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Abstract: Pressure-induced charge transfer from Bi to Ir/Ru is
observed in the hexagonal perovskites Ba3+nBiM2+nO9+3n (n =

0,1; M = Ir,Ru). These compounds show first-order, circa 1%
volume contractions at room temperature above 5 GPa, which
are due to the large reduction in the effective ionic radius of Bi
when the 6s shell is emptied on oxidation, compared to the
relatively negligible effect of reduction on the radii of Ir or Ru.
They are the first such transitions involving 4d and 5d
compounds, and they double the total number of cases
known. Ab initio calculations suggest that magnetic interac-
tions through very short (ca. 2.6 �) M�M bonds contribute to
the finely balanced nature of their electronic states.

Solid-state compounds such as oxides are generally thought
of as consisting of ions with well-defined formal oxidation
states. Although in reality all ionic compounds have some
degree of covalent bonding character, the ionic approxima-
tion is usually sufficient to understand their “crystal chemis-
try” in conjunction with quantitative empirical concepts, such
as bond valence sum (BVS)[1] and effective ionic radius
(IR).[2] IR values predict that the effective size of an atom in
an ionic solid will decrease as its oxidation state increases. IR
changes gradually as electrons are removed from a shell: for
example, IR(Ir3+) = 0.68, IR(Ir4+) = 0.625, IR(Ir5+) = 0.57 �
in six-fold coordination. However, when removing an elec-

tron completely empties a shell, the change is more pro-
nounced: for example, IR(Bi3+) = 1.03, IR(Bi5+) = 0.76 �.
Consequently, for ionic solids containing suitable combina-
tions of cations, a net reduction in volume could be achieved
by transferring an electron from one cation to another;
changes in temperature and/or pressure could make such
a valence state transition favorable. When both cations are of
the same element, this is thought of as a charge-ordering
transition, of which there are many examples (such as the
Verwey transition in Fe3O4

[3]). However, cases involving
different elements are extremely rare. We are aware of
three, all involving 3d transition metals:
(Bi3+

0.5Bi5+
0.5)Ni2+O3!Bi3+Ni3+O3, marked by a 2.6%

volume reduction at about 3.5 GPa[4] (this can be shifted to
ambient pressure by La-doping[5]); LaCu2+

3Fe3.75+
4O12!

LaCu3+
3Fe3+

4O12, on cooling to about 400 K, also marked by
negative thermal expansion;[6] and Fe2+Ti4+O3!Fe3+Ti3+O3,
which occurs gradually over 2–4 GPa.[7] The rarity of these
transitions suggests that the electronic state of a compound
must be particularly finely balanced for temperature or
pressure to change its ground state in this way.

We recently reported a series of unusual first-order
magnetostructural transitions in the hexagonal 6H-type
perovskites Ba3BiIr2O9

[8] and Ba3BiRu2O9
[9] and 12L-type

Ba4BiIr3O12,
[10] where the unit cell volumes increases on

cooling through a low-temperature transition T*. The struc-
tures of the Ir phases are shown in Figure 1 (Ba3BiRu2O9 is
isostructural with Ba3BiIr2O9). Note the face-sharing octahe-

Figure 1. Structures of a) Ba3BiIr2O9 and b) Ba4BiIr3O12. O small red
spheres, Ba large green spheres; isolated BiO6 octahedra are purple,
face-sharing IrO6 octahedra are gold.
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dral Ir2O9 or Ir3O12 units containing short (ca. 2.6 �) Ir�Ir
bonds, bridged by corner-shared BiO6 octahedra.

For Ba3BiIr2O9, the negative thermal expansion is very
large (1.0%), which led us to investigate the effects of applied
pressure on these compounds. Figure 2 shows unit cell volume
as a function of pressure for all three samples, determined by
synchrotron X-ray powder diffraction (S-XRD) in a diamond-
anvil cell (DAC). Note that the limited number of crystallites
in the beam when using a DAC, combined with the relative
insensitivity of x-rays to light oxygen atoms in the presence of
heavy metals, meant that it was not possible to refine atomic
coordinates against S-XRD data. However, Rietveld refine-
ments using the ambient pressure model[8] yielded good
agreement with the data, meaning that the structural change
at the transition is subtle. Final Rietveld fits to data at 5.52
and 6.77 GPa are given in the Supporting Information,
Figure S1.

To investigate the structural nature of the transition, we
collected high-pressure neutron powder diffraction (NPD)
data for Ba3BiIr2O9 with a Paris–Edinburgh (PE) press.
Figure 3a shows the unit cell edge lengths as a function of
pressure at room temperature. As for the low-temperature
magnetoelastic transition at T* = 74 K, there was no detect-
able change in space group symmetry from C2/c through the
transition. However, unlike the highly anisotropic T* tran-
sition (which occurs almost exclusively along the c axis), the
high-pressure transition is essentially isotropic. Structures of
the low-pressure form at 5.50 GPa and the high-pressure form
at 6.27 GPa, together with the corresponding Rietveld fits to
NPD data (Figure S2) are given in the Supporting Informa-
tion.

Figure 3b presents the derived BVS data for Bi and Ir as
a function of pressure, clearly showing that the origin of the
volume contraction is charge transfer between these two ionic
species. (Note that the BVS sit on a linear sloping background
because the R0 values are derived from ambient-pressure
experimental data.)

Further evidence that the pressure-induced transition is
due to a valence state transition involving Bi came from high-
pressure S-XRD for isostructural Ba3CeIr2O9 and
Ba3LaIr2O9,

[11] where Bi is replaced by Ce4+ and La3+

respectively, for which no stable higher-valent cation exists.

Figure S3 shows that no comparable transition takes place in
these compounds over the same pressure range.

To shed further light on these transitions in terms of
electronic structure, we carried out ab initio (density func-
tional theory, DFT) geometry optimization (GO) calculations
on Ba3BiIr2O9. Spin-polarized calculations with a Hubbard
correction for the Ir d-electrons were needed to reproduce the
experimentally observed[8] semiconducting state with a small
band gap. Further calculations with spin–orbit coupling
(SOC) and non-collinear magnetic moments resulted in
a slightly larger band gap of 0.2 eV.

GO calculations simulating applied pressure showed that
the experimentally observed ambient and high-pressure
forms are both stable from 5–15 GPa, with the form of the
optimized structure depending only on the initial form
chosen. The volume difference between them over this
range was 10–15 �3, consistent with the experimentally
observed first-order transition between the two forms
(Figure 3). Further validation for our total energy calculations
comes from experimentally observed volume difference
between Ba3BiIr2O9 at 0 and 8 GPa (in the low- and high-
pressure forms respectively) is 75.8 �3; the enthalpy associ-
ated with this change (P·dV) is 3.79 eV per unit cell (4
formula units), which is remarkably close to the calculated
energy difference from the full SOC magnetic calculations
(3.78 eV).

The formal charge transfer described thus far is attenu-
ated by covalency. All calculations show a decrease in the Bi
s-electron population with increasing pressure. The clearest
picture of charge transfer can be obtained from a Mulliken
analysis of the charge distribution from CASTEP calculations
on the observed 0 and 8 GPa structures. This shows a positive
charge increase for Bi with pressure from 2.78 to 3.49 e� ; that
is, + 0.71 e� , which can be entirely accounted for by a change
in Bi s-electron population corresponding to a one-electron
transfer from Bi4+ to Bi3+. The corresponding change for Ir is

Figure 2. Unit cell volume versus pressure for Ba3BiIr2O9, Ba3BiRu2O9,
and Ba4BiIr3O12 from S-XRD data collected at the AS (open symbols)
and ESRF (closed symbols). Errors are smaller than the symbols; lines
are guides to the eye.

Figure 3. a) Unit cell edges (error bars are smaller than symbols) and
b) BVS for Bi/Ir versus pressure for Ba3BiIr2O9 from NPD data. Lines
are guides to the eye.
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much smaller, from 1.23 to 1.21 e� . Bi is octahedrally
coordinated to the “outer” oxygen atoms of the Ir2O9

dimers, and the negative charge on these bridging oxygen
atoms increases by 1–5 %, while the “inner” three oxygen
atoms of the dimers show a 5% negative charge increase.
These changes account for the majority of the charge transfer:
that is, the loss of almost one s-electron from Bi is distributed
over the neighboring Ir2O9 dimers.

The question obviously arises as to why these particular
compounds undergo such rare pressure-induced charge-trans-
fer reactions. Several unusual features are apparent. First, the
BVS of Bi in the low-pressure form is closer to + 4 than to + 3
(Figure 3b). Bi4+ is highly unconventional and implies an
unstable [Xe]5d106s1 configuration, which should dispropor-
tionate into Bi3+/Bi5+, as for BaBiO3

[12] and BiNiO3.
[13] The

absence of any evidence for long- or short-range dispropor-
tionation in Ba3BiIr2O9, Ba3BiRu2O9, and Ba4BiIr3O12 may be
related to the triangular disposition of Bi sites in hexagonal
perovskites, which geometrically frustrates 1:1 charge-order-
ing, as discussed previously.[8–10] (Interestingly, the suppres-
sion of Bi3+/Bi5+ charge ordering by doping K for Ba[14] or Pb
for Bi[15] leads to another rare phenomenon, namely super-
conductivity, in BaBiO3.) Regardless of whether we really
have discrete Bi4+ cations, or only the average of a disordered
Bi3+/Bi5+, mixture, the electronic state of Bi in these
compounds is clearly unstable; this instability reduces the
activation barrier to charge transfer. Note that charge-
disproportionated BiNiO3 (Bi5+Bi3+Ni2O6) is one of the
handful of other compounds known to undergo such a tran-
sition.[4]

The change from integer (+ 4) to non-integer (+ 3.5 for
Ba3Bi(Ir,Ru)2O9 or + 3.67 for Ba4BiIr3O12) valence states for
M also suggests that the transitions described here might be
associated with an insulator–metal transition, as reported for
La-doped BiNiO3.

[16] This possibility will be investigated in
the near future.

Another unusual feature of Ba3BiIr2O9, Ba3BiRu2O9, and
Ba4BiIr3O12 is very short M�M bonds within face-sharing
octahedral units. The fact that ab initio calculations only
reproduce pressure-induced charge transfer (in the sense that
they yield stable distinct low- and high-pressure forms) when
spin polarization is included suggests that exchange inter-
actions through these short bonds, possibly in competition
with 908 M-O-M superexchange, plays a role in the finely
balanced electronic states of these compounds. The low-
temperature magnetoelastic transitions of these com-
pounds[8–10] are another consequence of this electronic
instability.

A third unusual feature is the involvement of 4d/5d metal
cations. The d-orbitals on such metals are less directional than
those on their 3d counterparts, allowing more flexibility in
their coordination environments. Changes in IR with oxida-
tion state are also less pronounced for 4d/5d metals.[2] Both
these aspects should favor a lowering of the activation barrier
to pressure-induced charge transfer; note that the pressure at
which the transfer occurs in Ba3BiRu2O9 is approximately
twice that for Ba3BiIr2O9, suggesting that an even higher
pressure would be required for a 3d analogue (at present this
cannot be tested because no 3d analogue of these phases is

known). Recent studies have also demonstrated that the
stronger spin–orbit coupling (SOC) in 5d compounds such as
Sr2IrO4

[17] can result in exotic electronic properties The
importance of SOC on the observed transitions will be
further investigated in the near future.

Despite the unusual and distinct features of these
hexagonal perovskites, it is difficult to make a quantitative
statement about their uniqueness when so few studies of this
type have been done. High-pressure experiments are difficult
and time-consuming, especially in the GPa regime, but the
results presented herein should provide some motivation by
highlighting the interesting phenomena that remain to be
discovered and explored. Indeed, in light of this work we
believe that a similar reaction Sr2Tb3+Ru1�xIrxO6!
Sr2Tb4+Ru1�xIrxO6 may take place at less than 1 GPa;[18]

these, and potentially many other, systems are clearly due
for reinvestigation. Our reproduction of the experimental
effect using ab initio calculations is particularly significant in
this context, because it opens up the possibility of surveying
a wide range of candidate systems computationally before
committing to experiments.

Experimental Section
Synthesis of Ba3BiIr2O9, Ba3BiRu2O9, and Ba4BiIr3O12 was described
previously.[8–10] High-pressure S-XRD data were collected using
DACs on ID27 at the ESRF (l = 0.37380 �) for Ba3BiIr2O9 and the
PD beamline at the AS (l = 0.68862 �) for Ba3BiIr2O9, Ba3BiRu2O9,
and Ba4BiIr3O12; pressures were calibrated against ruby fluorescence
line shift. High-pressure time-of-flight NPD data for Ba3BiIr2O9 were
collected using a PE press on PEARL at ISIS; pressure was calibrated
against the unit cell volume of a Pb standard. Structure refinements
used the Rietveld method as implemented in the program GSAS[19]

with the EXPGUI[20] front-end. Spin-polarized DFT GO calculations
used the CASTEP[21] and VASP[22] codes with a Hubbard correction
for the Ir d-electrons (U = 3 eV and J = 1 eV); all calculations used
the GGA-PBE functional and were converged with respect to k-point
sampling and plane-wave energy cut-off.
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