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ABSTRACT: As compared to 3d (first-row) transition metals, the 4d o12t ' ' ' ' ' )
and Sd transition metals have much more diffuse valence orbitals. LRSI s

Quantum cooperative phenomena that arise due to changes in the way 2o ]
these orbitals overlap and interact, such as magnetoelasticity, are _  908f 1
correspondingly rare in 4d and Sd compounds. Here, we show that the %_(' 906

6H-perovskite Ba,Bilr,0,, which contains Sd Ir*" (S = 1/2) dimerized = "
into isolated face-sharing Ir,Oy bioctahedra, exhibits a giant magne- | I e ’ )
toelastic effect, the largest of any known Sd compound, associated with 902+ o

the opening of a spin-gap at T* = 74 K. The resulting first-order 0 25 50 75 100 125 150

transition is characterized by a remarkable 4% increase in Ir—Ir distance
and 1% negative thermal volume expansion. The transition is driven by a

Temperature (K)

dramatic change in the interactions among Ir 5d orbitals, and represents a crossover between two very different, competing,
ground states: one that optimizes direct Ir—Ir bonding (at high temperature), and one that optimizes Ir—O—Ir magnetic

superexchange (at low temperature).

B INTRODUCTION

The search for new materials that exhibit so-called “quantum
cooperative phenomena”, involving strong coupling among
magnetic, electronic, and orbital degrees of freedom, has been a
major driver of solid-state oxide chemistry research over the
past decade.' Magnetoelasticity is one such quantum
cooperative phenomena where an extraordinary change of the
crystal lattice occurs in response to a change in magnetic state
and vice versa. One of the most important examples is the spin-
Peierls transition in 1-D chains of antiferromagnetically (AFM)
coupled spins, such as CuGeO;” and TTF-MS,C,(CF;),, M =
Cu, Au.’ Although ideal chains cannot order magnetically at
finite temperatures, magnetoelastic coupling can lower the total
energy below the spin-Peierls temperature (Ty,) by dispro-
portionating the magnetic exchange parameters within a chain.
This must happen in concert with the appearance of alternating
distances between neighboring spins. The total energy gain is
the sum of the increase in lattice free energy, as ions move from
their energetically preferred positions, and the decrease in
magnetic energy, as magnetic interactions become stronger
along the shorter distances. This leads to the formation of local
magnetic singlets, which manifest as AFM-coupled dimers.
Below T, the magnetic susceptibility drops, and an energy gap
in the spin spectrum opens between the singlet (nonmagnetic S
= 0) ground state and the triplet (S = 1) excited state.
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In some low-dimensional compounds, AFM-coupled spin
dimers emerge in a natural way from the crystal structure; that
is, the magnetic ions are structurally dimerized prior to the
appearance of a singlet nonmagnetic state. In such cases, a spin-
gap opens when thermal fluctuations are sufficiently suppressed
to allow magnetic interactions to dominate. Because this does
not change the symmetry of the crystal structure, the spin-gap
opening is not generally associated with a distinct structural
change (magnetoelastic effect) except in a small number of
exceptional cases, notably Culr,S,* and Mo,Sb.,.>*

The 6H-perovskite-type oxide Ba;Bilr,0,” is an example of
such a natural dimer system, containing Ir,O, face-sharing
bioctahedra, which are linked and separated in a pseudohex-
agonal array (the room temperature structure has a slight
monoclinic distortion) by BiOg octahedra (Figure lab). It
forms part of the broader series BasRIr,0,° (R = Y,
lanthanide), in which the valence state of R can be either 3+
(giving Ir**) or 4+ (giving Ir*"). The R*/Ir*" cases have
significantly smaller unit cell volumes than do the R*'/Ir*S*
cases due to the reduced size of the higher-valent lanthanide.
Experimental lattice parameters for Ba;Bilr,0,” indicate Bi*/
Ir*" (Figure 2) despite the fact that Bi*" has an unfavorable
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Figure 1. (a) Crystal structure of Ba;Bilr,Oy, showing Ir,O, face-
sharing octahedral dimers (gray), BiO4 octahedra (purple), and Ba
atoms (green). (b) Expanded view in the same orientation of one
Ir,O4 dimer and one BiO4 octahedron, showing atomic displacement
parameters as 99% probability thermal ellipsoids. (c) Final Rietveld fit
to time-of-flight NPD data (HRPD@ISIS), against which the above
structure was refined, showing observed (+), calculated (upper line),
and difference (lower line) profiles. The top row of reflection markers
indicates aluminum from the cryostat tail, and the middle row
indicates vanadium from the sample can. The bottom row refers to
Ba;Bilr,O,.

[Xe]4f'*5d'%6s' configuration that would normally be expected
to disproportionate into distinct Bi*" and Bi’* sites (as in, e.g,,
BaBiO,’). In Ba;Bilr,O,, such disproportionation almost
certainly occurs well above room temperature on a local
scale, but does not appear to give rise to any long-range order,
presumably due to the geometrically frustrated triangular
disposition of Bi sites.

Ba;Bilr,O, thus represents an S = 1/2 (low spin Ir*', 5d°)
natural dimer system. We focused attention on it following our
recent discovery of a spin-gap opening at T* = 176 K in the
isostructural S = 1 (low spin Ru*, 4d*) system Ba;BiRu,O,,
accompanied by an unusual magnetoelastic effect.'’ Here, we
report that the iridate shows an analogous spin-gap opening at
T* = 74 K, but with a magnetoelastic effect an order of
magnitude larger, comparable to the largest reported in any
material.

B EXPERIMENTAL SECTION

Polycrystalline (powder) samples of Ba;Bilr,0O, were prepared as
described previously.

X-ray absorption near-edge spectroscopy (XANES) data were
collected at the Ir L;-edge in transmission mode on the XAS beamline
at the Australian Synchrotron. Data for Ba;Bilr,Oy along with
isostructural standards, Ba;Celr,Oy (Ir**) and BajLalr,O, (Ir***),
are shown in Figure 3.

Physical properties (magnetic susceptibility, heat capacity, and
electrical resistivity) were measured using a Quantum Design PPMS.
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Figure 2. Effective ionic radii'® of R3* (R = Bi, Y, lanthanide) cations
in 6-fold coordination versus unit cell lengths for the 6H perovskite
series Ba;RIr,Oy at room temperature. Error bars are smaller than
symbols. Adapted from Doi and Hinatsu® and references therein, from
which all data points except R = Bi are taken.
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Figure 3. Normalized Ir L;-edge XANES spectra for Ba;Bilr,O,
Ba;Lalr,Oy, and Ba;Celr,O,. All spectra were collected in transmission
mode.

Magnetic susceptibility data were collected from 350 to 2 K using the
vibrating sample magnetometer (VSM) technique. Heat capacity was
measured using a relaxation technique on approximately 10 mg
samples extracted from a sintered Ba;Bilr,Oy pellet. The same pellet
used for heat capacity measurements was used in the preparation of
specimens for electrical resistivity measurements, performed using the
four-point technique.

Monochromatic (1 = 2.4395 A) neutron powder diffraction (NPD)
data were collected on the instrument Echidna at the OPAL research
reactor, ANSTO, Australia. A ~1 g sample was placed in a 6 mm
diameter vanadium can, and data were collected over 4 h per
temperature at 4 K, in 10 K steps from 50—150 K, and at 300 K. Time-
of-flight NPD data were collected on the instrument HRPD at ISIS,
Rutherford Appleton Laboratories, UK. A ~1 g sample was placed in a
4 mm diameter vanadium can, and data were collected over 4 h per
temperature at 2 K, in 10 K steps from 10—200 K (with additional 5§ K
intervals from 50—100 K), and at 300 K. Structure refinements using
the Rietveld method were carried out using the GSAS'? program with
the EXPGUI" front-end. The final refined fit to 2 K HRPD data is
shown in Figure 1c. Crystallographic information files (CIFs) for the
refined structures at 2, 70, and 80 K are deposited as Supporting
Information.

B RESULTS

The Bi*'/Ir** oxidation states suggested by comparison of the

lattice parameters to those of the series Ba;RIr,O, (Figure 2)

were confirmed by the XANES experiment (Figure 3). In

general, the L;-edge line shape and absorftion edge energy are
. L 1415 .o .

sensitive to changes in oxidation states, " as is evident from
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the more intense edge and higher absorption energy of
BayLalr,O, (112162 eV) as compared to Ba;Celr,0, (11
215.9 eV). Although the shift in energy is small (0.3 eV), it is
consistent with previous studies on Ir species of various
oxidation states.'"* When compared to the standards, the L;-
edge absorption energy and line shape of Ba;Bilr,Oy are similar
to those of BaCelr,O,, confirming that Ir atoms have an
oxidation state of 4+. The L;-edge is, however, more prominent
in Ba;Bilr,0y than in Ba;Celr, 0y, a possible indication of some
partial Ir—Bi charge transfer.

At T* = 74 K, dc magnetic susceptibility  (Figure 4a) shows
a dramatic drop very similar to those observed at the spin-gap
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Figure 4. Temperature dependence of (a) dc magnetic susceptibility y,
showing fits to modified Curie—Weiss behavior above T* = 74 K (blue
line) and spin-gap behavior below T* (red line), decomposed in the
inset to separate the spin-gap contribution (blue line) from the
paramagnetic tail (green line); (b) heat capacity over temperature ratio
C,/T; and (c) electrical resistivity p fit to the equation in the text.
Arrows indicate heating/cooling; the observed hysteresis is expected
for a first-order phase transition.

openings in Ba;BiRu,0, and Culr,S,.* Above T*, y is weakly
temperature-dependent, with a modified Curie—Weiss law fit in
the range 150—350 K giving an effective moment of 0.9 yp/Ir, a
characteristic temperature Ocy = —231 K, and large temper-
ature-independent term y, = 3.7 X 107* emu mol(Ir)~". The
strongly reduced effective moment of Ir, equivalent to only 0.35
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unpaired electrons per Ir, is typical for compounds involvin
Ir,O, structural dimers due to strong hybridization effects.'®"
At T* = 74 K, y drops rapidly. Below T*, y could be fit to a
spin-gap function™™ y, = a exp(—A/T) with additional
temperature-independent and free-spin (Curie—Weiss) terms
related to point defects and impurities. The best fit shown in
Figure 4a yields a spin-gap value A = 117 K accompanied by a
parasitic paramagnetic tail corresponding to the presence of
~0.4% S = 1/2 impurities. The fit was less robust than for
Ba;BiRu,0,'" due to the very weak temperature-dependence in
this case, and this spin-gap value should be considered tentative
until a more definitive measurement (e.g, inelastic neutron
scattering) can be carried out in the future. Nevertheless, we
note that in dimers, where A is a measure of interdimer
coupling (J, = A), the onset temperature of magnetic
dimerization (where y drops) follows the relationship Ty, =
0.625 J,,"* and that using A = 117 K, one obtains Ty, = 73.1 K,
consistent with T* = 74 K from magnetic susceptibility.

A key feature of Figure 4b is the sharp maximum in the
specific heat C,/T at T*. Because lattice, magnetic, and
electronic effects all contribute to heat capacity, it is not
possible to quantitatively extract the contribution of spin
degrees of freedom in the absence of an isostructural reference
compound with no unpaired d electrons. Nevertheless, the
presence of a A-like anomaly suggests a release of entropy
related to structural and magnetic aspects of this transition.

The resistivity p of Ba;Bilr,0, above T* is reproduced best
by the expression log p = a + bT~ W/ \here n is the
dimensionality of hopping, as expected for an insulating sample
with strong inhomogeneity where the carrier is spatially
localized into states with various energies within a band
gap.”® Inhomogeneity in Ba;Bilr,Oy is presumed to be a
consequence of the frustrated Bi’*/Bi’* ordering in the BiOs4
octahedra that bridge between Ir,Oy dimers. The best fit
yielded n = 1, suggesting that electronic transport has a strongly
anisotropic character. The increase in p at T* suggests a change
in the electronic transport mechanism. There appears to be a
decrease in the effective number of charge carriers able to hop
as a result of either their localization or an increase of the band
gap. Branching of the cooling/heating curves at T*, character-
istic of a first-order transition, is also observed.

Like Ba;BiRu,0,, the coincident drastic changes in physical
properties at T* suggest a transition from a paramagnetic state
with low effective magnetic moment at high temperatures, to a
spin-gap state below T*. The transitions are remarkably similar
given the different spin states of the dimers in the two
compounds (S = 1/2 for Ir** vs S = 1 for Ru™).

The diffraction data reveal a rapid and very large (1%)
increase of the unit cell volume on cooling through T%#, from
902.5 A at 75 K to 910.7 A® at 70 K (Figure Sa). The increase
occurs almost exclusively along the ¢ axis (Figure Sb). This
negative thermal expansion (NTE) is an order of magnitude
greater than for Ba;BiRu,Q,, is comparable to the largest first-
order NTE reported for any compound, and to the best of our
knowledge is the largest ever observed in a 5d compound.

B DISCUSSION

The simplest explanation for the giant magnetoelastic effect in
Ba;Bilr,O, would be charge transfer from Bi to I, that is, Bi** +
2Ir** — Bi** + 2Ir**". Intermetallic charge-transfer transitions
as a function of temperature are extremely rare (they are
slightly more common as a function of pressure), but they can
produce first-order volume increases and changes in magnetic
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Figure S. Temperature dependence of (a) the unit cell volume V, (b)
the lattice parameters a, b/ \/ 3, and ¢, (c) the Ir—Ir intradimer distance
and mean Ir—O—Ir bond angles, and (d) bond valence sums (BVS)
for Ir and Bi in Ba;Bilr,0y. Data were obtained from Rietveld-
refinement against NPD data. Where not apparent, error bars are
smaller than symbols. Solid lines are guides to the eye.

susceptibility, as was recently demonstrated for La-
CusFe,0,,°"** and BiNiO;>*** However, Bi—O and Ir—O
bond distances and bond valence sums* (BVS, Figure 5d)
show no anomalies through T*, ruling out this explanation. We
also find no convincing evidence for disproportionation of Bi*"
into Bi**/Bi*" below T* in terms of either long-range symmetry
lowering (peak splitting or additional reflections; see Figure 1c)
or short-range strain (discontinuity in peak widths or atomic
displacement parameters, ADPs; see Figure 1b), although
slightly enlarged ADPs on some oxygen atoms (notably OS) at
2 K might potentially be related to such short-range strain.
Moreover, Bi**/Bi** disproportionation would reduce the mean
size of the cations (the effective ionic radius of Bi** being <75%
that of Bi** or “Bi**”, due to the removal of all 6s electrons'®),
producing the opposite effect on the unit cell volume of that
observed experimentally.

We saw no additional neutron scattering intensity at low g
below T* to indicate long-range magnetic order. The
isostructural nature of the transition also largely rules out
long-range orbital ordering, which is thought to drive the
formation of spin-singlet dimers in the 4d oxide La,Ru,0,,.2%*
In any case, 5d states are so much more spatially extended than
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their 4d (or 3d) analogues that this possibility is very unlikely.
Long-range orbital ordering has never been observed in an
iridium oxide.

The only structural parameters that change with any
statistical significance at T* are the length of the Ir—Ir bond,
which lies along the expanding lattice direction ¢, and a
correlated increase in Ir—O—Ir angle (Figure Sc). This suggests
the presence of a direct Ir—Ir bond in the high-temperature
(HT) state, which is effectively broken in the low-temperature
(LT) spin-gap state. We will now consider the nature of this
Ir—Ir bond.

In isolated Ir,Ly (L = halide) coordination complexes,”® the
hybridization of Ir tye orbitals gives rise to a;’, €, e, and a,”
states, in order of increasing energy. The large split between the
a," and a,” states, and their almost purely d,, character, means
that they can be considered as forming a metal—metal ¢ bond,
while the e’ and e” states hybridize only with surrounding
oxygens. Strong Ir d_,—Ir d_, hybridization within a dimer may
be responsible for the observed semiconducting behavior:
Figure 6a illustrates how a hybridization gap could open

b)
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Hybridised
!r‘;’ dimer states
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Figure 6. (a) Orbital energy diagram showing a proposed mechanism
for the formation of an energy gap in the DOS of Ba;Bilr,O,. (b) ELF
from ab initio calculations of the electronic structure for the HT and
LT states. Isosurfaces are drawn for ELF = 0.38. The red localization
domain encloses a single ELF maximum of the Ir—Ir bond (ELF =
0.43) at HT, which vanishes at LT.

between occupied e” and unoccupied a,’ levels, such as has been
proposed for La;RugO;s.>° To gain insight into this “direct
bonding” scenario above versus below T*, we carried out ab
initio calculations using density-functional theory (DFT) in the
generalized gradient approximation (GGA™). Two experimen-
tally characterized structures were used, Rietveld-refined against
NPD (HRPD@ISIS) data collected at 2 K (low temperature,
LT) and 150 K (high temperature, HT). The Vienna ab initio
simulation package (VASP 5.2°°) was used, with default PAW
potentials3’1 for Ba, Bi, Ir, and O. Ir 5d states were treated as
valence states, allowing the hybridization of s and p electrons.
We used up to 576 k-points in the irreducible Brillouin zone
wedge. Wave functions and augmentation charges were
expanded in terms of plane waves with an energy cutoff of
500 eV. Orbital-resolved densities of states (DOS) were
calculated using standard VASP settings (where z points
along the crystallographic ¢ axis).

We used the electron localization function (ELF)** a
powerful tool for analyzing bonding properties, to investigate
direct overlap of Ir 5d bonding states. ELF isosurfaces for the
HT and LT structures are depicted in Figure 6b. It can be seen
that at HT, a single bonding domain consisting of one ELF
maximum (a so-called “bonding attractor”) of 0.43 is present
between Ir sites in the dimer. According to refs 33 and 34, this
points to a localization of a,’ states in the intradimer space, that

dx.doi.org/10.1021/ja211517h | J. Am. Chem. Soc. 2012, 134, 3265—3270



Journal of the American Chemical Society

is, a direct Ir—Ir bond. At LT, this bonding attractor vanishes,
the Ir—Ir intradimer distance increases, and the unpaired Ir 5d
electrons are localized closer to the ionic core. In this localized
state, both direct exchange (Ir—Ir Sd overlap) and indirect
exchange (O—Ir—O 90° superexchange) between d° ions
should give rise to antiferromagnetic (AFM) coupling
according to the Goodenough—Kanamori rules.>*™*” Thus, it
appears that the rapid change of Ir—Ir distance and mean Ir—
O~—1Ir angle on cooling through T* is related to a change in the
delicate balance between bonding and magnetic exchange in
this compound, with the former weakening and the latter
enhancing.

Both HT and LT phases are semiconducting, suggesting that
the electronic nature of the transition is different from the
classic Mott metal—insulator transition®® that often accom-
panies a spin-gap opening.’ Nevertheless, the transition is
accompanied by a change in electronic structure and must
therefore represent a shift in the balance between competing
ground states. Our experimental results and calculations
combine to suggest the following picture. Above T*, the
distribution of 5d electrons on Ir*" is dominated by the drive to
optimize the Ir—Ir bond, shortening that distance to maximize
orbital overlap, resulting in electron delocalization, while below
T#, the distribution is dominated by the drive to optimize
superexchange, increasing the Ir—O—Ir bond angles toward 90°
by lengthening Ir—Ir distances (Figure Sc), resulting in electron
localization and local moment formation (apparent as an
increase in resistivity and in our ELF analysis). The transition
lowers the total energy of the system, but must occur in each
isolated dimer coherently throughout the crystal, hence its first-
order nature. Two conditions are therefore required for the
unique transition observed at T* in Ba;Bilr,Oo: a crystal
structure that creates a sufficiently delicate balance between
these competing ground states, and a mechanism by which they
can be destabilized, overcoming the first-order energy barrier.

We believe the key to this mechanism is the presence of Bi in
a nominal 4+ oxidation state. The T* transition occurs uniquely
for R = Bi among the large family of isostructural compounds
Ba,RIr,0,, including the other R*" cases (Ce, Tb, Pr). As noted
in the Introduction, Bi*" is an unstable cation that almost
certainly disproportionates locally to Bi**/Bi*" at some
temperature well above T*, but long-range order is precluded
by the geometrically frustrated triangular disposition of Bi sites
in the crystal lattice. Clearly, the 6s electrons on Bi are not
delocalized to the extent that it could be considered
electronically equivalent to Bi** (which would make the
compound metallic, while it is experimentally observed to be
a semiconducting). However, a geometrically frustrated lattice
of Bi’*/Bi** cations bridging Ir,O, dimers could act as a
transient charge-reservoir, enhancing instabilities in the
electronic structure and lowering the activation barrier to a
first-order transition between competing ground states. Indeed,
our XANES data (Figure 3) show evidence for partial Ir—Bi
charge transfer.

Finally, we note that some Ir*" systems have been reported in
which strong spin—orbit interactions lead to insulating and
magnetically ordered ground states, for example, Sr,IrO,***
and BalrO;.*' It is plausible that spin—orbit coupling could
influence the splitting of the t,, sub-band, leading to orbital
moment formation in Ba;Bilr,Oo, but this would not
qualitatively affect the interpretation we present here for the
transition at T*.

B CONCLUSIONS

Ba;Bilr,Oy appears to represent a unique conjugation of
interacting lattice, charge, and spin degrees of freedom,
resulting in a giant magnetoelastic effect. We have presented
strong evidence for a close relationship between the
experimentally observed 4% increase in intradimer Ir—Ir
distance and an enhanced ability to form nonmagnetic local
singlet states within those dimers. We have ruled out the onset
of any long-range magnetic, charge, or orbital order, as well as
intermetallic charge transfer or disproportionation, which might
otherwise explain the drastic changes in structure and physical
properties below T*. An intriguing feature of this transition is
the apparently critical role of Bi in an electronically unstable but
geometrically frustrated 4+ (nominal) valence state. Experi-
ments designed to observe the spin-gap directly (neutron or
muon spectroscopy) are now required, as well as more
sophisticated and detailed theoretical calculations that can
account for local charge disproportionation on the bismuth site.
More broadly, the results reported here are reminders that 5d
oxide systems remain thoroughly underexplored, and that many
more fascinating new compounds and phenomena almost
certainly remain to be discovered therein.

B ASSOCIATED CONTENT
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Crystallographic information files (CIFs) for the final Rietveld-
refined structures of Ba;Bilr,Oy at 2, 70, and 80 K. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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