Squeezing electrons out of 6s2 lone-pairs in perovskite-type oxides
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Having identified a set of conditions that predispose a solid-state
ionic compound to a pressure-induced valence transition, we
investigated a series of Bi(lll) perovskite oxides. We found such a
transition below 10 GPa in every case, including one that we
synthesised for the first time (double perovskite-type Ba;BiOsOg).

While all ionic compounds have some degree of covalent
bonding character, in solid-state chemistry it is convenient to
treat them as collections of ions with well-defined formal
oxidation states. Quantitative empirical concepts such as
effective ionic radii (IR)! and bond valence sum (BVS)? are
usually sufficient to understand the “crystal chemical”
relationships among composition, structure and physical
properties. These concepts predict that IR will decrease as
electrons are removed from a shell (i.e., as the atom is
oxidised): e.g., in 6-fold coordination, IR(Ir3*) = 0.68 vs. IR(Ir>*)
=0.57 A (16% decrease). The change will be more pronounced
when a shell is completely emptied: e.g., IR(Bi3*) = 1.03 vs.
IR(Bi>*) = 0.76 A (26% decrease). It will also be more
pronounced when a so-called “valence skipping” element is
involved, such as Bi or Pb. These encourage 2-electron
transfers because the 6s2 (Pb2*, Bi3*) and 6s° (Pb4*, Bi**) states
are stable while the intermediate 6s! (Pb3+, Bi**) states are not.
When an ionic solid contains a suitable combination of ions, a
net decrease in volume could, therefore, be achieved by an
internal valence transfer: e.g., Bi3*Ir5* = Bi>*Ir3* would lead to
a net contraction of an ionic lattice containing both elements.
The thermodynamic favourability of such a process will be
subject to external factors such as temperature and pressure.
We recently discovered3 4 that this exact process takes place in
the 12L-type perovskite BasBilr3012,° at ~5 GPa; the 6H-type
perovskite BasBilr,05,° at ~6 GPa; and an analogous process
involving the Ru>*/Ru3* couple in the 6H-type perovskite
BasBiRu,0,,” at ~9 GPa. We observed 1-2% volume collapses at
these pressures by synchrotron X-ray powder diffraction for all
three compounds, and by neutron powder diffraction for
BasBilr,09, with the latter experiment providing sufficiently
precise Rietveld-refined Bi-O and Ir-O bond lengths to
calculate BVS confirming the valence transition.3 A follow-up X-
ray absorption spectroscopy experiment showed abrupt Bi, Ir
and Ru edge shifts at the same pressures, also consistent with
the valence transitions.* The transitions were first-order and
observed at the same pressures for all temperatures from 2—
300 K, indicating that pressure is the dominant parameter, and
proving that they are not directly related to the unusual
temperature-driven magneto-elastic transitions exhibited by
the same compounds. 3 810 The space-groups of all three
compounds remained unchanged through the transitions.

Despite the conceptually straightforward explanation for such
pressure-driven valence-state transitions, they are extremely
rare in the literature. We are aware of only two directly
analogous cases. The first case is the perovskite FeTiOs, which
undergoes a gradual transition FeZ*Ti**03 - Fe3*Ti3*O3 over
the range 2—-4 GPa.!! The second, more recently reported, case
is the quadruple perovskite LaCusFes01,, which at ~3.5 GPal2
undergoes a first-order volume collapse accompanied by the
internal charge transfer LaCu3+*sFe3*,01; = LaCuZ*3Fe3-75+40;,.
The same transition takes place on warming through 393 K,13
and the isostructural quadruple perovskites BiCusFe;01; 4 and
SrCusFe;012 15 undergo analogous transitions at 428 K at 210 K
respectively — i.e., they undergo negative thermal expansion
(NTE) because the effect of temperature on the stability of the
valence states is contrary to its underlying thermodynamic
effect on packing efficiency. We saw no such temperature-
driven transition in BasBilrsO12,% BasBilr;0o,% or BazBiRu,09.7
Ostensibly similar temperature- and pressure-induced
transitions have been observed in some oxides where the large
“valence skipping” ion is located in a perovskite A-site, rather
than a B-site as in the previous examples. However, the
mechanism here is different: the melting of a charge-glass of
disproportionated 6s2/6s°® ions into a purely 6s? state. This
means that the high-pressure phase actually contains ions with
a larger mean IR, defying the simple explanation used for the
previous examples. The two distinct cases are the transitions
(Bi3*9 sBi**o5)Ni2*O3 = Bi3*Ni3*O3 at ~3.5 GPal® (which can be
manipulated by La-doping for Bil” and Fe-doping for Ni!8), and
(Pb2*9sPb%*5)Cr3*03 > Pb2*Cr4*03 at ~2.4 GPa.!® They have
been put forward as potentially tunable giant NTE materials
(given that, again, the low-temperature phase has the larger
volume). Finally, note that charge-ordering transitions, such as
the Verwey transition in Fe304,2% 21 could be considered as
special cases in which both ions are of the same element.

The rarity of these transitions suggests that a compound’s
electronic state must be particularly finely balanced for
pressure and/or temperature to change its ground state in this
way. In the work reported here, we set out to find more
examples. We began by searching structural databases for
oxides containing a cation with a 6s2 (TI*, Pb2*, Bi3*) or 5s2
(Sn2*, Sb3*, Te**) electron lone-pair at ambient pressure, in
addition to a transition metal in an oxidation state lower than
its highest stable state. The candidates we identified all
contained Bi3*. These were the double-perovskite Ba;BilrOg ©
(Figure 1a) and the 8H perovskite Ba;BiRuOg 22 (Figure 1b). We
also hypothesised the existence of an additional phase,
Ba,BiOs0s, which (as described below) we found to have the
double perovskite structure of the Ir analogue. Every other



potential candidate was found, on closer inspection, to already
be in the desired high-pressure phase at ambient pressure.

Figure 1. Structures of (a) double-perovskite Ba,BilrOs (space
group Fm-3m, isostructural with Ba,BiOsOs) and (b) 8H-
perovskite Ba;BiRuOs (space group Cmcm). Ba atoms are
green, BiOs octahedra are purple, IrOs octahedra are gold and
Ru;0s face-sharing octahedral dimers are silver.

Polycrystalline (powder) samples of Ba,BiRuOg 22 and Ba,BilrOe
23 were synthesized as described previously. Ba;BiOsOg was
prepared via solid-state chemistry in an evacuated sealed
quartz tube. Stoichiometric amounts of BaO, (Aldrich 3N),
Bi,Os (Aithaca 4N) and Os (Aithaca 4N) (10% excess) were
finely mixed as an acetone slurry in an agate mortar and
heated at 850°C for 48 h. A second annealing at 850°C for 12 h
in air was applied to eliminate the unreacted Os metal. Due to
the possibility of producing toxic OsQ, gas, the entire synthesis
was carried out in a fumehood with appropriate PPE. Reaction
progress was followed by X-ray powder diffraction (XRD), using
a PANalytical X'Pert PRO in Bragg-Brentano reflection
geometry with non-monochromated Cu K, radiation (A =
1.5418 A) equipped with a PIXcel solid-state detector.

XRD data for Ba;BiOsOg revealed it to be a double-perovskite
isostructural with the high-temperature Fm-3m (#225) form of
Ba,BilrOe ¢ at room temperature. Figure 2 shows a Rietveld fit
to at room temperature and pressure, with the final refined
parameters in Table 1. A crystallographic information file (CIF)
is available as Electronic Supplementary Information (ESI).
Structure refinements against the XRD data were carried out
using the Rietveld method?* as implemented in the FULLPROF
program?25. No regions were excluded in the refinement but a
small (~2%) Bi,O3 impurity was modelled. The following
parameters were refined: scale factor, zero-point error,
background coefficients, peak shape (pseudo-Voigt), lattice
parameters, atomic coordinates and occupancies. Note that
the Bi and Os sites refined to their expected stoichiometric
occupancies and bond valence sums (BVS)?2 within error.
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Figure 2. Observed (crosses), calculated (red line) and
difference (blue line) profiles for the final Rietveld-refinements
against XRD (Cu Ka) data for Ba,BiOsOe. The vertical markers
show the positions of the Bragg reflections for the main phase
(upper row) and a minor Bi,O3 impurity (lower row).

High-pressure (HP) synchrotron XRD (S-XRD) data for all three
samples were collected in a diamond-anvil cell (DAC) on the PD
beamline of the Australian Synchrotron, and HP neutron
powder diffraction (NPD) data for Ba;BiRuOs were collected in
a Paris-Edinburgh (P-E) press on the Wombat?¢ diffractometer
at ANSTO’s OPAL reactor. Details of both HP experiments are
available in the ESI file. Rietveld-refinements were carried out
in the programs GSASZ7 with the EXPGUI?8 front-end (S-XRD)
and TOPAS Academic?® (NPD). The relatively high background
and low counting statistics of the HP data meant that only unit
cell parameters could be reliably refined, with other structural
parameters fixed at the ambient pressure values. Further
details and example fits are available in the ESI file.

Figure 3 shows reduced unit cell volumes of Ba;BiRuOs,
Ba,BilrOs, and Ba;BiOsOs vs. pressure, from Rietveld-
refinement against HP S-XRD/NPD data. All three compounds
undergo first-order volume collapses. As for BasBilr,0o,
BasBiRu,0s, and BayBilr;015,3 there was no detectable change
in space-group symmetry through the transitions. Note that
the straight-line fits to the low- and high-pressure regions in
Figures 3 and 4 are simply guides to the eye, because we had
insufficient data points (especially in the high-pressure region)
for a physically meaningful fit to an equation of states.

Table 1. Structural data for Ba;BiOsOs from Rietveld-
refinement against XRD data at ambient pressure and 298 K.
Space group Fm-3m (#225): a = 8.6704(2) A; V = 651.81(3) A3.
Reliability factors: R, = 1.71%, Ruwp = 2.97%, Rexp = 4.40%.

x(a) y(b) z(c) Occ. BVS
Ba % % % 1.00 1.44
Bi 0 0 0 1.2(2)  3.09
Os % % % 0.8(1)  4.97
0 0.269(1) 0 0 1.00 2.00
Bi-0 (A) 2.339(9)
0s-0 (A) 1.996(9)




1.00

0.98

0.96

0.94

VIV

0.92

0.90

088 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16

Pressure (GPa)
Figure 3. Reduced unit cell volumes for Ba,BiRuOgs (black
circles) Ba,BilrOs (blue squares) and Ba,BiOsOg (red diamonds)
under pressure, from Rietveld-refinements against S-XRD
(closed symbols) and NPD (open symbols) data. Errors bars are
smaller than symbols; lines are guides to the eye.

0

o
©
©
T
1

0

ala, b/bo, clc
o o

o
©
~
T
L

0.95 1 1 1 1 1 1 1

Pressure (GPa)
Figure 4. Reduced unit cell parameters for Ba;BiRuOs under
pressure, from Rietveld-refinements against S-XRD data. Errors
bars are smaller than symbols; lines are guides to the eye.

The magnitudes of the volume collapses in Ba;BilrOs and
Ba,BiOsOs at 10 and 8 GPa respectively are consistent with
expectations for Bi > M electron transfer. From the BVS
formula, the ideal metal-oxygen bond lengths in regular BiOg
and MOs octahedra are: Bi3* = 2.35 A; BiS* = 2.13 A; Ir3+ = 2.17
A; Ir5* = 1.98 A; Os3* = 2.07 A; Os5* = 1.88 A. The reaction
Ba,Bi3*Ir5*0Os —> BayBi**Ir3*0g should therefore give a linear
reduction of (2.13+2.17)/(2.35+1.98) = 0.993, and or a volume
reduction of 0.9933 = 0.979, or 2.1%. The calculation for the Os
phase gives the same result, i.e., an expected 2.1% volume
reduction, consistent with experimental observations shown in
Figure 3. The contractions are isotropic, as expected from their
structures. On top of the clear chemical analogy to our
previous work on BasBilr,0s, BasBiRu,09, and BasBilr3O1,, for
which the valence transfer was independently confirmed by
high-pressure NPD3 and XAS* data, there can be little doubt as
to the cause of these transitions in Ba,BilrOg and Ba,BiOsOe.
We observed an even bigger volume collapse than expected
(4%) in the 8H perovskite Ba;BiRuQOg, which also takes place at
the lowest pressure (4 GPa). The transition is highly anisotopic
(Figure 4), occurring predominantly along the c axis. Examining
its 8H-type structure (Figure 1a), we see that unlike in the
double-perovskites, the BiOg and RuOg octahedra do not have
complete freedom to expand and contract independently: they
must have approximately the same sized triangular faces in the
ab-plane. This means that in the high-volume (ambient
pressure) phase, the Bi3*O¢ octahedra are constrained in that
plane, and therefore extended along the c axis. This situation
both destabilises the ambient-pressure phase, reducing the
transition pressure; and causes the transition to be dominated
by the c-axis contraction. A further particularity of Ba;BiRuOg is
the presence of double-layers of BiOg octahedra, which shows
that Bi—-O—M linkages do not need to be strictly alternating for
pressure-induced inter-site valence transfer.

A striking implication of the work presented here is that
pressure-induced inter-site valence transitions may be far
more common than previously thought. It seems likely that the
paucity of reports is at least partly due to the inherent
difficulties of high-pressure diffraction experiments. Such
experiments are rarely done without the well-founded
expectation of a positive outcome and a scientifically
important result. With eight distinct known cases (including
the three in this work), these expectations can now be higher.
The cases identified so far show clear patterns. In terms of
composition, the fact that the majority exploit the large
volume difference between Bi3* and Bi>* (26% reduction in IR)
suggests that compounds with such “valance skipping”
elements are the best candidates. The most obvious are TI*
and Pb?*, which are isoelectronic with Bi3* and show even
larger IR reductions on losing the 6s2 lone-pair (41% and 35%
respectively), and the 5s2 analogues Sb3* and Te** (21% and
42% respectively; note that Sn2* oxides are seldom observed).
The larger the change, the more likely the transition, and the
lower the pressure at which it should occur. The challenge is to
find candidates that are not already in the “high-pressure”
form at ambient pressure. In terms of structure, all cases thus
far feature the large ion in a perovskite B-site, suggesting that
continuous M-0O-M linkages through corner-sharing polyhedra
are necessary, or at least helpful. Such linkages (a) facilitate
electron transfer and (b) allow the structures to absorb a
change in the relative volumes of constituent ions without a
change in space-group symmetry (another feature of all cases
thus far), lowering the activation barrier to the transition.

In terms of applications, while there has been significant
interest in temperature-driven valence transitions, heightened
by the possibility of tuning the NTE effect to elicit zero
thermal-expansion, we have no evidence for high-temperature
NTE transitions to the low-volume phases in any of our Bi-
based compounds. The pressure-driven equivalents are of
more fundamental interest. We would particularly like to tune
them to lower pressures, to more easily measure physical
properties such as resistivity. One approach could be to “pre-
stress” them with chemical pressure, as we demonstrated by



the controlled doping of Sr2* (IR = 1.44 A) for Ba?* (IR = 1.60 A)
to suppress the temperature-induced magneto-elastic
transitions in BasBilr,0s and BasBiRu;0s.19 Our ab initio
(density functional theory) calculations of the electronic
densities of states for BasBilr,Os suggested that the low-
volume (high-pressure) form should be metallic, in contrast to
the insulating high-volume (ambient-pressure) form. However,
we have been unable to test and explore this predicted
insulator-to-metal transition, which is all the more intriguing
since the subsequent report of an insulator-to-metal transition
in conjunction with the pressure-induced valence transfer in
PbCr0s.19 Large pressure-induced resistivity changes close to
ambient pressures raise the possibility of pressure sensing
applications, as well as a new way to explore and manipulate
the solid-state physics of finely-balanced ground states.
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