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Discovery of a Low Thermal Conductivity Oxide Guided by Probe
Structure Prediction and Machine Learning

Christopher M. Collins, Luke M. Daniels, Quinn Gibson, Michael W. Gaultois, Michael Moran,
Richard Feetham, Michael I. Pitcher, Maithew 8. Dyer, Charlene Delacotte, Marco Zanella,
Claire A. Murray, Gvorgyvi Glodan, Olivier Pérez, Denis Pelloguin, Troy D. Manning,
Jonathan Alaria, George R. Darling, John B. Claridge, and Marthew J. Rosseinsky*

Abstract: We report the aperiodic tanate BayY;Ti 00y with
a room-temperanre thermal conductiviry thar equals the lowest
reported for an oxide The structure is characerised by
discontinuous ocaupancy modulation of each of te sites and
can be considered as a quasicrystal. The resulting localisation
af larrice vibrations suppresses phonon transpaort of hear. This
new lead material for low-thermaloonductivity oxvides ix
metastable and locared within a quaternary phase field thar
has been previously explored. fts isolation thus requires
a precisely defined synhatic pratocol The necessary narrow-
ing af the search space for experimental investigafon was
achieved by evaluation of thanate crysial chemistry, predicion
af unexplored structural motifs that wonld fovour synthetically
accessible new compositions, and assessment of their properties
with machine-learning models

Introduction

Mew directions in science and technology are opened by
the discovery of materials with previously unknown structures
that confer leading properties The initial identification of
such lead materials is challenging because both the properties
and the stability of a new material are determined by its
structure and its composition in concert, neither of which can
be known at the outset ™ The vast chemical space impedes
selection of composition™ while the absence of bounds on
mit cell metrics and dimensionality' ¥ chstructs identification
of structure. Here we tackle this challenge by fusing the
prediction of nexplored structural motife that will provide

experimentally acoessible new compositions with assessme nt
of their properties by machine learning. This ensbles the
isolation of & metastable aperiodic oxide that produces the
lowest reported thermal conductivity for a first transition
serics mxide. The outperformance of this new lead material is
conferred by the unique structure, which adds distinctive
property-controlling motifs. This strategy for exploration
beyond our knowledge frontier of stable compositions, guided
by evaluation of the properties within it, narrows the space of
chemistry to those regions where outperforming functional
materials are located.

Although there are large mumbers of stable and meta-
stable materials (over 200000 crystalline inorganic materials
are reported in the Inorganic Crystal Structure DatabasetT),
their occurrence relative to the size of the relevant compo-
sitiom spau:m iz infrequent. There is no lower bound to the
discretization nesded to cover the space fully as elemental
ratios are not formally limited. Chemical space is larger even
than composition space as it includes stracture: one compo-
sition can have multiple polymorphs, there is no upper bound
to the unit cell metrics that define periodic structures, and the
number of spatial dimensions needed to describe such
structures can extend beyond three. Further, the determina-
tion of synthetic protocols to isclate materials with new
chemistry, their processing to the form required for property
measurement and the understanding of their structures over
the relevant length scales are all nontrivial. Together, these
conside rations demonstrate the need for efficient selection of
the most promising regions of composition space to inves-
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tigate for new leads, where property performance near or
beyond that of the best-in-class materials arises from pre-
viowsly unknown structures. CsBi.Te,, which opened a new
class of low thermal conductivity materials for applications as
ayogenic thermoelectric materiak® is an example lead
ma terial.

In this work, we locate leads that are missing within
previously explored chemical space. Thermal conductivity, k,
is of interest both for application (e.g., low x in thermal
harrier cmtingf’] and thermoelectric materials®™) and as
a fundamental property of a material that is directly
connected to its structure and bonding via phonon mobiliy ™
As the ternary titamium oxide SrTiC); is the parent of leading
n-type edde thermoelectric materials for high temperature
waste heat hm‘csﬁng.['n] the enhanced structural diversity of
the quaternary titanate spaces accessed by adding the smaller
and more highly charged Y* to Sr'** and the yet larger Ba**
offer a route to low k oxides. Extensive, well-exeoted studies
of this chemistry have led to the construction of thermody-
namic models™"! that are consistent with the existence of the
single reported quaternary BagY,Tif .9 We tested this
understanding by prioritising the experimental exploration of
new composiions predicted to offer stable unexplored
structurcs with machine learning of their propertics

Results and Discussion

Calculation of the energies of probe structures™ (hypo-
thetical structures with unit cells large enough to sample the
chemical bonding and energies accessible at a given compo-
sition in order to target synthetic effort, generated here with
FUSE™ and MC-EMMA™I), allows the identification of
low-energy regions of composition space that yield exper
imentally &olable new phases with previously unknown
structures ™'Y A probe stmcture investigation of the Y-
ST 0" phase field computed with density functional
theory (DFT), previously evaluated only with force fields ™
indicates that no low-cnergy regions corresponding to such
candidate phases exist (Figure 1 a). We constructed a similarly
detailed DFT map of the probe structure energics for
quaternaries in the Y*-Ba™-Ti*-0" ficld, using the MC-
EMMA method to expand the composibions previously
studied! This, in contrast to the Sr case, identifies two
low-cnergy regions (shown as bold outlined grey and white
triangles in Figure 1 b} where a set of new compositions are
sufficiently close to the convex hull (the energy surface
defined by stable mmpuum:’s:["q stable defines phases that are
thermod ynamically stable relative to each of the other phases
in the field from zero Kelvin DFT calculations) to motivate
synthesis; the five lowest energy compositions (not including
the known phase Bag %4 6 Tia 260 a49, which is on the convex
hull, Figure 1b) being Bag ie Y5 T 004 g (= 19 meV atom™
from the convex hull), By enYoisr Do (H42meV
atom ™), Bay i Y 159 Tl 25 {+50) meVatom™"),
By o Yo s Thi ey s {61 meVatom™) and
Bag oY 5 Tl 500 04 (= 62 meVatom™; Table 51

Machine learning models were wsed to determine the
priority for experimental exploration by comparing the like by

thermal conductivity of compositions in both phase fields in
the context of other mxides. While probe structures allow
evaluation of candidate materials in unknown composition
space, machine learning models are generated by interpola-
tion of existing knowledge in the training data. Machine
learning maodels for thermal conductivity were constructed
uang experimental and computationsl data from Gaultois
etal" and TEDesignLab™ to predict » solely from the
composition. This differs from previous models in the
literature which meorporate features from the oystal gruc-
ture to predict lattice thermal conductivity '] The role of
the models here is in relative ranking of the candidate
compositional regions emerging from the probe sbuctuw
cakulations, rather than precse prediction of the thermal
conductivities of individual compositions. As the structure of
the target compositions is not known, only models based upon
composition were considered, which, while less accurate than
those also using structure, match the nature of the discovery
task. These models are similar to composition-only models
based on the hinary classification of whether a material
potentially has thermal conductivity below a given threshold
(e, <10 Wm K- but are built here as regression
models to identify continuous trends in thermal conductivity
with composition and thus locate composition regions where
the lowest values may be experimentally obtained

Initially mine modek were trained using various algo-
rithms of differing complexity (Table 52). We used the R* and
mean squarsd error (MSE) to assess performance and thus
concluded that newral network and random forest algorithms
were most suited to this work (R*= (L85, MSE < 19), as they
clearly outperformed simpler algorithms {,’I‘l'.2 <055 MSE >
24). Models trained wsing random forests and neural network
algorithme provide consistent msults with no significant
differences in their performance (Table 83, Figure 51) and
were used to predict the thermal conductivities within the
chosen phase fields (Figure 1 cd) final models used the
featurizer from Matminer (accessed August 2019), and the
final feature vectors contained 121 features These models
indicate that only the Y*-Ba®*-Ti*-0% phase field is
a likely source of low thermal conductivity cxides (based on
the probe structure calculations in Figure b and the thermal
conductivitics in Figure 1 d), and prioritizes one of the two
low-energy regions in this field as more likely to afford a low
thermal conductivity (these regions are shown in Figure 1d
with the same triangle representation used in the energy
cakulations in Figure 1b). Specifically, the unexplored region
of composition space defined by the white triangle Bag -
Yo Tiissrh 28800 Y o T 1O o B s Y o206 Tl 25 O s (Fig-
ure 1bd) has a much lower average predicted thermal
conductivity, and emerges as a suitable candidate in which
to eolate new lead compounds with low themal conductiv-
ities, despite lying within a previously studied phase ficld

Initial synthesis focused on this target region at the two
compositions Bay so Yo Thisrhs and Bag Yo Tinel o
{which are shown within the white triangle in Figure 1b,d)
over & range of synthesis conditions (described o the
Supporting information, Figure 52). Powder X-ray diffraction
(PXRD) analysis then revealed Bragg reflections beyond
those expected from database and literature reports on the
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Figure 1. Probe structure stability and machine learning property prediction for the two phase fields. 2, b) Convex hulls computed with DFT wing
probe structures for Y-S54 -Ti*" -0 (a) and Y"'-Ba™ ~Ti* -0 phase fields (b). ¢,d) Predicted thermal conductivity, x, from the 64 x 2 neural
network machine learning model for Y =57 ~Ti""~0"" (¢) and Y*'-Ba™*—Ti**0"" (d). Black points indicate compositions at which probe
structures were generated, white points indicate known phases. The two outlined triangles in (b) and (d) indicate the low-energy regions in the
phase field likely to contain new synthetically accessible phases, and the white triangle in (b) and (d) indicates the compositional target region
identified a5 most likely to contain new phases with low thermal conductivity. The average predicted thermal conductivity of the white triangular

region (72 Wm™ K™} is lower than that of the grey (16 43 Wm™ K).

Y*-Ba*-Ti*-0* phase field (Figure$2). TEM-EDX
analysis of these two multiphasic samples indicated a phase
with the previously unreported composition
Bay gy Yosom TloayyO g1y, within the target region (Fig-
ure $2a). An additional 30 compasitions were then sampled
to isolate this new phase (FigureS2), which is metastable
(Figure §3) and therefore simultancously required detailed
optimization of synthetic conditions (reaction time, temper-
ature and cooling rate; see the Supporting information) to
isolate a high purity white sample of nominal composition
Bay Y 09T, 150 ». The measured TEM-EDX composition
(Figure 28) of Bay gy Yo TaieeOissgey (normalised to
Bay e Yoo Tisas)Ongy  hereafter  refemed to as
Ba, Y, 11,04) is within 1 esd. of nominal.

The unit cell and space group of the new quaternary
Bay, Y, 11,0, were determined by precession clectron dif-
fraction (Figure 3) after attempts from PXRD were unsuc-
cessful, then refined (Figure 2b) agamnst high Q resolution
synchrotron PXRD data. Bay, Y, Ti.O,, is aperiodic with the
it cell: a=x, =6.20543(2) A b =1, =6.10136(3) A, c=x,=
10.42917(5) A, f=M.816(3)° and g=1x*=0249%4-
(2)a*-0.00021(4)c* in the (3+1)D superspace group P2

m(aOg)ls (where x, are the unit cell vectors in higher
dimensional space and x, y. £ and ¢ arc their internal
coordinates). The strong intensity of the satellite reflections
(Figure 2 b,c) signals the discontinuous crenel-type variation
of the site occupancies™—the mast intense reflection is in
fact a satellite rather than from the subcell. Given the
difficulty in solving (3=1)D structures with very strong
satellite peaks we first attempted a solution to the commen-
surate appraximant.=*

The periodic approximation of the structure of
Ba,, Y. 11,0, adopts an ABO,_, perovskite-related structure
with anew 10a_ stacking sequence (a, denotes one peravskite
unit, Figure 2d¢), described in terms of the B-site polyhedra
as O-O-T-T~0-0-T~-0-0-T_, where O, T,, T, and T,
indicate octahedra, terminal tetrahedra and two orientations
of cornersharing tetrahedra, respectively. This structural unit
combines 2 known defect perovskite sequence with a brown-
millerite-related stacking that features an unusual relation-
ship between the two tetrahedral orientations. Although q is
very close to the commensumite Qg ='fia*—0Oc*. the
aperiodic model affords a superior refinement (Figure 2¢),
where the structure is periodic in (3= 1)D superspace but
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Figure 2 Isolation and structure solution of BayoYeTi«Oz. 3) TEM~EDX mess urement of 29 particles from a sample at the phase pure nominal
composition Ba,Y,Ti,05, identified by synthesis at the comp shown in Figure S2, yielded the mean ratio Bagup, Yo Thiep©Oisng
(Baroog; Yean; ThanyOzrm), marked in red; O content based on Ba™, Y7, Ti*" and O, the compositional target region from Figure 1bd is shown
in blue. b) Rietveld refinement yields the composition Bag:Yozrmm Tozng©O1ss (B310Yszung Tiasng O marked in green in (a)). Upper fick marks
indicate reflections from Y:0, (1.68(4) mol%6), lower tick marks BayoYeTuOzr (black: fundamental subcell reflections; green: satellites from
structural modulation; blue: difference between cakulated and observed). ¢) The most intense reflections from Ba,p Y, Ti,0;,, marked with *** in
(b), refined in aperiodic (left) and commensurate (right) models (full commensurate fit shown in Figure S4). On the left, the indices for the major
component of each reflection are (the indices have four components: h, k, /as normal and m to indicate the satellite order, where 0 indicates

a reflection from the subcell only), from left to right, 1022] +[202-2), [0200], j013-1] (the most interse reflection in the diffraction pattern) and
[=2111]. Dashed lines guide the ey= between the cakeulated intensities. d) 4x 1 1 supercell of the aperiodic model at =0, with the perovskise
stacking direction in orange and the modulation direction in blue, viewed perpendicular to a ¢) View along [110] of the pseudo<cubic
representation of the structure (ses the Supporting Information), showing the 10 polyhedron motif (red box), which shifts betwesn stacks as
shown by the pair of tetrahedra within the black box Ba green, Y yellow, Ti ¢yan, O red.

aperiadic in the observed 3D projection, and predicts the real
space images in Figure 4e-g.

As all site occupances are defined by discontinuous
functions, the structure can also be described as a quasicrystal,
as for the 4D quasicrystal case there is an equivalent (3= 1)D
description, related by an alternative choice of axes™ that
we use here.] Ref. [23a] (pp. 71 and 82) shows that a 4D
quasicrystal is equvalent to a (3=1)D structure with
discontinuous occupancy domains This is the case we refine
here, hence our proposal of the quasicrystal nature of
Bay, Y, Ti,0,,. This & analogous to the 4D alloy quasicrystals
in Ref. [24], which have discontinuous occupancy domains
and no non-arystallographic rotations (no 4D quasicrystal
reported currently has non<rystallographic rotations). Oxide
quasicrystals have been observed at interfaces™" however,
the material presented here is the first that has been proposed
as a quasicrystal in the bulk. Given that most attempts to

identify quasicrystals have been associated with forbidden
symmetries, further examples may emerge from appropriate
cvaluation of the structures of known compounds against
these criteria. Refinement against synchrotron diffraction
data shows that periodic substitution at the Y2 site by Ti, and
separation of the BaS and Y1 sites into two components (the
minority sites have positions which modulate sbout the
average position), occurs in 40% of the material in this
coherent fashion (Supporting nformation).

The crenel functions (Figure §5) at the Y and Ba sitesare
shown in Figure4a in the x; x, planc. Real space is
represented by sections perpendicular to x,. As x,=gqr =t
(where ris a lattice translation of the subcell, defined by x;, x,
and x;), in the commensurate case (g ). only four points
along t will be visited, (t,t =1/4,t = 1/2 and t =34, whereas
in the actual aperiodic case, all points are visited as qr is
irrational. Whilst the structure is no longer periodic in
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Figure 3. Electron diffraction of Ba, g J704. a-) Experimental diffac.
tion (PEDT) patterns of the [0010] (a], [0110] (k) and [0100] zone e
{£); note the m=2n reflection condition means only even el lites
are observed. d) Precession electron diffraction projected onto the
at e plane; the dispereed groups of supercell reflecions result in the
diffraction patiern anly being adequate by indewed with a (3+ 1) D cell.

external space, it is periodic in superspace. We can therefore
visualre local arrangements of atoms in real space by
examimng supercells with different origins in t along .
Three representative sections are shown in Figure 4a. For
approximately 60% t, the real space projection will look like
that ats=0(Figures 4 cand 2 d), as q is very close to' § a*, and
we observe regions closely resembling this approximant by
TEM for most of the sample (Figure 4¢). The replacement of
part of the ¥2 site crenck with titanium creates coherent
regions where the Y2 B sites are occupied by T3, as in the
section f=1{.1 in Figure 4d and r= —i{L.1 {Figure 56 }—charge
balancing oxygen atoms are expected to replace the BalO
layer associated with the terminal TiO, with a BaO, layer
but, at < 1'% occupancy across the whole structure, are not
refinable. These regions are also observed in the HAADF
images, Figure 4f, cormmesponding to approcimately $0% of
the stricture.

As g== (L —b)a*, the superspace model predicts that as
we contimue along external space, we also move slowly along
r=uch that the effective origin of the next supercell will not be
at ¢, but r—48. We then expect to see wide bands of the r=0
and r == (1.1 structures re peating on a micron length scale, as
observed in TEM. With &= 00002, the origin will shift by '
in ¢ after approximately 1250 repeats of the supercell, as in
Figure 4 b, where the associated shift in the cation columns
from Figure 4c is apparent. We then expect to generate
a boundary between these shifted structures on moving
between ¥/Ti crencls and Ba ones along t, which is also
observed by microscopy (Figures 4g and 56).

The choice of phase ficld was qualitatively validated by
measurement of the thermal conductivity of the reported

quaternary BagY, Tij0y,, which proved to be low (Figure 5a),
supporting the selection of quaternary titanates with Ba
imstead of 5r. The key distinguishing structural feature of the
new quaternary Bag, Y, 11,0, from both the training set used
to build the ML model and the mown quaternary is its four-
dimensional structure, aperiodic bt long-range ordered in
three dimensions, which in light of the low reported thermal
conductivities for intermetallic quasicrystal metals, aperiodic
imermetallics and degenerate semiconductors, r.',_..:":" can be
expected to confer low themal conductivity on the new
quaternary. This motivated the processing of the new phase
Ba; ¥ Ti,00, to the demsity required for meassurement
(Methods).

Processing Ba,Y,Ti,0s iz challenging owing to its
metastability (Figure 53) and the high melting temperatures
of titanium oxides Accordingly, in order to produce sped-
mene suitable for measuring thermal conductivity, samples
were densified by spark plasma sintering at 593 K under
H00 MPa uniaxial pressure. The lattice thermal conductivity
of Ba,YTij0y, increases monotonically with te mperature,
reaching avalue of L715(36) Wm ' K" at 208 K (Figure 5h).
Thiz measured thermal conductivity is the lowest re ported for
any first transition series metal owide over a wide temperature
range comparable with the lowest second transiton series
oxide MogOg, (Figure 5 )™ and the temperature depen-
dence of k. for Ba,, Y T}, indicates that phonon transport
is glasslike, where a solid behaves as a disordered material
with respect to phonons™! In particular, the peak that is
typical of well-ordered crystalline systems is not observed
(Figure 5 b). Similar behaviour is observed in the low temper-
ature variation of K in other aperiodic materials™ ) and in
some quasicrystal materials™ ) in which the aperiodicity of
the lattice increases phonon scattering from extended struc-
tural motifs and genemtes Anderson localization " The
phonon-glass behaviour of Ba, Y 11,0, is supported by the
ohservation of excess spedfic heat at low tempe ratures (often
referred to as a boson peak, Figure 5¢), which arses from
highly localized wvibrations™*¥ The heat capacity of
Ba, ;¥ Ti,00 is modelled with a linear term, two Einsein
temperatures (#g =".55) K, fe=5.3(4) K) and two De-
bye temperatures (Hp, =292} K, Bp=800{(10)K; Fg-
urz 57), consistent with phonon calculations and Faman
spectra (Figure 58a) revealing low-frequency modes from
ionic, high Ba atomic mass, low-force-constant Ba—() honds
in #y,, and high-frequency contributions of &, from more
covalent bonding m Ti(), polyhedra. The linear contribution
to the heat capacty (Figure Sc), which is unexpected for an
imsulator (Ba, Y, Ti,0w band gap of 4.179(3) eV, Figure S58b)
and would be masked by the clectronic contribution in
imermetallics™ demonstrates the vibrational tumnelling
states in Ba, Y, Ti,0.9 The presence of the boson peak
and linear contribution in the heat capacity are characteristic
thermal properties of glasses and have been proposed to be
a general feature of aperiodic materials as well ® The spood
of sound (v,) for Ba,YTijOw of Z20445) ms~', obtained
from Grrimnesen parameters (Figure 5d) is, like the thermal
conductivity, very low for an oxide, approximately half that of
known quaternary BagYoTiO, (4443(21 yms~").
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Figure 4 Aperiodic structure of Ba, Y, Ti,0. 3) Simplified x, versus x, projection of Ba,Y,Ti,0;; (=0-1/3, y=0-1; full version in the
Supporting Information), <howing crenel functions describing the occupancies of the Y and Ba sites only; barium crenels are green, yttrium are
yellow and regions of titanium for yttrium substitution cyan. External space is represented by sections perpendicular to x, and atoms are observed
when these intersect crenels—the real space direction shown here is a Thres real space sections with originst ="/, (purple), t=0 (pink) and
1=0.1 (blue) are marked. The corresponding approximants (b-d) are shown projected ono the ac plane, anions are omitted for clarity (Ba green,
Y yellow, Ti cyan). Intersections on the a direction are marked with crosses in () and the corresponding stoms circled in (¢) and (d). The
structure does net vary significantly within the single-atom occupancy regions of the crenel, as there are few posiional modulations—the pink
and cyan shading in (a) marks regions of § that produce structures very similar to those at t=0 (ca. 60% in (c)) and +=0.1 (ca. 20% in (d)),
where half the Y2 sites are substituted by Ti (all four Y2 sites are labellad in (d)). At t=—0.1 (ca. 20%; see the Supporting information), the
remaining Y2 sites are substituted. Dotted lines in (b-d) indicate the subcell of the modulated structural model. ¢) HAADF micrograph of a region
typical of t=0 with a representative line scan showing the Ti-Y-Y-Y~Ti repeat (pink bowes), matching the model in (c), where a pink box
highlights the five B sites. f) HAADF micrograph of a region typical of t=0.1 with a representative line scan showing the Ti-Y-Y-Y~Ti repeat from
the area shown in the pink box (a5 in (&) and the Ti-Ti-Y=Y-Ti repeat from the area in the blue box which matches the model in (d), where

a blue box highlights the five B sites. g) Micrograph of the region associated with the interface between the shifted versions of the structure at
t=0andt ="/, shown in (c) and (b), illustrated by the label for #e Bal site. Note the thicker region of dark contrast (highlighted with blue
boxes) and kink in the perpendicular dark stripes highlighted by the thin blue lines, both arising from the introduction of extra stomic layers
associated with the aperiodicity and origin <hifts shown in (b) and (). Insets show the Fourier transform of the whole image, which is consistent
with the aperiodic structural model, rather fhan multiple diffraction patterns that might be expected if there were twinned, shear, defect o
intergrowth regions.
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Figure 5 Thermal properfies of Ba,gf iy, a) Comparison of oxide materials with x,. below 2Wm™ K against Bay,Y,TiOy, (black) ™™
niobates (purple], zirconates (red), molybdates (blus), titanates |green), including the previoutly reported quaternary BagY; Ty measured 2z
part of this study. The outperformance of Ba, Y, Ti;05 is clear ﬁmnﬁ further comparison based on simple structural parameters shown in

Figwre 59 b} Measured thermal conductivity (k) of BaoYTiD;:r thown against a modified Debye-Callaway model with contributions from two
D bwe temperaturss (6., and 8., l'ligHigI‘rﬁ ng the phonon ghn behavior €) Fit to heat capacity [C,J'T" va. T) of Ba, ¥, Ti,0x, l'ligHigI‘rting the
modes needed to model the low temperature boson peak, and the linear term (Figure 57). d) Unit cell volume (V) of Ba, ¥ Ji 0y, 2% a function of
tem perature with fitted polynomial [R‘:ﬂ.’!?‘.‘ﬂ, Table 54). The Grinsisen parameter (inset] is extracted from thess dat.

The thermal conductivity of Bag, Y T4y is described well
by a modified Debye—Callaway model™ (Figure Sb) that
includes the experimentally determined 8y, #p, By and v,
Table $5). The minimum phonon mean free paths ([,) of
25(2) A and 60(2) A for #y, and fig, confirm the localization
of phonons in Ba YTy, Significant contributions to
phl:mm sx:.ntwring likely arise from the ordered, apcriu:h'l:
structure through cohcrent features such as ¥/ Ti substitution
at t==0.1 (Figure 4 d.f) and the intmduction of extra atomic
layers with associated origin shifts at boundaries between Y/
Ti and Ba crencls (Figure 4bg). In the three-dimensional
De e —Callaway approach, these contributions are modelled
8z extznded structural maotif scattering, (as ako observed in
some  quasicrystals™ ), This mechanism together with
resonant scattering from the localized vibrations identificd in
the heat capacty dominates k., with minimal contribution
from point-defect-like disorder in Ba Y, Ti Oy, reflecting the
importance of the ordered aperiodic gructure in controlling
thermal transport. These two scattering processes produce
Elasslikc temperature lhp::ndc:noc, u}mhining with the spccd
of sound to produce the low thermal conductivity, Such
structural complexity is necessary  to achiove ke <
1Wm' K™ in oxide materials MogOe, with comparably

low thermal conductivity (Figure 5a). has a complex arystal
structure, featuring crystallographic shear plancs and a range
of Mo emvironments™ The enhanced phonon scattering in
Ba, Y Ti,0y reduces k, over known BaY.Ti,0 (Fig-
ure 5a) by a factor of two, associated with the aperiodic
structure with complex bonding environments generating
localized vibrations. Ba,Y ;11,0 introduces new structural
and compositional motifs that can be wed to design low kg,
materials, and a distinct scaffold for optimization by sub-
stitution, defect control and processing. As an aperiodic
titanate integmting tunnelling vibrational states, localised
modes and extended structural motf phonon scattenng,
Ba, ¥ i, & hased on structure and chemistry distinet from
other best-in-class omides (Figure 5a). consistent with its
classification as a new lead material.

Conclusion

Ba, ¥ Tigly, lics within an extensively studied phase field,
cmphasising the challenge that the size of chemical space
poses for materials discovery. The quaternary was discoverod
with a workflow that guides synthesis through probe structun:



prediction to locate candidate regions of composition space
for the solation of new compounds These regions are then
prioritiscd by machine learning to identify those most like by
to contain accessible compounds with low thermal conduc-
tivity. Although probe structure prediction and composition-
based machine lcarning do not deterministically predict the
materials emerging from synthesis and their properties, these
approximate models recognise unavoidable limitations in our
ability to predict the synthesised structures and propertics of
complex matcrials with finc compositional resolution, and
offer practical guidance for decisions made by the synthetic
rescarcher. The resulting successive narrowing of composi-
tional spacc first by formation cnergy then by physical
propertics of candidate regions, rather than individual
compositions, focusses and thus enables the detailed exper
imental investigation necded to solate and characterse
mctastable aperiodic  BagoY 11,0y, where discontinuous
occupancy modulation localises phonons to afford the tar
geted low k2 The unique structure and out peforming proper-
tics of Ba,Y:Tii0x highlight the need for cffective routes to
functional materials without structural precedent.
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