Al coated superlattices. The shift in acoustic echoes indi-
cates a change in phonon velocities in fine layered structures.(b) The phonon velocities
(red circles) exhibit a trend consistent with the thermal conductivity (blue square). The
total velocity uncertainty is calculated by combining the spot-to-spot variation with the
propagated uncertainty, which is determined from the thickness measurement and the rela-
tive errors of the Gaussian fits to the weaker echo.(c) The thermal conductivity follows the
trend of acoustics phonon velocity indicating the dominace of the phonon transport in the
superlattices.
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tivity, indicating suppressed phonon transport. In contrast, SL-13 and SL-6 show enhanced

phonon velocities, and notably, the measured velocities in SL-6 and SL-3 exceed those of

bulk TiN (8548.2 ± 466.4 m/s) and TiC (9167.5 ± 474.1 m/s), indicating the dominance

of phonon contribution to the thermal conductivity of SL-6 and SL-3. Figure 8.5(c) also

shows that the thermal conductivity trends with acoustics phonon velocity.

This enhanced velocity is likely influenced by the presence of secondary compounds at

the interfaces, whose relative abundance is greater in SL-6 and SL-3 compared to SL-30.

These compounds may exhibit distinct vibrational properties that contribute to modified

phonon dynamics. Furthermore, strain analysis reveals that SL-6 is more homogeneously

strained, while SL-30 exhibits significant strain inhomogeneity. Taken together, these re-

sults indicate that the combination of strain uniformity and interface-induced vibrational

dynamics in short-period superlattices contributes to the higher phonon velocities observed

in SL-6 and SL-3.



TiNC interfacial phases increase stiffness
• Interfacial TiNC phase “stiffer” (evidence from refractories)
• Increased interface density reduces strain difference between 

layers, thus reducing phonon scattering (increased density of 
interfacial phase)
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Figure 8.2: 4D-STEM strain mapping reveals spatial strain variations in (a) SL-30 and (c)
SL-6. SL-30 exhibits greater local strain variation, as evident from the broader histogram
and the more scattered mean strain profile in (b). In contrast, SL-6 shows a narrower his-
togram and a more uniform mean strain profile in (d), indicating reduced strain fluctuations.
The shape of the histograms highlights the contrast: SL-30’s is broader, while SL-6’s is nar-
rower, reflecting differences in strain uniformity.

(pass energy: 26 eV; step size: 0.2 eV; dwell time: 200 ms, dual mode) are acquired over

multiple sweeps using a 200 µm FWHM X-ray spot. Charge neutralization is not required.

The pressure during data acquisition is maintained at approximately 2→10↑6 Pa. Prior to

each acquisition, the sample is pre-sputtered to remove surface oxides and adventitious car-

bon. Additional sputtering is performed to access the interface region. For SL-6 and SL-3

films, 3 minutes of sputtering is used; for the SL-30 film, 6 minutes is applied. Sputtering

is performed using 3 keV argon ions, a raster area of 3 → 3 mm2, and Zalar rotation, result-

ing in a sputtering rate of approximately 1.2 Å/s. Under these conditions, TiC is shown to

sputter stoichiometrically [195].
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Figure 8.5: (a) TDTR thermal decay signals showing the picosecond acoustics echoes
from different interfaces for Al coated superlattices. The shift in acoustic echoes indi-
cates a change in phonon velocities in fine layered structures.(b) The phonon velocities
(red circles) exhibit a trend consistent with the thermal conductivity (blue square). The
total velocity uncertainty is calculated by combining the spot-to-spot variation with the
propagated uncertainty, which is determined from the thickness measurement and the rela-
tive errors of the Gaussian fits to the weaker echo.(c) The thermal conductivity follows the
trend of acoustics phonon velocity indicating the dominace of the phonon transport in the
superlattices.

significant role in governing thermal transport in these superlattices. Among the superlat-

tices, SL-30 demonstrates both the lowest phonon velocity and the lowest thermal conduc-

tivity, indicating suppressed phonon transport. In contrast, SL-13 and SL-6 show enhanced

phonon velocities, and notably, the measured velocities in SL-6 and SL-3 exceed those of

bulk TiN (8548.2 ± 466.4 m/s) and TiC (9167.5 ± 474.1 m/s), indicating the dominance

of phonon contribution to the thermal conductivity of SL-6 and SL-3. Figure 8.5(c) also

shows that the thermal conductivity trends with acoustics phonon velocity.

This enhanced velocity is likely influenced by the presence of secondary compounds at

the interfaces, whose relative abundance is greater in SL-6 and SL-3 compared to SL-30.

These compounds may exhibit distinct vibrational properties that contribute to modified

phonon dynamics. Furthermore, strain analysis reveals that SL-6 is more homogeneously

strained, while SL-30 exhibits significant strain inhomogeneity. Taken together, these re-

sults indicate that the combination of strain uniformity and interface-induced vibrational

dynamics in short-period superlattices contributes to the higher phonon velocities observed

in SL-6 and SL-3.



Pushing the limits of E/k for refractories and high k materials 

134

Figure 8.7: (a) The elastic modulus values obtained from picosecond acoustics and nanoin-
dentation are in good agreement, indicating the robustness of the acoustics measurements.
(b) SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,
compared to semiconductors and conventional thermal barrier materials.

limited stiffness. The engineered TiN/TiC superlattices overcome these traditional trade-

offs. SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,

positioning them alongside or above top-performing semiconductors and far surpassing

conventional thermal barrier materials like YSZ and La2Zr2O7. This performance stems

from the simultaneous enhancement in elastic modulus, via coherent strain suppression

and moderation of thermal conductivity, governed by interface-driven phonon dynamics.

These findings support TiN/TiC superlattices as promising candidates for applications re-

quiring both tunable thermal conductivity and enhanced elastic modulus, such as turbine

coatings, microelectronic packaging, and next-generation thermal barrier systems.

8.3 Summary

In this chapter, I unveil the effects of strain variation and interface chemical disorder

on thermal and mechnical properties of thin-period TiN/TiC superlattices. I find that strain

modification enhances cross-plane thermal conductivity by up to a factor of 2 in super-

lattices with high interface density compared to that with lower interface density. This
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largely reduce phonon velocities andmean free paths, inducing strong
localization. Combinedwith the strong anharmonicity that is known to
be intrinsic to chalcogenides,32–36 the chalcogenide RP phases are a
class of single-crystalline materials that can achieve broadband
restriction of thermal transport, leading to ultralow thermal con-
ductivities, while sustaining high elastic moduli and hence high E/κ
ratios.

In Fig. 4, we compare the E/κof BaZrS3 and its RPderivativeswith a
wide range of single crystals. The materials shown here range from
soft, insulating crystals (e.g., Co6S8) to stiff, conductive crystals (e.g.,
diamond). The elastic moduli of BaZrS3 and RP phases are significantly
higher than those of other ultralow-thermal-conductivity single crys-
tals (e.g., superatoms, metal halide perovskites, and layered per-
ovskites) and are surpassed only by oxides and some semiconductors.
Despite such strong bonding, the RP phases possess an ultralow
thermal conductivity. As a result, the E/κ ratio of the Ba3Zr2S7 single
crystal is the highest reported to date. Though some polycrystalline
materials have larger E/κ ratios,24,53 the record E/κ ratio shown in Fig. 4
among single-crystalline solids is very significant in its own right as not
only it eliminates any extrinsic spurious influences in E/κ values, but
also allows us to study the fundamental mechanisms behind the
mechanically stiff phonon glass paradigm.Additionally, the E/κ ratio of
the RP phase is ~3 times higher than that of BaZrS3.

As shown in Fig. 4, oxides generally possess a high elastic mod-
ulus. By replacing oxygen with sulfur, we reduce thermal conductivity
significantly with moderate reduction in the elastic modulus. Intro-
duction of strongly bonded periodic interfaces can further reduce the
thermal conductivity without sacrificing stiffness proportionately. The
sulfides studied here sit in an ideal regime of relatively high elastic
modulus and low thermal conductivity thereby opening a paradigm
for finding high E/κ ratio materials. For example, RP phases of BaHfS3
are also likely to exhibit a high E/κ ratio. Moreover, the study of chal-
cogenide perovskites has gained momentum only recently. We
anticipate the discovery and synthesis of a broad range of layered
phases such as Aurivillius phases and Dion Jacobson phases in the near
future54,55. These layered materials will present additional opportu-
nities to test and further the paradigm of “mechanically stiff pho-
non glass”.

The RP phases of BaZrS3 is found to possess ultralow thermal
conductivity and ultrahigh modulus-to-thermal conductivity ratio. We

find that the rock-salt layers separating the perovskite sections of the
RP structure lead to highly anisotropic thermal conductivity, with the
cross-plane reaching values comparable to the amorphous solid
despite similar and highly strong bonding across the full unit cell.
Together with simulations, our results provide evidence that the rock-
salt layers in the single crystal RP phases lead to ultralow phonon
velocities, ultrashort phonon mean free paths, and strong localization
within rock-salt layers, leading to ultralow, glass-like thermal con-
ductivity. Our study provides a detailed overview of the mechanisms
needed to achieve ultralow thermal conductivity in a non-vdW,
strongly bonded, layered material.

Methods
Time-domain thermoreflectance (TDTR)
We use a two-tint time-domain thermoreflectance (TDTR) setup to
measure the thermal conductivity of the crystalline and amorphous
BaZrS3, Ba3Zr2S7, and Ba4Zr3S10 specimens56,57. In our TDTR setup, a
Ti:sapphire oscillator (80MHz, ~808nmcentralwavelength, and ~14 nm
full width at half maximum) emanates subpicosecond laser pulses that
are split into a high-power pump and a low-power probe beam. The
pump beam ismodulated at a frequency of 8.4MHz by an electro-optic
modulator (EOM) to create oscillatory heating events at the sample
surface. The probe beam is then directed through a mechanical delay
stage to detect the temporal change in thermoreflectivity which is
related to the surface temperature change. Using a lock-in amplifier and
a balanced photodetector, the probe beam measures the temperature
decay up to 5.5 ns. The TDTR data are analyzed by fitting a cylindrically
symmetric, multilayer thermal model to the ratio of in-phase to out-of-
phase signal (–Vin/Vout) from the RF lock-in amplifier58–61.

Ion irradiation
The BaZrS3 and Ba4Zr3S10 single crystals are irradiated with gold (Au)
ions at an energy of 2.8 MeV using a 6 MV tandem Van de Graaff
accelerator. The ion implantation depths are calculated via SRIM
simulations for an ion energy of 2.8 MeV. Details of the SRIM simula-
tions for determining the stopping range of ions can be found in
previous publications46,62. The implantation depths of the Au ions are
greater than 450 nm. This length scale is much larger than the thermal
penetration depth of TDTR measurements63. Therefore, the thermally
probed region and the measured thermal conductivity are of the
defected region pre-end-of-range45,64.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Figure 8.7: (a) The elastic modulus values obtained from picosecond acoustics and nanoin-
dentation are in good agreement, indicating the robustness of the acoustics measurements.
(b) SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,
compared to semiconductors and conventional thermal barrier materials.

limited stiffness. The engineered TiN/TiC superlattices overcome these traditional trade-

offs. SL-3 and SL-6 exhibit some of the highest E/! values reported at room temperature,

positioning them alongside or above top-performing semiconductors and far surpassing

conventional thermal barrier materials like YSZ and La2Zr2O7. This performance stems

from the simultaneous enhancement in elastic modulus, via coherent strain suppression

and moderation of thermal conductivity, governed by interface-driven phonon dynamics.

These findings support TiN/TiC superlattices as promising candidates for applications re-

quiring both tunable thermal conductivity and enhanced elastic modulus, such as turbine

coatings, microelectronic packaging, and next-generation thermal barrier systems.

8.3 Summary

In this chapter, I unveil the effects of strain variation and interface chemical disorder

on thermal and mechnical properties of thin-period TiN/TiC superlattices. I find that strain

modification enhances cross-plane thermal conductivity by up to a factor of 2 in super-

lattices with high interface density compared to that with lower interface density. This
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the modified unit cell for both a) J14 and b) J35 compositions 
extracted by EXAFS. For J14, we find an expected distortion of 
the Co octahedra that coincides with the observed lattice param-
eters of the tetragonal unit cell, a = 4.21 Å and c = 4.29 Å. By the 
second coordination shell, or absorber-metal scattering paths, 
we find that the half-path length agrees with observed lattice 
parameters within less than 1%. The addition of a sixth cation, 
as is the case in J35, appears to dramatically change the absorber 
octahedra such that a geometric extension no longer aligns to 
the lattice parameters. J35 exhibits a tetragonally compressed 
unit cell, with a = 4.21 Å and c = 4.08 Å. Half-scattering path 
lengths between the Co absorber and the six nearest neighboring 
oxygen atoms suggest a highly compressed octahedra with four 
planar oxygens at 1.93 Å and two axial oxygens at 1.96 Å. Again, 
comparing the half-scattering path length of the next nearest 
neighbors agrees with observed lattice parameters to within 1%. 
These EXAFS results largely align with our hypothesis from the 
thermal measurements in that a large strain is present in the 
six-cation ESOs such that the oxygen atoms are displaced from 
their ideal coordination positions. Such strong oxygen sublattice 
distortion is the indicator that IFC disorder is greatly enhanced 
in J35 relative to J14. This strong IFC disorder is promoted by 
charge compensation among cations to preserve charge neu-
trality when a sixth cation is added.[40]

The attribution of thermal conductivity reduction in ESOs to 
IFC disorder is further supported by molecular dynamics simu-
lations (see Supporting Information) in which IFC disorder is 
modeled by electrostatic point charges in the interatomic poten-
tial based on Bader charges from density functional theory 
calculations. These simulations reveal that accounting for 

differences in interatomic forces through adjustment of average 
properties, analogous to the VCA, cannot capture the magni-
tude or trend in thermal conductivity, whereas integration of 
randomly distributed mass and charge disorder accurately cap-
tures the reduction in thermal conductivity observed between 
J14 and six-cation oxides, reducing the thermal conductivity by 
a factor of almost two, in agreement with experiment. More-
over, in these simulations, we decouple mass and charge dis-
order to show that the latter is responsible for the strong reduc-
tion in thermal conductivity measured. Taken together, the 
experiment and simulation reveal that entropy-stabilized oxides 
can have uniquely low thermal conductivities while main-
taining a relatively high elastic moduli, made possible through 
highly disordered interatomic forces resulting from charge dis-
order among ionic bonds. These results provide an example of 
the broader aspect of entropy stabilization as a means to create 
materials with unique thermophysical properties that could be 
highly beneficial to thermoelectric and thermal barrier coating 
applications.

Experimental Section
Time- and Frequency-Domain Thermoreflectance: A combined time- and 

frequency-domain thermoreflectance (TDTR and FDTR) method is used, 
which is an optical pump-probe technique, to simultaneously measure 
the thermal conductivity and volumetric heat capacity of the thin-film 
ESO samples. This approach is based on the concept of varying the 
modulation frequency of the heating event to change the measurement 
property from thermal effusivity to thermal diffusivity, thereby decoupling 
thermal conductivity from volumetric heat capacity, allowing for a unique 
measurement of both quantities.[41–43] The approach by Wei et al.[43] is 
extended to incorporate TDTR phase data over a range of frequencies 
sufficient for FDTR, so as to combine the benefits of multifrequency 
TDTR and FDTR for thermal property measurement. This development 
provides a robust approach for measuring both the heat capacity and 
thermal conductivity of thin films.

Using the output of a pulsed Ti:Sapphire oscillator generating 200 fs 
pulses at a repetition rate of 80 MHz, the beam is divided into two paths, 
a pump path and a probe path. The pump is used to heat a sample of 
interest, which has an 80 nm aluminum layer deposited on it to serve as 
a transducer to convert the optical energy to thermal energy. The probe 
is used to measure the in-phase and out-of-phase change in reflectance 
resulting from the pump-induced heating at time delays ranging from 
200 ps to 6 ns and modulation frequencies ranging from 500 kHz to 
10 MHz. A lock-in amplifier is used to collect data at a given modulation 
frequency and improve signal-to-noise ratios. The number of data points 
collected are chosen such that they are sufficient for TDTR at a given 
frequency and pulsed-pulsed FDTR at a given probe time delay. Using 
a multilayer, radially symmetric thermal model incorporating both time 
delay and modulation frequency information directly extending from 
TDTR analysis procedures,[44–46] a surface fitting method is used to 
minimize the residuals between a time- and frequency-dependent thermal 
model with experimental data by varying three thermal parameters: ESO 
volumetric heat capacity (Cv), ESO thermal conductivity (κ), and Al/
ESO thermal boundary conductance (GAl/ESO). The ESO/MgO thermal 
boundary conductance (GESO/MgO) can in principle be set as a fitting 
parameter as well. However, in practice this parameter case is insensitive, 
such that doing so gives no additional benefit or physically meaningful 
information. Further details on the combined TDTR/FDTR approach and 
its comparison to the alternative methods to simultaneously measure Cv 
and κ can be found in the Supporting Information.

Extended X-Ray Absorption Fine Structure: EXAFS spectra were 
collected at beamline 10-BM-B at the Advanced Photon Source, Argonne 
National Laboratory (Lemont, IL). The Co K-edge was measured in 
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Figure 5.  Modified local structure of J14 and J35. Illustration depicts 
local structural changes about the cobalt species in a) J14 and b) J35. 
A comparison of the changes as a result of adding the sixth cation can 
be viewed by unit cell cross section along the (200) plane, as shown in 
(c) and (d) for J14 and J35, respectively. The lowercase roman numerals 
mark the coordination shell radius for i) nearest neighbor anion, ii) next 
nearest neighbor anion, and iii) nearest neighbor cation. In both cases, 
the nearest neighbor cation shell radius corresponds to one-half the face 
diagonal of the unit cell parameters, as determined through XRD.

circles). TheMLMD thermal conductivity simulations of Ba3Zr2S7 show
quantitative agreement with the experimental data. The cross-plane
thermal conductivities of the sulfide RP phases are even lower than
those of vdW layered materials, except when thin film samples and
interlayer rotations are involved10,44. On the other hand, the sulfide RP
phases feature far superior mechanical properties of all vdW layered
materials.

Defects in materials have also been known to lead to ultralow
thermal conductivity and glass-like temperature trends7. X-ray dif-
fraction data mentioned earlier (shown in Supporting Information
section S1), combined with the agreement of the simulations of the
thermal conductivity with the experimental data, prove the high
quality of the single crystals used in this study, which precludes the
attribution of the low thermal conductivity to disorder and defects. To
study how the introduction of defects would change thermal con-
ductivity, we irradiate the BaZrS3 and Ba4Zr3S10 crystals with high
energy gold ions. The measured cross-plane thermal conductivities of
theheavily ion-irradiated crystals as a functionof iondoseare shown in
Fig. 2b. The thermal conductivity of BaZrS3 exhibits a sigmoidal
reduction, typically characteristic of irradiated crystalline
materials45,46. At low doses, irradiation introduces low concentrations

of clustered point defects and vacancies. The overall crystal structure
remains relatively unchanged, whereby the thermal conductivity is
nearly constant. At high doses, point-defect concentrations increase
and damaged regions overlap, which gradually decreases the thermal
conductivity to that of an amorphous solid.

Compared to BaZrS3, a completely different thermal conductivity
trend is observed vs. ion dose in the RP phases; the thermal con-
ductivity of the Ba4Zr3S10 crystals remains nearly constant regardless
of gold ion dose. TEMmicrographs show that the layering of Ba4Zr3S10
crystals remains uninterrupted throughout the range of doses,
although high doses can introduce amorphous pockets (see Sup-
porting Information). In vdW layeredmaterialswith interlayer rotation,
ion irradiation can lead to increased thermal conductivity due to
increases in interatomic bonding10. However, due to the already strong
bonding of the RP phases, no such trend is observed in the present
study. The resistance of the RP crystals to irradiation damage makes
them a highly suitable thermal barrier coating in deep space applica-
tions in radiation environments.

To gain insight into the role of anisotropy in ultralow thermal
conductivity of the RP phases, wemeasure the thermal conductivity of
Ba3Zr2S7 along the in-plane direction (perpendicular to c-axis) at room

Fig. 1 | Structure of perovskite BaZrS3 and Ruddlesden-Popper Ban+1ZrnS3n+1.
Ball-and-stick model of (a) Pnma perovskite BaZrS3 and (b) I4mmm Ruddlesden-
Popper Ba3Zr2S7 showing grayZrS6 octahedra and green BaS bonds. Redmarkers in
(b) indicate the perovskite blocks of the RP phase separated by the rock-salt blocks.
Blue dotted lines between BaS atomic planes indicate themidplane of the rock-salt
blocks. Ball-and-stick model of a (c) Zr octahedra, (d) undistorted Ba polyhedral,
and (e) rock-salt building block resulting from layering in Ba3Zr2S7. Integrated
differential phase contrast images of the (f) BaZrS3, (g) Ba3Zr2S7, (h) Ba4Zr3S10
crystals. Enlarged regions from the cyan annotations are shown below each image.

In the enlargements, two perovskite unit cells are annotated with Ba (green), Zr
(gray) and S (yellow) circles. (i) Z-contrast imageand (j) BaZr composite image from
a STEM-EELS spectrum image. Intensity maps of (k) Ba-M45, (l) Zr-M23 background-
subtracted edges.m, n Section views along (200) and (110) of the valence electron
density of the RP-phase Ba3Zr2S7 calculated by DFT, respectively. Red marks and
blue dashed lines help to correlate atomic structure to that of panel (b). o A line
profile of the valence electron density along the white dashed line in (m). Blue bars
illustrate the rock-salt-block regions.
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