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Abstract

Synchrotron X-ray and neutron powder diffraction were used to investigate the formation, structure and bonding in the double

perovskite Ba2�xSrxTbIrO6 solid solutions. The results showed that these oxides all exhibit ordering of the Tb and Ir cations in a double

perovskite-type structure. Three distinct structural types differing in symmetry and/or valence states were formed depending on the

precise Ba:Sr ratio on the perovskite A site; xp0:3 cubic (Fm3̄m) with Tb4+ and Ir4+; 0:4pxp1:0 cubic (Fm3̄m) with Tb3+ and Ir5+ and

xX1:2 monoclinic (P21/n) with Tb3+ and Ir5+. The transitions between these appear to be first order in nature.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The ability of transition metals to adopt multiple valence
states, and to interconvert between these in response to
environmental changes including lattice forces, is funda-
mental to much of their chemistry. As an example stable
oxides are found containing Ir as +3, +4, +5 and +6 and
Ir exhibits an even greater array of oxidation states in non-
oxide hosts [1]. In contrast the majority of the lanthanides
have only one accessible oxidation state, namely +3, due
to the removal of the outermost 5d16s2 electrons. Notable
exceptions to this are Ce (4f15d16s2), where the single 4f

electron is easily removed to give Ce4+, Pr (4f36s2), Eu
(4f76s2) and Tb (4f96s2). In each case the lanthanide is
found in only two oxidation states (excluding the metal).
Whereas for most of the transition metal oxides valence
states can be tuned by external stimuli only a relatively
small number of lanthanides display this property [1–10].
Following the observation that the oxidation state of Pr

was different in the two oxides Ba2PrRuO6 and Ba2PrIrO6,
Wakeshima et al. [11] first demonstrated that a
valence transition could be observed in the series
e front matter r 2005 Elsevier Inc. All rights reserved.
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Ba2PrRu1�xIrxO6. Following this observation we demon-
strated that the Pr3+-Pr4+ transition could be induced by
changes in either temperature or pressure [12,13]. Subse-
quently, we also demonstrated a similar occurrence in the
related Tb oxides Sr2TbRu1�xIrxO6 with the Ru-rich
oxides having Tb4+ and the Ir-rich oxides Tb3+ [14].
Charge balance in both series is achieved by a concurrent
valence transition in the transition metal. The role of the
host lattice in controlling the valence transition remains
poorly understood.
Oxides such as Ba2PrRuO6 adopt a rock-salt-ordered

double perovskite-type structure, of the general form
A2BB0O6. The parent ABO3 perovskite structure is based
on a three-dimensional network of corner sharing BO6

octahedra with the larger A-type cation occupying the
resulting 12-coordinate sites. Depending on the relative
sizes of the A and B cations cooperative tilting of the BO6

octahedra can occur lowering the symmetry [15]. A feature
of the perovskite structure is its robustness to chemical
substitutions at either the A or B sites, forming oxides such
as AB1�xB0

xO6 [16]. Where x ¼ 0:5 and the size and/or
charge of the B and B0 cations are sufficiently different
these can order doubling the size of the unit cell [16,17].
Again tilting of the BO6 and B0O6 octahedra can occur
giving rise to additional structural variants [18]. The oxide
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Table 1

Refined structural parameters for Ba2TbIrO6 obtained using neutron

powder diffraction data

Ba2TbIrO6 space group Fm3̄m

a 8.3848(2) Å Rp 5.02% wRp 6.28% GOF 1.68%

Atom x y z B (Å2)

Ba 1
4

1
4

1
4

0.60(3)

Tb 1
2

1
2

1
2

0.16(6)

Ir 0 0 0 0.51(4)

O1 0.2350 (2) 0 0 0.55(9)

The numbers in parentheses are estimated standard deviations of the last

significant figure. Where no standard deviation is given, the parameter was

not refined.
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Sr2TbIrO6 is a case at point where the TbO6 and IrO6

octahedra order giving rise to a double perovskite
structure. In addition these octahedra undergo a combina-
tion of in-phase and out-of-phase tilting due to a mismatch
in the size of the Sr and B-type cations, with the resulting
structure being monoclinic in P21/n.
The valence states of the two mixed Tb–Ir double

perovskites are different, Ba2Tb
4+Ir4+O6 and

Sr2Tb
3+Ir5+O6 [14] and this clearly presents the possibility

of inducting a valence transition by doping Ba2TbIrO6 with
Sr2TbIrO6, that forms oxides of the type Ba2�xSrxTbIrO6.
The present paper describes the synthesis and structural
characterization of a number of oxides in the series
Ba2�xSrxTbIrO6. We show the presence of a first-order
transition near x ¼ 0:35 that is associated with a change in
the valence states of the two B-type cations. In addition we
show that these oxides display a sequence of structural
phase transitions associated with the tilting of the
octahedra.

2. Experimental

Polycrystalline samples of 16 members in the series of
solid solutions Ba2�xSrxTbIrO6 were prepared by the
reaction of the appropriate stoichiometric mixture of
BaCO3, SrCO3, Tb4O7 and Ir. The reactants were
intimately mixed in an agate mortar under acetone, placed
in alumina crucibles and heated at temperatures of up to
1200 1C for 3 days with intermediate grindings.
The sample purity was established by powder X-ray

diffraction measurements using Cu-Ka radiation on a
Shimadzu D-6000 Diffractometer. Synchrotron X-ray
powder diffraction patterns were collected on the high-
resolution Debye Scherrer diffractometer at beamline 20B,
the Australian National Beamline Facility, at the Photon
Factory, Japan [19]. The samples were finely ground and
loaded into 0.3-mm glass capillaries that were rotated
during the measurements. All measurements were per-
formed under vacuum to minimize air scattering. Data
were recorded using two Fuji image plates. Each image
plate is 20� 40 cm and covers 401 in 2y. The data were
collected at a wavelength of 0.80282 Å (calibrated with a
NIST Si 640c standard) over the 2y range of 5–851 with
step size of 0.011.
Neutron powder diffraction data for Ba2TbIrO6 were

collected at the HIFAR facility operated by the Australian
Nuclear Science and Technology Organization (ANSTO)
using the High Resolution Powder Diffractometer at a
wavelength of 1.4928 Å [20]. The sample was held in an
aluminum-capped vanadium sample holder that was
rotated throughout the measurements. The diffractometer
is equipped with 24 3He detectors individually separated by
51. The patterns were collected at room temperature over
the 2y range 5–1501 with step size of 0.051. Structural
parameters were refined by the Rietveld method using the
program RIETICA [21]. A pseudo-Voigt function was used
to model the peaks. The background in the synchrotron
diffraction measurements was fitted by linear interpolation
between regions where there were no Bragg peaks. The
results of Ba2TbIrO6 obtained from the neutron diffraction
data are summarized in Table 1.

3. Results and discussion

High-resolution synchrotron X-ray powder diffraction
patterns have been collected for 16 members in the series
Ba2�xSrxTbIrO6. An excellent fit to the pattern for
Sr2TbIrO6 was obtained with a monoclinic model in P21/n.
The choice of this space group was confirmed using powder
neutron diffraction data, see Ref. [14] for more details.
There is little obvious splitting of the main Bragg
reflections indicative of monoclinic symmetry, except at
high angles, Fig. 1. Similarly the superlattice reflections
that are a consequence of tilting of the MO6 octahedra are
sufficiently weak to be effectively unobserved. The failure
to observe such superlattice reflections is undoubtedly a
result of the extremely strong scattering associated the
heavy Tb and Ir atoms. The experimental setup easily
allows observation of these types of superlattice reflections
in other perovskites that lack such heavy atoms e.g.
CaMnO3 [22] and in the series Ca1�xSrxTiO3 [23].
Whilst the weakness of the superlattice reflections limits

the precision with which the structure can be refined, see
Table 2, the resolution of the diffractometer coupled with
its well-defined instrumental contribution to the peak
shapes [19] allows relatively precise lattice parameters to
be estimated. Even with such data the high pseudo-
symmetry of the metric, and the weakness of the super-
lattice reflections, present a challenge in this work.
Considering the synchrotron X-ray pattern for

Ba2TbIrO6 we observe little if any splitting of the major
Bragg reflections even at high angles, Fig. 1, and the
pattern could be fitted to a cubic structure. This is not
unexpected since replacing Sr2+ with the larger Ba2+

cation is expected to reduce the magnitude of the
distortion, and in Sr2TbIrO6 such splitting were already
very small. We again fail to observe well-resolved super-
lattice reflections diagnostic of tilting of the MO6
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Fig. 1. Observed, calculated and difference, synchrotron X-ray diffraction

profiles for Sr2TbIrO6 (top) and Ba2TbIrO6 (bottom). The two inserts

highlight the weakness of the superlattice reflections indicative of tilting of

the MO6 octahedra near 2y ¼ 181, and the splitting of the 4 4 4-type Bragg

reflection in the Sr oxide, near 2y ¼ 401.
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Fig. 2. Observed, calculated and difference, neutron diffraction profiles

for Ba2TbIrO6.

Table 2

Refined structural parameters for SrTbIrO6 obtained using synchrotron

X-ray powder diffraction data

Sr2TbIrO6 space group P21/n

a 5.7591(3) Å b 90.096(4) 1 Rp 4.55% wRp 5.93%

b 5.7506(3) Å

c 8.1372(5) Å

Atom x y z B (Å2)

Sr 1.000(4) 0.4806(7) 0.753(2) 0.83(4)

Tb 0 0 1
2

0.49(2)

Ir 0 0 0 0.48(3)

O1 0.432(7) 0.505(6) 0.743(6) 0.4(2)

O2 0.275(8) 0.753(9) 0.465(5) 0.4(2)

O3 0.231(10) 0.298(11) 0.473(8) 0.4(2)

The displacement parameters for the three oxygen atoms were constrained

to be equal.
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octahedra. Resorting to neutron diffraction methods
confirms that Ba2TbIrO6 is in fact cubic with only
reflections indicative of cation ordering observed, Fig. 2.
Refinement of the structure using powder neutron diffrac-
tion data yielded an accurate and precise structure for
Ba2TbIrO6, Table 1. Refinement of the structure using the
synchrotron diffraction data gave precise lattice para-
meters 8.3848(1) vs. 8.3848(2) Å from the neutron diffrac-
tion, but somewhat less precise values for the oxygen
positional parameter (0.2307(12) vs. 0.2350(2). Despite the
limitations of the method the average Tb–O 2.258(9) Å and
Ir–O 1.935 (Å) distances obtained from the XRD refine-
ment of the structure of Ba2TbIrO6 (and Sr2TbIrO6

Tb–O ¼ 2.15(5) and Ir–O ¼ 1.98(4) Å) are in acceptable
agreement with the more accurate values obtained from the
neutron diffraction data 2.222(1) and 1.970(1) Å for
Ba2TbIrO6 and 2.113(1) and 2.017(1) Å in Sr2TbIrO6

(Table 3).
Having established that the two end-member oxides were

not isostructural it was necessary to establish the sequence
of phase transitions in these oxides. Considering the four
Sr-rich oxides with xX1:4, the cubic 444 reflection near
2y ¼ 381 showed clear splitting indicative of monoclinic
symmetry, Fig. 3. Refinements of the structures for these
four oxides in P21/n were successful and in all cases the
monoclinic angle was E90.081. As the Sr content was
decreased this splitting became smaller and for oxides with
xp1:0 this refection appeared as a single well-resolved
peak, indicative of either tetragonal or cubic symmetry.
Attempts to refine these structures in the monoclinic
structure were generally unsuccessful with b � 90:01,
physically unreasonable (negative) displacement para-
meters for the three independent oxygen atoms, and
unacceptably large esds for the oxygen positional para-
meters. It was concluded that the structure of these oxides
was not monoclinic.
The pattern for x ¼ 1:2 Ba1.2Sr0.8TbIrO6 was unique in

this series; the 444 reflection is clearly not a singlet, Fig. 3,
but the nature of the distortion is opposite to that seen in
the Sr-rich oxides, in that the component at lower angle is
most intense. Although the pattern could be reasonably
well fitted in P21/n this model could not reproduce the
relative intensities of this reflection. As noted above an
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Table 3

Refined lattice parameters, and selected measures of fit, for the series

Ba2�xSrxTbIrO6 obtained using synchrotron X-ray powder diffraction

data

X Space

group

a (Å) b (Å) c (Å) b (1) Rp (%) wRp (%)

0 Fm3̄m 8.3848(1) 90 3.77 4.27

0.1 Fm3̄m 8.3792(1) 90 3.35 3.58

0.2 Fm3̄m 8.37232(9) 90 3.23 3.65

0.3 Fm3̄m 8.36574(7) 90 3.17 3.27

0.4 Fm3̄m 8.2700(2) 90 4.29 4.52

0.5 Fm3̄m 8.2704(1) 90 5.20 5.71

0.6 Fm3̄m 8.2644(1) 90 4.66 5.46

0.7 Fm3̄m 8.25749(9) 90 4.12 4.57

0.8 Fm3̄m 8.25088(9) 90 3.77 4.51

0.9 Fm3̄m 8.240289(7) 90 3.40 4.01

1 Fm3̄m 8.24310(9) 90 3.08 3.75

1.2 P21/n 8.2302(4) 8.2063(2) 8.2051(2) 90.01(1) 2.83 3.04

1.4 P21/n 8.2200(1) 8.1846(1) 8.1828(1) 90.08(1) 2.57 2.96

1.6 P21/n 8.1979(1) 8.1675(1) 8.1683(1) 90.08(1) 2.78 3.33

1.8 P21/n 8.1733(1) 8.1505(1) 8.1536(1) 90.08(1) 2.69 3.23

2 P21/n 8.1447(3) 8.1327(3) 8.1372(4) 90.097(3) 4.55 5.93
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Fig. 3. Portion of the synchrotron diffraction profiles highlighting the

changes in the cubic 444 reflection with composition. The solid lines are

the fits to the Rietveld method in P21/n for Ba0.4Sr1.6 and Ba0.6Sr1.4 and in

Fm3̄m for Ba1.0Sr1.0 and Ba1.2Sr0.8. The data for Ba0.8Sr1.2 was fitted to a

mixture of the two phases.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

8.15

8.20

8.25

8.30

8.35

8.40

265
270
275
280
285
290
295

x in Ba2-xSrxTbIrO6

La
tti

ce
 P

ar
am

et
er

 (
Å

) 

a
b
c

 V
ol

um
e 

(Å
3 )

Fig. 4. Composition dependence of the lattice parameters and volumes in

the series Ba2�xSrxTbIrO6. For ease of comparison the value for the a and

b-parameters in the monoclinic phase have been scaled by 20.5.
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increase in the effective size of the A-type cation is likely to
reduce the magnitude of the MO6 tilts, in the extreme these
become zero and a transition to a higher symmetry
structure results. Considering the group theoretical analysis
of Howard et al. [18], two possible tetragonal structures
were identified, in I4/m and P4/mnc. Neither of these was
appropriate since they do not allow for splitting of the
(cubic) 444 reflection. Since the transition from P21/n to
tetragonal or cubic must involve a first-order process, the
possibility that the pattern for Ba1.2Sr0.8TbIrO6 resulted
from the coexistence of two phases was considered. A
mixture of P21/n and I4/m was examined and this gave an
acceptable fit although the c/a ratio of the tetragonal phase
was E1 suggesting the second phase may be cubic. An
equally good fit could be obtained using a two-phase
P21=n2Fm3̄m model. These two possibilities cannot be
distinguished with the available data.
Both the tetragonal and cubic models were extensively

tested for the synchrotron X-ray data collected for the
sample with x ¼ 1:0 Ba1.0Sr1.0TbIrO6. The pattern appears
cubic and there is no resolvable splitting of any of the
reflections. The use of the tetragonal model, which requires
three additional variable parameters, did not result in a
noticeable improvement in the quality of the fit and always
gave a c/a ratio of one. Consequently it was concluded that
the structure of this oxide is best described in the cubic
Fm3̄m model. It is possible that a tetragonal phase exists
over a very narrow composition range.
The synchrotron patterns for the remaining eight oxides

were then analyzed assuming space group Fm3̄m. In all
cases the refinements proceeded without event and result-
ing parameters were all physically reasonable. The compo-
sition dependence of the lattice parameters and volumes for
the series Ba2�xSrxTbIrO6 is illustrated in Fig. 4. Two
features should be noted from this figure. Firstly as the
amount of Sr present increases (x increases) the lattice
parameters and volume become progressively smaller. This
is in accord with the smaller ionic radii of Sr2+ compared
to Ba2+ 1.18 vs. 1.35 Å [24]. Secondly there is a sharp
discontinuity near x ¼ 0:35, where the volume rapidly
drops. Either side of this point the volume varies regularly
with composition.
Considering the structures of the two end-members we

observe the average Tb–O and Ir–O distances to be 2.113
and 2.017 Å in Sr2TbIrO6 and 2.222 and 1.970 Å,
respectively, in Ba2TbIrO6. These distances are indicative
of differing valence levels in the two oxides, namely
Tb4+–Ir4+ in Sr2TbIrO6 and Tb3+–Ir5+ in Ba2TbIrO6.
The composition dependence of the bond distances across
the series Ba2�xSrxTbIrO6, illustrated in Fig. 4, shows a
division of the oxides into two classes, those with long
Tb–O and short Ir–O distances indicative of Tb4+–Ir4+



ARTICLE IN PRESS
Q. Zhou, B.J. Kennedy / Journal of Solid State Chemistry 178 (2005) 3589–3594 3593
and those with short Tb–O and long Ir–O distances
indicative of Tb3+–Ir5+. This figure illustrates that by
simply altering the size of the A-type cation it is possible to
induce a valence transition in these oxides (Fig. 5).
The P21/n monoclinic structure arises from the combina-

tion of cation ordering and tilting of the octahedra, the
latter being described in the notation of Glazer [28] as
a�a�cþ; that is, out-of-phase tilting occurs about the [110]p
pseudocubic axes and in-phase tilting occurs about the
[001]p axis. In the tetragonal I4/m model, only out-of-phase
tilting about the [001]p axis is present, a0a0c�, whereas the
cubic Fm3̄m structure has no tilts (a0a0a0). Increasing the
size of the A-type cation will reduce the magnitude of
the tilts altering the M–O–M angles. Ultimately the tilts
will become zero when the relative size of the type of
cations is optimized.
There is no evidence from the diffraction studies for any

ordering of the A-type cations. Give the random distribu-
tion of the the Ba and Sr cations in the solid solutions
Ba2�xSrxTbIrO6 it is clear that there is a critical size for the
A-site cation needed to stabilize each oxidation state. This
is very different to the behavior previously observed in the
related Ba2PrRu1�xIrO6 and Sr2TbRu1�xIrxO6 systems
where the number of d-electrons alters across the transi-
tion. The vast literature on perovskites demonstrates that
as the effective size of the A-type cation increases (see for
example the recent book by Mitchell [16], in this case as the
Ba content increases, the magnitude of the MO6 octahedral
tilting decreases. However, the symmetry of the oxides
immediately above and below the valence transition is the
same and clearly the transition is not influenced by a
change in the MO6 tilting. Changes in the M–O distance
and M–O–M bond angles can alter the orbital overlap. Just
as subtle changes in orbital overlap can induce metal-to-
non-metal transitions in perovskites (e.g. LnNiO3) [25,26]
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Fig. 5. Composition dependence of the average Tb–O and Ir–O bond

distances in the series Ba2�xSrxTbIrO6. The large drop in the Tb–O

distance near x ¼ 0:4 is consistent with an increase in the Tb valence state

from +3 to + 4. Likewise the decrease in the Ir–O distance corresponds

to decease in valence state from +5 to +4.
and in other oxides with structures based on corner sharing
MO6 octahedra including pyrochlores [27] and rutiles, it is
apparent from this work that changes in overlap can induce
valence transitions, even where the bond angles remain the
same. The best indication for a change in the local bonding
network comes from the bond valence sum calculations.
The effective BVS for the A-type cations in the Ba rich
(Tb3+–Ir5+) oxides is 1.9 and this increases to 2.1 in the
Tb4+–Ir4+ oxides. Whilist neither of these values are
unusual the change is suggestive that electronic effects may
be important.
The cause of the volume discontinuity at the valence

transition in these types of double perovskites has been
discussed in some detail previously [11–14]. Simply put the
reduction in the ionic radii [24] associated with the
Tb3+–Tb4+ transition (0.923 vs. 0.76 Å) is much greater
than the increase due to the Ir5+–Ir4+ transition (0.57 vs.
0.625 Å). Hence, the volume of the TbO6 octahedra
decreases by more than the volume of the IrO6 octahedra
increases resulting in an overall reduction in cell volume.
The observation that this discontinuity occurs at a well-
defined composition (near x ¼ 0:35) shows this transition
to be first order.
In conclusion we have observed two types of transitions

in the series Ba2�xSrxTbIrO6 upon altering the Ba:Sr ratio,
the first near x ¼ 0:35 is associated with a Tb–Ir valence
transition that is not associated with any change in space
group symmetry and the second near x ¼ 1:2 is associated
with a symmetry change as a consequence of a zone
boundary instability. This represents a significant advance
on our studies of valence transitions in these types of
oxides, in that in all other systems studied to date it has
been necessary to dope into the perovskite-B sites,
consequently changing the total number of valence
electrons. In the present series the number of valence
electrons remains constant and the transition is driven by
steric factors, most probably changes in the M–O–M
overlap. Although the transition from P21/n to Fm3m

results in a change in the effective coordination number of
the A-type cation from 9 to 12-coordinate this does not
drive the transition. It will be interesting to establish the
temperature and pressure dependence of these two transi-
tions. Like wise detailed band structure calculations would
be illuminating.
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