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Negative thermal expansion is known to exist in a range of structure
types but is extremely rare in hexagonal perovskites. Here we
demonstrate that BalrO5 displays negative linear thermal expansion
in the direction of its face-shared IrO¢ trimers, and apparent zero
volume thermal expansion below 100 K. We present evidence that
this anomalous thermal expansion is driven by an unusual form of
rigid body phonon behaviour governed by the effective trimer
valence state and therefore has structural and electronic compo-
nents to the underlying mechanism.

Negative thermal expansion (NTE) is a fascinating - and highly
functional - property." But as only a small minority of materials
are known to exhibit NTE, discovering new examples, and reveal-
ing the mechanisms behind this unusual behaviour, is of great
value.'” The underlying mechanisms are generally either of
structural or electronic origin. The most well-known example for
the first type is that of vibrations transverse to the bond direction
in flexible framework structures constructed of rigid units as in
Re0;." Complementary to this are electronically mediated cases
driven by thermal changes in the interatomic bonding potential
or by magnetostriction.> Such behaviour generally occurs at phase
transitions,” or gradually evolves in a low-temperature phase as a
function of the (magnetic) order parameter.® NTE can be con-
sidered to be strong if the linear thermal expansion coefficient, o,
is of order |x| > 107° K" i.e. larger than the o of positive thermal
expansion in many everyday materials.”

In hexagonal perovskites (HP), which contain units of face-
shared octahedra, very few examples of NTE are known.
Ba;BiRu,04, Ba;Bilr,0, and Ba,Bilr;O;, all fall in the class of
electronically driven NTE coinciding with their magnetic ordering
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transitions.® '° [(CH;),NH,]PbBr; exhibits uniaxial NTE, as a result
of a bonding-related order-disorder phase transition."" To the best
of our knowledge, there are no examples of HPs that exhibit
structurally-driven NTE. Simplistically that might be expected -
face-sharing octahedra cannot be tilted by transverse phonons in
the way vertex-sharing octahedra can. But that does not rule out the
face-sharing units themselves being the rigid units that experience
vibrational motion. Here, we present evidence for such NTE in a
HP, BalrO;, for the first time. Intriguingly our data indicate that it is
closely linked to the electronic structure of the trimer building
blocks, hinting at a mixed structural-electronic origin.

The structure of BalrOs, which is a monoclinically-distorted
(space group C2/m) variant of the 9R HP structure is illustrated in
Fig. 1a."? There are four Ir crystallographic sites, each octahedrally
coordinated and arranged through face-sharing into linear Ir;0;,
trimers oriented approximately parallel to the ¢ axis of the unit cell.
In the undistorted 9R structure these trimers are crystallographi-
cally equivalent, but the monoclinic distortion present in BalrO;
breaks this degeneracy. Half the trimers comprise Ir1-Ir2-Irl
iridium sites, whilst the other half comprise Ir3-Ir4-Ir3 sites.
The trimers of one type share vertices exclusively with trimers of
the other type (i.e. Ir1-O-Ir3 linkages). This results in a structure
comprising alternating ‘layers’ of each trimer type stacking along
the ¢ axis. As will become apparent, the inequivalence of the two
types of trimer is essential to the occurrence of NTE in BalrOs.

BalrOj; is metallic, with magnetic transition at T¢ = 184 K."?
Transport and optical conductivity studies indicate that this is
accompanied by a charge density wave,'* with uSR suggesting a
small moment consistent with very weak ferromagnetism."
The details of the transition remain contentious,'®?? and no
structural changes have been resolved crystallographically.
While additional transitions at 26 K and 80 K have been
reported, they were absent in high quality powder samples.?®

NTE at low temperatures was first reported based on labora-
tory X-ray measurements by Cheng et al.'® A recent synchrotron
X-ray diffraction study was able to connect this to the distor-
tions of the trimer units, revealing inequivalency of the tem-
perature dependencies of the two symmetry-inequivalent
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Fig. 1 (a) The crystal structure of BalrOs, with the Ir and O sites labelled.
(b) The lattice strains &y; along the principal axes Xi as a percentage of the
10 K values, and the unit cell volume. The inset shows the orientation of
the unit cell relative to the three principal axes.

trimers.?! While at the same time being only weakly affected by
the 184 K transition. The potentially unusual NTE mechanism
in this compound motivated our high-resolution neutron dif-
fraction study reported here.

We collected high-resolution powder neutron diffraction
data for a '**Ir-enriched®* sample of BalrO; between 10 K and
300 K. Subsequent Rietveld refinement allowed us to determine
the lattice parameters, all atomic positions and atomic displa-
cement parameters Bjs, over the whole temperature range.
Using PASCal®® we calculate the principal axes Xi and the
infinitesimal Lagrangian strains ex; along them (Fig. 1b). X1
is effectively parallel to the ¢ axis (it has components 0.9996¢ and
—0.0287a, equating to a 5° offset); X2 is exactly parallel to b;
and X3 is orthogonal to X1 and X2 (its components are 0.9869a
and 0.1612¢). From ¢x; we extract the principal linear thermal
expansion coefficients oy; (see ESIT) as shown in Table 1. Linear
temperature dependence is found for all three ay; for 7 > 80 K.

The phenomenology of this linear NTE is notable. Not only
is the magnitude very large (|ox;| > 107> K ), but below 100 K

Table 1 Linear thermal expansion coefficients ay; along the principal axes
Xi, either side of T =184 K

Oyl X107 K1 80-182 K 186-270 K
Oxy —16.0(2) —10.6(2)
txa 13.2(1) 15.1(1)
txs 8.7(1) 11.9(1)
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&x1 effectively cancels with ey, ; resulting in an average volumetric
thermal expansion coefficient ay in the range of 10 to 100 K of oy, =
1.9 x 107 (ESIt), comparable to the best examples in the
literature and of potential interest for cryogenic applications.>®

Surprisingly we found only a small, albeit significant,
change in the linear thermal expansion on crossing the mag-
netic ordering temperature T¢ = 184 K. This contrasts with the
NTE found in the other HPs as introduced previously, which all
contract abruptly within the narrow temperature range of a first-
order phase transition. BazBiRu,0y, Ba;Bilr,O9 and Ba,Bilr;O;,
all contract uniaxially along the direction in which their constitu-
ent dimers/trimers are oriented - and the contractions are driven
by a shortening of the Ir-Ir (or Ru-Ru) distances within those face-
sharing units. Thanks to the face-sharing geometry, the metal
centres within neighbouring octahedra have both the orientation
and proximity for direct d-d overlap to be possible. We do not find
such a simple correlation in BalrO;, not only are the distances
within the Ir1-Ir2-Ir1 and Ir3-Ir4-Ir3 trimers different to one
another (a consequence of the monoclinic distortion present), but
their variation with temperature is different too (see Fig. 2). Above
Tc = 184 K both the Ir1-Ir2 and Ir3-Ir4 distances lengthen on
cooling, though the latter do so at a rate approximately three
times greater than the former. But below T, the Ir1-Ir2 distance
switches to a slight contraction on cooling, whilst the Ir3-Ir4 bond
not only retains its abnormal behaviour but its rate of extension
increases further. In short, the NTE is completely due to the Ir3-
Ir4-Ir3 trimer with the Ir1-Ir2-Ir1 trimer effectively invariant.

To further investigate the mechanism we now turn to the
temperature evolution of the remaining atomic parameters,
which were inaccessible to previous studies. Most significant
is the displacement of the constituent Ir and O atoms, deter-
mined via refinement of Bjs,. Anomalously large atomic dis-
placements are a signature of phonon-driven NTE, as they
capture, in the static picture of a diffraction pattern, dynamic
displacements of atoms away from their equilibrium sites.
Large (and anisotropic) atomic displacements are seen in a
number of such materials,” well known examples including
ZrW,0; and ScF;.>”?® Neutron diffraction is particularly power-
ful for studying this as it allows the oxygen positions to be
captured in the presence of heavy elements and the flat form-
factor improves the precision and accuracy of displacement
parameter determination. We used a single B;, for the iridium
sites (Ir1,2 and Ir3,4) and oxygen sites (03,4 and 05,6) within
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Fig. 2 Variation of the two face-sharing Ir—Ir distances in BalrOs, both

show a change in slope in crossing Tc = 184 K, and the magnetic ordering

transition evident in the susceptibility y = M/H (uoH = 0.1 T).
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Fig. 3 (a) Refined Bjs, values for the Ir and O sites. (b) Projection of the
structure along b with the atomic radii proportional to the v/Bi, values at
300 K (Ba sites omitted for clarity).

each symmetry-inequivalent trimer, as well as an independent
B, for the bridging oxygen sites (01,2). A comparison of the
refined values (Fig. 3) clearly shows that the atoms in the Ir3-
Ir4-Ir3 trimer (those Ir sites and the 05,6 pair) have far larger
displacement parameters than their analogues in the Ir1-Ir2-Ir1
trimer. And the By, of the 01,2 pair is the largest of all. The
behaviour of the Ir3,4 trimer over the whole temperature regime
we studied would suggest that the NTE in BalrO; is of structural
origin and the result of vibrations in which the Ir;0,, trimers,
rather than individual IrOg octahedra, are the rigid units. Within
the unit cell there are 30 atoms and thus 90 possible phonon
modes, making it very challenging to determine which specific
mode(s) are responsible. However, from a crude analysis one can
readily visualise cooperative displacements of the Ir and O sites
that would result in NTE. A transverse displacement of the O1
and O2 sites causing a rotation of the trimers in the ac plane, for
example, analogous to the tilting of vertex-sharing octahedra in
ReO;-type NTE materials, would contract the lattice along c. This
is the first time such behaviour has been found in a HP.

An essential comparison can be made to BaRuOj, with an
undistorted R3m 9R HP structure, and an entirely conventional
positive thermal expansion (and no anomalies in its atomic
displacement parameters).”® All of its RuzO;, trimers are
equivalent - in other words, whichever effect is responsible for
the NTE in BalrO; is not available in its Ru-analogue. Comparison
also rules out the electronic effect of strengthening metal-metal
bonding being in itself responsible for the NTE, because it is
similarly present in both of them. At 300 K, the Ir1-Ir2 distance in
BalrO; is 2.63 A whilst the Ir3-Ir4 distance is 2.58 A. Both of these are
shorter than the 2.69 A nearest-neighbour separation in elemental Ir
at the same temperature. Comparably, the 300 K Ru-Ru distance in
BaRuO; is 2.55 A,?° compared to 2.65 A in elemental Ru.

However, if the NTE were of purely structural origin, one would
naively expect both trimers to show similar behaviour given their
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superficially small structural differences. But, as shown in Fig. 2,
they are fundamentally different. Hence a purely structural mecha-
nism cannot be sufficient and electronic effects have to be
important in BalrOs: like many iridates, it hosts finely-balanced
states.>® Through being able to accurately refine the oxygen site
positions we are able to calculate the bond valence sum (BVS)®** for
each Ir centre (Fig. 4a). We find that at all temperatures they are
significantly different between the two trimers, indicating funda-
mentally different electronic characteristics. For example, Ir2 and
Ir4 differ in their BVS/oxidation state by 0.5 at room temperature.
This difference of electron density distribution must be one of the
drivers of the different trimer expansivities. Furthermore, whilst all
four BVS are temperature-independent above T, three of them
vary significantly below it (Fig. 4a). Ir1 (Ir**" to Ir***) and Ir2 (Ir*°*
to Ir***) both lose valence, whilst Ir4 (Ir**" to Ir**") gains it, and
the Ir3 site is stable Ir**°". In other words, at T there is a transfer of
charge from the Ir3-Ir4-Ir3 trimers to the Ir1-Ir2-Irl ones.
Between 300 K and 10 K this equates to a transfer of 1.0(1) charge.
This change in the BVS at T is a likely source for the evolution of
the NTE across the transition, and is further evidence of an
electronic component to its mechanism. We cannot say precisely
how without more diverse experimental input — spectroscopy, for
example, may show a corresponding change in phonon frequen-
cies if the charge transfer stiffens the Ir3-Ir4 interaction and
weakens the Irl-Ir2 one - but there is clearly a change in the
electronic structure associated with the magnetic ordering which
affects the NTE. The very small ordered moment makes a magne-
tostrictive origin of the evolution of the NTE below the transition
rather improbable. A magnetostrictive scenario would furthermore
require significantly different magnetic moments on the two
trimers - something not seen by uSR.
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Fig. 4 (a) The calculated bond valence sums for the four Ir sites, which
show that inter-trimer charge transfer occurs below Tc. (b) Symmetry
mode analysis reveals a simultaneous structural distortion, by which the
Ir,0¢ octahedron gains volume on cooling and the IryOg octahedron
shrinks by an equivalent amount. Arrows on the crystal structure section
indicate the corresponding atomic displacements.
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We cannot currently explain the charge transfer occurring at
Tc = 184 K. The electronic structure of BalrO; remains under
discussion, though it is reassuring that a recent reflectivity study is
consistent with the inter-trimer charge transfer observed by us.**
Further insight is provided by symmetry-mode analysis (Fig. 4b),
which reveals an anti-correlation in two modes of the T1+ irrep
(which is activated by the monoclinic lattice distortion) that
corresponds to a gain in volume by the central Ir,O octahedron
of one of the trimers and an equivalent loss in volume by the Ir,O¢
octahedron of the other trimer (Fig. 4b). These subtle but detectable
structural features, which have never been reported before, may
help to reconcile the different mechanisms that have been put
forward to describe the ordering transition in BalrO;.

In conclusion, we have quantified the uniaxial NTE in BalrO; for
the first time, and unveiled an effective volume ZTE below 100 K.
While the evolution of Bjg, in the Ir3,4 trimer suggests a structural
origin for the NTE it seems irreconcilable with the more conven-
tional behaviour of the structurally similar Ir1,2 trimer. Irrespective
of this, it is clear that the origin of the NTE is fundamentally
different from that of the other HP NTE materials. Intriguingly, we
uncovered significant differences in the oxidation states of the two
trimers of up to 0.5, indicating an electronic origin of the disparities
in their thermal behaviour. Furthermore, the NTE response
changes upon crossing 7 = 184 K, and we have found concurrent
changes in the trimer bond valences, which appear to be related to
inter-trimer charge transfer at this phase transition. These observa-
tions clearly mark the NTE as not easily classifiable into purely
structural or purely electronic origin, an unprecedented scenario
clearly motivating further studies.
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