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Anomalous Glassy Thermal Conductivity in a Perovskite
Bismuthate Induced by Structural Dynamic Instability

Alexandre Henriques, Mariana S. L. Lima, Ggran J. Nilsen, Matthias J. Gutmann,

Steffen Wirth, Walber H. Brito,* and Valentina Martelli*

Unraveling the underlying mechanisms at the origin of ultra-low

thermal conductivity in pristine crystals is of central relevance to designing
new functional materials. Here, a study of thermal conductivity x(T) in an
extended temperature range (1.5-400 K) is reported in the single-crystalline
bismuthate perovskite BaBiO;. The measured k(T) shows an anomalous
glass-like behavior with a ~ T? dependence at low temperatures and a plateau
in a wide temperature range from about 20 to 260 K, surprisingly recovering
the expected downturn for a crystal only for T > 300 K. The measured room
temperature k¥ ~ 1.6 W m~" K~ agrees with the calculated value, including
three-phonon and isotope disorder scattering. However, the departure

of the experimental from the calculated x(T) for T < 300 K, at the onset

of the plateau, indicates that an additional scattering mechanism comes into
play at lower temperatures. It is proposed that a tunneling two-level system
associated with the BiOg octahedra rotation offers an additional phonon
scattering mechanism and may explain the observed «(T) suppression.

The findings may have significant implications for the pairing mechanism
and unconventional superconductivity of doped-BaBiO; aside from
suggesting it as a candidate building block for functional heterostructures.

1. Introduction

The search for materials with reduced ther-
mal conductivity is an active frontier of
investigation. The engineering of inter-
faces, superlattices, and the synthesis of
solids with weak chemical bonds!!-®! have
produced low-thermal conductivity mate-
rials with great potential for thermoelec-
tric and barrier coating applications.[®! Ma-
terials that display poor heat conduction
while simultaneously presenting a pris-
tine crystalline structure have recently at-
tracted attention as potential platforms
for controlled fine-tuning of the electronic
properties.”] Concomitantly, the observa-
tion of highly reduced heat conduction in
perfect crystals calls for further theoreti-
cal efforts to reveal and manipulate the
underlying physical mechanisms. These
features have been observed recently in
a handful of compounds, and the heat
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conduction behavior of such materials is

generally labeled as glass-like, referring

to the reduced thermal conductivity and
their temperature dependence being similar to those typically ob-
served in glasses.3®]

The main heat carriers in perfectly insulating crystals are
phonons, bosonic quasiparticles describing quantized lattice vi-
brations. Upon cooling, the thermal conductivity of a crystal is
expected to increase from its room temperature value, attaining a
maximum (peak thermal conductivity) at intermediate tempera-
tures (= 0.10,,I°) where @, is the material’s Debye temperature).
This is because the momentum loss due to phonon—phonon scat-
tering (Umklapp events) is reduced due to the decrease of the
phonons’ energy. When the temperature is further reduced, the
phonon population becomes scarce, and x () starts to decrease,
displaying a T® power law at very low temperatures in agreement
with the Debye model.['%]

In glasses and amorphous compounds, the arrangement of
atoms lacks spatial long-range order, and several typical sig-
natures are universally observed in the temperature evolution
of thermal conductivity. In particular, the thermal conductivity
shows a monotonic increase at high-T, typically reaching a value
of the order of 1 W m~! K~! around room temperature, a plateau
at intermediate temperature (T ~ 10 K), and a T? power law at
cryogenic temperatures.'') The low-temperature features were
early interpreted within phenomenological models, such as the
tunneling two-level system (TTLS) model.121* A TLLS is as-
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cribed to the presence of atoms or groups of atoms in metastable
states, described by a double-well potential, and acts as a scatter-
ing centers for the traveling heat. The high-T steady increase can
be understood in terms of the energy of the localized vibrational
modes, which are enhanced by raising the temperature and re-
sponsible for the heat transfer.!>]

If a pristine insulating single crystal with a regular structure
possesses such a glass-like behavior, a question arises about what
mechanisms can cause this to happen. Single-crystalline materi-
als showing features of a glassy thermal conductivity are rare.
Still, for those found so far, a magnetic instability, magnetic frus-
tration, or phase instability (ferro- or antiferro-electric transition)
were proposed to be at the base of the possible scattering mecha-
nisms that would generate a TTLS in analogy to glasses.[3816-20]
Away from the very low-temperature range, the interpretation be-
comes more complex. Some materials do not show a clear plateau
followed by a steady increase (ex.: BaTiS,®! or Cs;Bi,[,CL,%]) as
expected for a glass while some do (ex.: NaNbO, %! or EuTiO,[2%).
In that temperature range, multiple effects of phonon scattering
concomitantly contribute to the resulting thermal conductivity,
making the identification of the dominant mechanism often an
unsolvable puzzle. Furthermore, unavoidable structural disorder
and stoichiometric deviation can play an important role, mak-
ing a thorough inspection of the compound’s quality indeed a
paramount to discern when they display unusual glass-like be-
havior due to inherent phase instability.

Many-body theories combined with first-principles and molec-
ular dynamics (MD) methods have been used to advance the
current understanding of the scattering mechanisms of heat
in solids.2'23] However, they are very dependent on the de-
termination of high-order interatomic force constants and/or
parametrization of force fields, which can be very computation-
ally demanding for low-symmetry crystal structures and/or with
large unit cells.”*l More recently, novel theoretical approxima-
tions were proposed for a quantitative description of the thermal
conductivity of materials from first-principles.[?>-%]

In this work, we study the thermal properties of BaBiO;, which
is a semiconducting, non-magnetic perovskite oxide, and parent
compound of high-T. bismuthate-based cubic superconductors
Ba, _ K BiO;.3%31 Known since the 1970s, BaBiO, has regained
attention as a promising candidate for building new functional
heterostructures motivated by the prediction that they may host
a topological insulating state when electron-doped.[32-¢1 Only re-
cently, the magnitude of the superconducting transition temper-
ature was calculated within a picture of strong electron-phonon
coupling enhanced by electronic correlations.[*”38] The interplay
between the electron—phonon coupling with charge order or
bipolaronic superconductivity have been recently discussed in
literature.3%*%1 When not doped, BaBiO; displays a monoclinic
symmetry at room temperature (I2/m space group), with a com-
bination of tilting and breathing distortions of the BiO, octa-
hedra. Lowering the temperature, it smoothly reaches a mono-
clinic phase with different symmetry (P2, /n), which also exhibits
breathing and tilting distortions. At high temperatures, for T >
800 K, these distortions are suppressed and the system recov-
ers a cubic phase (Fm3m).*!] In this context, the unsolved ques-
tion on the origin of the ground state of BaBiO, reemerged with
a refreshed relevance.*=*] Although thermal transport can re-
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veal important information about the insulating ground state and
the physics of heat carriers, thermal conductivity in BaBiO; re-
mained unexplored except for a recent study on polycrystalline
samples.[*6]

Here, we report on our experimental investigation of thermal
conductivity and specific heat of high-quality BaBiO; commer-
cially available single crystals (SurfaceNet). The thermal conduc-
tivity of BaBiO; reveals an anomalous combination of features
reminiscent of both a crystal and a glass depending on the tem-
perature range: (i) it presents a low value of x5 ~ 1.6 W m™!
K- with an increasing behavior upon cooling typical of a crys-
talline solid at high temperatures (300 K <T < 400 K); (ii) it shows
a downturn at T =~ 260 K followed by an extended region of con-
stant mild decrease, which we call the “plateau”, within the T-
range of approximately 20 — 260 K; finally, (iii) it displays k(T) ~
T? at low temperatures (T < 5 K). Specific heat experiments at
very low temperatures reveal the presence of a quasi-linear con-
tribution for T < 1 K. From the theoretical side, our calculated
Kk (T) agrees well with the experimental data for T > 300 K, in the
region where a behavior typical of a crystal is observed. At the
onset of the plateau, the theoretical «(T) ~ T-%° shows a depar-
ture from the experiments. We discuss the possible origin of this
set of observations in the light of our first-principles calculations
and a putative TTLS. We propose that an unusual structural dy-
namic instability associated with the monoclinic distortions may
be the source of important scattering mechanisms to explain the
glassy behavior and the lattice anharmonicity, in addition to typi-
cal mechanisms usually ascribed to reduced thermal transport in
crystalline materials.

2. Anomalous Glassy Thermal Conductivity

The thermal conductivity of BaBiO; in the 2 - 400 K tempera-
ture range is shown in Figure 1a. Figure 1b displays the compar-
ison with representative SrTiO; (crystalline insulator) and a-SiO,
(amorphous). The room temperature s & 1.6 W m~! K71 is
close to the thermal conductivity of a-SiO, and about one order of
magnitude lower than in other insulating perovskite oxides, e.g.,
~10 W m~! K7! for SrTiO,[*’ and 11 W m~! K~! for KTa0O,.l'%
The mismatch in the room-T value for the measurements ob-
tained with the two experimental techniques, ¥ ~ 1.6 W m~! K~!
(black circles in Figure 1a) and x ~ 1.8 W m~! K~! (blue squares
in Figurelb) falls within the experimental resolution and errors
(= 9-12%).

Upon cooling from 400 K, x(T) increases, as expected for a
crystal at high temperatures. The high-T decrease in «(T) is also
shown in Figure 5. We emphasize that BaBiO; undergoes a struc-
tural phase transition around T > 430 K,[“!l which is above the
temperature range investigated in this work. However, that rise
is soon aborted around T = 260 K, when the curve begins an un-
expected decrease. Further reducing the temperature, the value
of thermal conductivity remains almost constant in a wide tem-
perature range, displaying a mild reduction down to x = 1.0 W
m~! K1 at around T = 20 K, a region of weak temperature de-
pendence, which we call “plateau”. Within the plateau, a smooth
change of slope can be observed around T =~ 70 K when plotted
on alinear scale, as shown in Figure 5 (black arrow). This change
of slope reveals that a very efficient scattering effect is activated,
drastically suppressing the phonon-phonon scattering that typi-
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Figure 1. Thermal conductivity of BaBiO;. a) k(T) measured by two experimental methods. It displays a plateau in an extended temperature region.
The arrow indicates the position of the structural transition between the two monoclinic phases. «(T) does not detect any anomaly at the transition.
The inset shows a zoom of the (T) into the low-temperature region displaying a T2 dependence at T < 5 K. The dashed line is a guide for the eyes. b)
Comparison of thermal conductivity of BaBiO; (this work) with SrTiO3[47] and a-SiO, (Silica).[*8]

cally rules «(T) ~ T~" at this temperature range in a crystal and
that should instead lead to a steady increase upon cooling up to
a typical peak as observed in SrTiO, (Figure 1b). The black ar-
row in Figure 1a indicates the approximate temperature where
the structural phase transition between monoclinic-I (P2, /n) and
monoclinic-1I (I2/m) is expected. Unsurprisingly, «(T) itself does
not seem to be affected by that transition since that was shown to
be a second-order transition with a smooth change of the lattice
parameters.[*14]

In the lowest temperature range, T < 5 K, a thermal conductiv-
ity x(T) ~ T2~ %, with § ~ 0.2, is found. These findings are differ-
ent from what is expected for a crystal according to a simplified
kinetic approach to a phonon gas—see inset of Figure 1a. There,
the thermal conductivity in an insulating crystal is accounted for
by k = %V/IC, where c is the specific heat, 4 is the mean free path
and v the sound velocity. According to this picture, a resulting
T® power law is expected at low temperatures due to a weak vari-
ation of the elastic constants (and sound velocity), a T* depen-
dence of Debye specific heat and a saturating mean free path
due to the large phonon wavelength compared with the domains
or sample size (Figure 1b). In several other complex oxides, the
missing T® power law can be ascribed to extrinsic reasons (disor-
der) or intrinsic reasons (phase instability); however, in the case
of BaBiO;, both the high-quality of the samples, proven by SXD
and the absence of phase instability of any kind suggest that a
dynamic structural instability, in the analogy to glasses, could be
the origin of an equivalent TTLS scattering centers for phonons.

Clearly, the temperature evolution of our thermal conductivity
measurements points to the first experimental evidence of glass-
like behavior in single crystals of BaBiO;.

3. Specific Heat and Thermal Diffusivity

Our specific heat measurements ¢(T) are displayed in Figure 2a.
The curve approaches the Dulong-Petit limit for T > 400 K (see
inset). For the very low temperature range (T < 700 mK) of ¢(T),
we can detect a super-linear behavior of cxT!*¢ with 6§ = 0.3.
As the electric resistivity of BaBiO; is about 10° Q.cm,[465051]
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an electronic contribution can be safely neglected, and the lin-
ear term must be attributed to another contribution. A Schottky
contribution could also lead to a linear-in-T specific heat at very
low temperatures; however, to the best of our knowledge, BaBiO,
neither magnetically orders at low temperatures nor possesses
magnetic impurities in the case of the crystals here investigated.
Quasi-linear specific heat ¢ ~ T'*? is also expected within the
TTLS model proposed by Anderson and coworkers in the case
of glasses.['?] The latter could suggest that an analogous phonon
scattering mechanism is present in BaBiO; crystals, consistent
with the observation in «(T). It is worth mentioning that for any
particle in a double-well potential, the formalism leads to a linear-
in-T specific heat, regardless of the potential’s origin.

By computing the apparent mean free path 4 = 3k/(cv)
(Figure 2b), we find that A approaches a saturation value
of ¥ 44 A (similar to the Bi-Bi distance along the [001]-
crystallographic direction) already for T > 100 K up to room
temperature (dashed blue line). The black solid line shown in
Figure 2b represents the wavelength of the dominant phonon cal-
culated by 4 = hv/k,T. The longitudinal sound velocity is com-
puted based on our calculated elastic moduli (see Section S6,
Supporting Information) obtained from our DFT calculations.
Inspecting the thermal diffusivity D = k/cp, where p is the vol-
umetric density, can provide further insights into this finding.
Recently, the thermal diffusivity of insulating crystals at high tem-
peratures was shown to never decrease below a lower boundary
set by the Planckian time:!*53-°] D = sv?¢ , where 7, = i/k, Tand
sis a dimensionless parameter that does not fall below 1. Thus, if
one plots s = D/(v*z,) for a crystal, the curve will asymptotically
reach a constant value s > 1 for temperatures close to the De-
bye temperature ®, due to the kinetic conductivity regime lead-
ing to DxT!, as, e.g., in the case of SrTiO, (Figure 2c). Behnia
& Kapitulnikl®* have phenomenologically observed that glasses
also seem to respect the lower boundary of diffusivity, but only
asymptotically (see a-SiO, in Figure 2c). If we compute s for
Cs;Bi,I(Cl; (O, ~ 80 KP*)) and BaTiS; (@, ~ 600 K?I), two re-
cently reported pristine crystals showing glassy behavior,*#] we
can see that s is far from saturation. A similar argument holds

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH

95U8017 SUOWIWIOD 8A1TE8.1D) 9{cfedl|dde au Aq peusenob ke sspie VO ‘88N J0 sani o} Akeid 18Ul UO AS|IAA LD (SUORIPUOD-PUE-SWLSIL0S" A8 | 1M Afed U1 |uo//:Sdny) sUonIpuoD pue swie | 8y} 89S *[9202/c0/6T] Uo Akeiqiauljuo A8|IM ‘|1Zeig - 0jned 0eS JO A1siBAIuN Ad 6/£205202 SAPE/Z00T 0T/10p/Wod" A 1M Ale.q 1 jpu [UO'pesUeAe//SANY W) papeo|umod ‘T€ 'SZ02 ‘TY8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

V Mean free path i
Dominant phonon wavelength

o ] ©

10 CS}BizI6C13

(a) —_ ! . T () F
10 ", | Dulong-Petit — 7
100 © ‘
S %
—_ g 50 o
LT o
- 0 200 400
g T[K] L/
E0.5 ¢ o
g g
° & |
Tl.3
| L

0.0 ——
0.0

0.5 1.0 0

T K]

200

T[K]

Figure 2. Specific heat, apparent mean free path, and thermal diffusivity of BaBiOj;. a) Quasi-linear-in-T behavior at very low temperatures. The inset
shows the specific heat from 0.2 to 400 K. The blue line indicates the Dulong-Petit value, ¢ — 15R. b) The apparent mean free path computed from 4 =
3K/ (cv). The black line represents the wavelength of the dominant phonon calculated by 4 = hv/kgT. The blue dotted line shows the value 4 approaches
at high-T ~ 4.4A. c) Saturation of the thermal diffusivity D = x/C toward the expected lower bound set by sound velocity (v) and the planckian time (zp
= n/kgT). The horizontal dashed lines (orange and blue) represent the lower bound for SrTiO; and BaBiO3, respectively. BaBiO; approaches the limit
close to room temperature. ©p, ~ 513 K for SrTiO5.[°2] Data of Cs;Bi, l¢Cl;, BaTiS;, and a-SiO, (Silica) were extracted from[>#] and,["] respectively.

for Silica. However, with ®p ~ 410 K, BaBiO, reaches s » 1.5 as
T approaches room temperature, displaying a consistent satura-
tion up to 400 K. Thus, BaBiO, recovers the expected behavior of
a crystal, suggesting that the scattering mechanism determining
the glass-like conductivity loses strength for T'> 260 K.

4. Phonon Dispersion, Low-Frequency Optical
modes and Griineisen Parameters

To deepen our understanding of the phononic properties of
BaBiO,, we carried out first principles calculations (details in Sec-
tions S5-S10, Supporting Information) to obtain the phonon dis-
persion of the monoclinic I (P21/n) structure. The monoclinic I
phase is the stable structure at low temperatures followed by the
monoclinic IT phase, above 140 K. Both structures exhibit breath-
ing and tilting distortions, with a minor difference regarding the
rotation of BiO; octahedra and the emergence of an extra inequiv-
alent position of an oxygen atom.[*! In Figure 3a, we show the
calculated phonon dispersion of monoclinic I phase. We observe
(i) the existence of a low-frequency optical mode, with w ~41
cm™! at the T point, and a reasonable number of (ii) weakly dis-
persive modes centered between 40 and 80 cm~!. These modes
are mostly due to the displacement of Ba atoms, as emphasized
by the projected phonon density of states (PPDOS) (Figure 3b).
Finally, we point out the (iii) avoided crossing points along Y, - T"
and I' — A directions (indicated by the arrows), which are finger-
prints of significant acoustic-optical (a-0) phonon hybridization,
as similarly observed in the cases of PbTe,*®! and YbFe,Sb,,.l”]
In the latter, it was found that these features are of central impor-
tance to the increase of three-phonon scattering processes.
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The corresponding real space representation of the eigenvec-
tor of the first optical mode at the I' point is shown in Figure 3c,d,
where one can notice the more significant contribution of the
Ba atoms and the BiO, octahedra rotation. These modes with Ba
displacements are reminiscent of localized rattling-like centers
induced by loose Ba-O bonds (see Section S6, Supporting Infor-
mation). We can, therefore, attribute the presence of low-lying
optical phonon modes to the weakly bound Ba, which in turn
are likely to couple with acoustic modes. Similar features were
observed in the case of the Cs;Bi, I, Cl, compound.?! These find-
ings indicate that these low-frequency optical modes can lead to
additional scattering of acoustic phonons and, as a result, to the
suppression of the thermal conductivity of BaBiO;.

Plotting the measured ¢/T* as a function of T reveals the pres-
ence of a peak at T, ~ 13.7 K (Figure 4a). We also show in the
same figure the calculated lattice specific heat (in red) obtained
within the quasi-harmonic approximation (QHA) (see Section
S8, Supporting Information). The emergence of a peak at 13.7
K is a clear mark of an excess of vibrational modes over the De-
bye density of states, indicating a deviation from a simple Debye
model. In fact, that peak has generally been considered as indi-
rect evidence of relevant localized vibrational modes (Einstein-
like modes,*#% in agreement with the four ®; found in the
specific heat analysis - see Section S4, Supporting Information),
in addition to the Debye density of states. Being ascribed to any-
thing but acoustic modes, the peak can be interpreted in multiple
ways depending on the material.[®!} For instance, it can indicate
the existence of acoustic-optical phonon coupling,[®*63 rattling
modes,[* or can be even an indirect evidence of soft modes.[®] In
our case, the a-o coupling is revealed by the excess of modes over
the Debye density of states in the proximity of the peak in ¢/ T3,
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Figure 3. Phonon dispersion of BaBiO; and the low-energy optical modes: a) DFT obtained phonon dispersion of monoclinic | phase (P21/n). The
black boxes and the low-energy optical phonon mode indicate the avoided-crossing (ac) regions in the phonon dispersion (Topt). In (b) we show the
projected phonon density of states (PPDOS), for Bil, Bi2, Ba, and O atoms shown in panel (d). In (c) and (d) we show the real space representation
of the eigenvector of the first optical (Topt) phonon at the I" point. Blue and violet spheres represent Bi1 and Bi2 atoms, respectively. Green and red
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Figure 4. Anharmonicity in BaBiO;: a) ¢/T° plot of BaBiOj specific heat data. A local minimum at T,
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min = 2.1 K is seen, while an excess over the Debye

modes is attributed to the Boson-like peak at T,,,,, = 13.7 K. The red line represents the specific heat obtained within the quasi-harmonic approximation
- DFT(QHA). b) Calculated mode Griineisen parameters as a function of frequency. Green shaded areas indicate where y4, > 3.

found in both calculations and experiment (see Section S4, Sup-
porting Information) and the avoided crossings in the phonon
dispersion. Moreover, the good agreement between the experi-
mental and theoretical ¢(T)/T® curves for T > 1 K, highlights that
the specific heat is well described in this limit by the lattice vi-
brations and its implicit anharmonicity. On the other hand, we
stress that a quasi-harmonic picture of BaBiO; cannot capture
the linear behavior seen in measured ¢/T® at low temperatures.
Microscopically, the strong reduction in thermal conductivity
because of enhanced a-o coupling was proposed elsewherel>7:¢]
as an elevation of Umklapp events via “acoustic” + “optical”

“«

— “ optical” at certain frequencies. It is worth noticing that
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the avoided crossings persist in the cubic phase T > 800 K,
as shown by the calculated phonon spectral function (see Sec-
tion S8, Supporting Information). This suggests they are in-
trinsic and not a reminiscent feature of the structural transi-
tions. At this point, it is instructive to establish an analogy be-
tween the role of Ba-O bonds in BaBiO, and the typical behav-
ior of guest atoms in filled skutterudites and clathrates.[®-%!
Recently,[7%-72] perovskites were demonstrated to present rattling
as well, which all together leads to the same pieces of evidence
(avoided-crossing, Boson peak, high atomic displacement pa-
rameters of the guest atom, etc.) in multiple experiments. Of-
ten, there is an association of rattling with the concept of suf-
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ficient interstitial (guest-cage) distance.[**7%71] Nonetheless, one
cannot assume that rattling-like mechanisms are a sufficient con-
dition for glassy thermal conductivity, in particular, to explain the
T? dependence at very low temperatures, since localized vibra-
tions are expected to “freeze-out” far below their characteristic
temperatures.l”374]

Another important aspect associated with glass-like features
in the thermal transport is the lattice anharmonicity of a given
material. To quantify the lattice anharmonicity of BaBiO;, we cal-
culated the mode-Griineisen parameters. We mention that y,, =

V0w, .
—— —F, where q and v are the wavevectors and the mode index,
g, 0

respectively. yq, are important parameters to describe how the
phonon frequencies shift under volume expansions/contractions
(implicit anharmonicity), and were calculated using the deriva-
tive of the dynamical matrix performed within the finite differ-
ence method for three distinct volumes.[””! In Figure 4b we show
the calculated mode-Griineisen parameters as a function of fre-
quency. Overall, we found positive Griineisen parameters be-
tween 1 and 3.5 for the low-energy optical modes, with an aver-
age of y,,, = 1.76. As can be noticed in Figure 4b, modes with
frequencies around 40 cm™ present yq, > 3, indicating a siz-
able softness of these optical modes with volume expansion, which
can be induced upon warming. Similar large Griineisen parame-
ters are observed for modes centered around 52, 67, 97, and 311
cm™! (green frequency intervals in Figure 4b). These findings in-
dicate a reasonable anharmonicity of phonon modes in BaBiO;.
We mention that the predicted mode shifts based on our calcu-
lated Griineisen parameters can be underestimated (such as in
silicon[”®}), since we do not include high-order force constants
in our theoretical approximation. As a result, the softness of the
modes in BaBiO; can be even larger.

5. Theoretical Lattice Thermal Conductivity and
Comparison with Experiments

Our previous theoretical analysis indicates that important
acoustic-optical coupling and anharmonicity are intrinsic to the
lattice dynamics of BaBiO;, and that this results in a low thermal
conductivity. To estimate how these features impact the trans-
port of heat in pristine BaBiO, single crystals, we calculate its
lattice thermal conductivity at 200, 250, 300, and 350 K. These
calculations were performed for the monoclinic II phase, which
is the stable structure above 140 K. The lattice thermal conductiv-
ity was calculated within the mode-coupling theory,[?$?°] includ-
ing third-order anharmonicity (three-phonon scattering) and the
scattering from isotope disorder.””] Therefore, in our theoreti-
cal framework the scattering matrix is determined considering
a phonon self-energy written as X (q, @) = A,(q, ®) + i[{(q, @),
where the imaginary part of the self-energy is given by I',(q, w) =
(q o) + I'5°(q, ®). More details can be found in Section $10
(Supporting Information). Within this formalism, we also in-
clude the off-diagonal (coherence) contributions of the scattering
matrix to the thermal conductivity tensor k,,; = k7, + k2. For the
diagonal contribution, the components of the scattering matrix
correspond to the scattering rates. The off-diagonal component
takes into account the collective phonon contributions, which can
be important for materials with complex structures.”®! We also
mention that when the off-diagonal part is neglected, the em-
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Figure 5. Measured and calculated x (T): Comparison between the exper-
imental values of k(T) obtained by two different techniques and the cal-
culated values obtained within the mode-coupling approximation. A rea-
sonable agreement is shown down to the onset of the plateau, where a
departure from the data is observed. The arrow ( T 70 K) points to a
change in the slope within the plateau.

ployed approximation becomes equivalent to the phonon Boltz-
mann transport equation (PBTE).[”]

Our results for the directional average x,,, = %(Kxx + Ky k)
are shown in red in Figure 5, where one can notice a good agree-
ment between the calculated and measured lattice thermal con-
ductivity at high temperatures. At each temperature, we find a
small difference between ., and «,,, while «,, is predicted to
be slightly higher. At 300 K, for instance, we obtain «,, = 1.53
W m™ K1, K, = 1.59 W m~! K7, and x,, = 1.76 W m~' K.
The obtained off-diagonal contribution (coherence part) at 300 K
is around 0.16 W m~" K™". The calculated «,,,(300K) = 1.63 W
m~! K~!, whereas the experimental values are 1.6 — 1.8 W m™!
K- (stationary/3w method). Overall, we find that by including
three-phonon scattering and isotope scattering due to the natu-
ral isotopic distribution, our theoretical model yields low values
for the lattice thermal conductivity of BaBiO;. According to our
findings, the three-phonon scattering is dominant and indicates
that events related to acoustic-optical phonon scattering are ef-
fective in reducing the thermal conductivity of BaBiO, at higher
temperatures. In addition, we find that x(T) ~ T-%°, similar to
T-! dependence of systems with temperature independent inter-
atomic force constants (IFCs). In such systems, as in our theoret-
ical treatment, the temperature dependence of k arises primar-
ily from the phonon occupation. In the work of Klarbring and
coworkers, 8% a proper temperature dependence of the IFCs pre-
dicted a x(T) ~ T~ behavior for a lead-free halide double per-
ovskite. More importantly, one can notice that our theoretical ap-
proximation cannot reproduce the glass-like behavior of the mea-
sured thermal conductivity. In particular, we observe a strong de-
viation between the theoretical and experimental values for T <
260 K, indicating that within this temperature range there are im-
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Figure 6. Putative TTLS in BaBiO;: a) Double-well potential energy surface along the unstable acoustic phonon mode (u;) at " point. A indicates
the energy splitting of a particle within this double-well potential. (0), (— 1), and (1) correspond to the different configurations shown in (c). b) DFT
obtained phonon dispersion of monoclinic Il (12/m) phase. The imaginary mode at the I point is indicated by u;. In (c) we display the BiOg rotations in

anticlockwise (left) and clockwise (right) directions.

portant scattering mechanisms which are neglected within our
theoretical framework.

6. Putative TTLS and Its Effect at High
Temperatures

Glass-like thermal properties have been observed in a few single-
crystalline materials of proven quality, such as Cs;Bi, I Cl,l and
BaTiS;.8 In the former, the glass-like features were explained
based on intrinsic anharmonicity and weakly dispersive optical
phonon modes. In the latter, bimodal distribution, and the as-
sociated tunneling of Ti atoms in a shallow double-well poten-
tial, were invoked to explain the unusual behavior. The existence
of weakly dispersive optical modes and bimodal distributions
of atoms in those structures calls for additional models beyond
the simple TTLS, which, in particular, cannot explain the high-
temperature part of the thermal conductivity. The soft potential
model (SPM)!®! can be considered one example of extending the
TTLS model. Nevertheless, in the case of BaTiS;, it is a remark-
able finding that a dynamic structural instability has sizable effect
on the thermal transport well beyond cryogenic temperatures,!®!
whereas TTLS have been typically identified as relevant scatter-
ing centers only at low temperatures.

In BaBiO;, both k(T) and ¢(T) show indications of glass-like
behavior, but two main questions arise. The first is on the origin
of the putative TTLS in BaBiO,. The second question is whether
those putative TTLS still play a role at higher temperatures, as in
the case of BaTiS;, in addition to the other identified scattering
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sources. We recall that the plateau, where the thermal conductiv-
ity shows a very mild increase, extends from 20 up to 260 K, sug-
gesting that the mechanisms at the base of this efficient phonon
scattering become inefficient above that temperature threshold.
We may attempt to interpret the findings by the transition ener-
gies of a ‘particle’ within the double-potential well.

In Figure 6a we show another aspect of the anharmonicity of
BaBiO,. We find a double-well potential energy associated with
the rotation of BiO; octahedra in the monoclinic II phase (I12/m).
Similar double-well potentials were early observed for the cubic
Ba, K, ;BiO; compound.’®] In our case, the double-well poten-
tial was obtained by considering the distortion of the monoclinic
I1 phase along the normal mode coordinate Q, , associated with
the imaginary mode u, at the I' point shown in Figure 6b. In
Figure 6a, the continuous line represents a 20th order polyno-
mial fit of DFT total energies of distorted structures (red circles).
A similar procedure was adopted in Ref. [83]. This fingerprint of
anharmonicity is also significant in setting up the energy split-
ting of a ‘particle’ within the double-well potential, which is of
great importance for the resonant scattering of acoustic phonons.

In fact, by solving the 1D Schrédinger equation for an oxy-
gen atom (mg = 15.99 amu) within the double-well potential/®!]
shown in Figure 6a, we find an energy splittingof A, =~ 1.2 meV.
A, represents the energy difference between the ground and
the first excited state. Hence, within a TTLS picture, we expect
a strong resonant scattering of acoustic phonons around 14 K.
More importantly, we find that A is in reasonable agreement
with the thermal energy of the dominant phonon (E ~ k;T) com-
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puted at the temperature of the onset of the plateau (around 20 K)
observed in our thermal conductivity measurements. The slight
deviation between the simplified TTLS model and the experimen-
tal data is possibly related to the expected distribution of splitting
energies due to strain fields, point defects, and possible inter-
actions between TTLS.I%] Upon increasing the temperature, the
high energy states within the double-well potential are excited up
to the barrier height, which corresponds to A, ~ 31 meV, pro-
viding further resonant scattering frequencies for the phonons
and contributing to the appearance of the plateau in the thermal
conductivity. The maximum energy splitting A .. indicates that
the TTLS may effectively scatter phonons up to 360 K, partially ex-
plaining why our plateau extends up to 260 K. Another important
feature one can notice in our thermal conductivity data is the en-
hancement of phonon scattering at around 70 K (change of slope
in the plateau), which corresponds to the energy of about 6 meV.
This energy is close to energies of the lowest optical mode (x5.1
meV), which can also scatter the acoustic phonons. Therefore,
our findings suggest the existence of an interplay of a phonon
scattering due to TTLS and low-energy optical modes in interme-
diate temperatures. We emphasize that the inclusion of phonon
scattering by two-level tunneling systems (TTLS) in the theoreti-
cal approximations for calculating lattice thermal conductivity is
beyond the scope of this work; however, it will be of crucial impor-
tance for a deeper understanding of glass-like behaviors in ther-
mal properties of high-quality single-crystals, not only in BaBiO;.

Further experiments will be fundamental to pin down the tun-
neling splitting energy and the microscopic origin of the tunnel-
ing states, which we believe rule the temperature evolution of
the thermal conductivity of BaBiO;. We stress that a glass-like
thermal conductivity and experimental evidences of a TTLS were
recently reported for single-crystals of BaTiS; in Ref. [8]. It is
worth mentioning that the discrepancy between the theoretical
and measured «(7) in their case is similar to the one observed in
our study. This observation indicates that relevant phonon scat-
tering induced by TTLSs may be a more common feature among
materials with sizable anharmonicity and dynamical structural
instabilities. It is important to clarify if the same complex inter-
play takes place in halide perovskites, which can exhibit dynamic
structural instabilities.[8]

7. Conclusion

Our work reports direct experimental evidence of an anomalous
glassy thermal conductivity in single-crystals of BaBiO;, with a (i)
~T? dependence at low temperatures (T < 5 K), a (ii) plateau in
a wide temperature range (20 K <T < 260 K), and a (iii) surpris-
ing recovery of a downturn for T > 300 K. The low magnitudes
of thermal conductivity at high temperatures were well described
by state-of-the-art mode-coupling theory calculations for the lat-
tice thermal conductivity. We found that three-phonon scattering,
associated with the sizable acoustic-optical coupling and implicit
anharmonicity, leads to the suppression of «, though, it cannot
describe the suppression of «(T) for T < 260 K, indicating the
existence of additional scattering mechanisms. We propose that
the presence of a TTLS, associated with the dynamic structural
instability of BaBiO,, may be the missing source of additional
phonon scattering.

Adv. Sci. 2025, 12, €02379 e02379 (8 of 10)

www.advancedscience.com

The lattice anharmonicity of BaBiO, may also impact the pair-
ing of charge carriers due to incoherent phonons!®#”) and the
emergence of a superconducting phase in the doped compound
as well as in the insulating phase out-of-equilibrium.[*! The
observed very low thermal conductivity suggests BaBiO; as a
promising building block for functional heterostructures and su-
perlattices, allowing for an effective filter of the heat carriers. Fi-
nally, our findings indicate that oxides with unusual structural
instabilities associated with the oxygen octahedra are promising
candidates for new low-thermal conductivity materials.

8. Experimental and Computational Methods

The thermal conductivity of commercial BaBiO, single crystals
was investigated in the 1.5 — 300 K temperature range, using a
standard two-thermometers, one-heater technique on a custom-
built setup. For 300 K <T < 400 K, a setup based on 3w principle
was employed.[®] The details on the thermal conductivity mea-
surements and their uncertainties were outlined in the Section
S1 (Supporting Information). The structure and alignment of the
samples were verified by neutron single crystal x-ray diffraction
(SXD) and Laue diffraction carried out at the ISIS Neutron and
Muon Source (See Sections S2 and S3, Supporting Information).
The crystals showed the expected monoclinic phase at room tem-
perature. It must be highlighted that it did not detect any evi-
dence of diffuse scattering during the neutron-SXD experiments
for a long time of beam exposure (> 20hrs), pointing to an unde-
tectable level of static disorder and a very high quality of the crys-
tals. The method used for measuring specific heat was described
in the Section S4 (Supporting Information). The lattice dynamics
and anharmonicity of BaBiO, were studied by means of first prin-
ciples calculations. Ab-initio MD calculations were also carried
out for the monoclinic II and cubic phases, to obtain the high-
order interatomic force constants (IFCs) at finite temperatures,
within the temperature-dependent effective potential technique
(TDEP).[2389-91] For the monoclinic II phase, the obtained IFCs
was used to calculate of the lattice thermal conductivity within
the mode-coupling theory.??! The computational details rela-
tive to these calculations are described in the Sections S5 to S10
(Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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