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We propose a new method, a difference maximum entropy method (MEM) analysis of the neutron

diffraction data, for revealing the detailed structure around hydrogen atoms in proton-conducting

oxides. This MEM analysis uses the differences between the structure factors of protium- and

deuterium-dissolved crystals. Simulations demonstrate that it not only provides the distribution of

hydrogen atoms alone, but also improves the spatial resolution of MEM mapping around hydrogen

atoms. Applied to actual diffraction data of protium- and deuterium-dissolved BaSn0.5In0.5O2.75+a at 9 K,

difference MEM analysis reveals that O–D bonds mostly tilt towards the second nearest oxygen

atoms, and that the distributions of deuterium and oxygen atoms are probably insignificant in

interstitial regions.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

Some perovskite oxides with dopant cations and oxide ion
vacancies absorb water vapor in a humid atmosphere to release
mobile hydrogen ions (protons) into the structure, thereby
becoming proton conductors. BaZr1�xMxO3�x/2, BaCe1�xMxO3�x/2,
and SrCe1–xMxO3–x/2 (M: dopant) are examples of this class of
materials. These materials are not only of fundamental interest,
but also of practical interest because of their potential application
to protonic devices including fuel cells [1].

In previous studies, we performed neutron powder diffraction
experiments on D2O-dissolved BaSn0.5In0.5O2.75 at 10–473 K [2,3],
and D2O-dissolved BaZr0.5In0.5O2.75 at 10 K [4]. Analyzing the data
by the Rietveld method and the maximum entropy method
(MEM), we found that the deuterium atoms were located at, or
close to, the 12h site in the Wyckoff notation of the cubic
perovskite structure (space group Pm3m, see Fig. 1). In other
words, the O–H bond was directed (roughly) along the bisector of
the edges of the adjacent MO6 (M: Sn, Zr, In) octahedra. (We refer
to such a hydrogen site as a bisector site.)

Recently, using neutron powder diffraction, Ahmed et al. [6],
Kendrick et al. [7], and Azad et al. [8] found that hydrogen
ll rights reserved.

agasaki).
atoms occupied the bisector site in BaZr0.5In0.5O3�y at 5 K,
La0.73Ba0.27ScO2.865-0.135(H/D)2O at 4.2 K, and BaCe0.4Zr0.4Sc0.2

O2.90-0.10D2O at 5–500 K, respectively. Some computational
studies [9–16] for similar materials also suggested the bisector
site as a hydrogen atom position. These results indicate that the
occupation of the bisector site by hydrogen atoms is common in
many proton-conducting perovskite oxides.

However, there are still questions about the detailed structure
around hydrogen atoms in BaSn0.5In0.5O2.75+a and BaZr0.5

In0.5O2.75+a, because the results of the Rietveld and MEM analyses
were somewhat inconsistent [2–4]. The Rietveld analysis showed
that the deuterium atoms in BaSn0.5In0.5O2.75+a were located at
the 48n site, slightly off the {100} planes; the O–D bonds tilted
towards the oxygen atoms second nearest to the deuterium
atoms. On the other hand, the MEM analysis using the structure
factors determined by the Rietveld analysis showed that deuter-
ium atoms were distributed around the 12h site on the {100}
planes; there were few, if any, O–D bonds that tilted towards the
second nearest oxygen atoms. In addition, the MEM analysis
yielded small, yet finite, scattering length density between
the normal sites of oxygen and deuterium. It appeared that a
significant number of oxygen and/or deuterium atoms deviated
from their normal sites to be distributed over the interstitial
regions.

Both the O–H tilting suggested by the Rietveld analysis and the
O/H deviation suggested by the MEM analysis can be attributed, at

www.elsevier.com/locate/jssc
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Fig. 1. Hydrogen atoms at the 12h (0, y, 0.5) site of a cubic perovskite oxide ABO3

(space group Pm3m). Our previous studies [2–4] revealed that deuterium atoms in

D2O-dissolved BaSn0.5In0.5O2.75 (10–473 K) and D2O-dissolved BaZr0.5In0.5O2.75

(10 K) are located at, or close to, the 12h site with an O–D distance of 0.9–1.0 Å. We

refer to such a hydrogen site as a bisector site. (The drawings in Figs. 1–3 and 5

were made using the program VESTA [5].)
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least qualitatively, to asymmetric local environments arising from
charged defects such as dopant cations and/or oxygen vacancies
[14,17]. They are often accompanied by the formation of hydrogen
bonds between the hydrogen atoms and the second nearest
oxygen atoms [14]. These hydrogen bonds will help hydrogen
atoms jump between oxygen atoms; on the other hand, they will
hinder the rotation of hydrogen atoms around oxygen atoms. In
other words, they have the opposing effects of enhancing and
suppressing hydrogen diffusion. Thus it is important to elucidate
the detailed structure around the hydrogen atoms to understand
the hydrogen diffusion mechanism.

Recently, MEM has been used to investigate static and dynamic
disorder in ionic conductors [18], and so one might think that the
result of the MEM analysis is more reliable than that of the
Rietveld analysis. However, the results of our MEM analysis
seemed to suffer from the relatively long wavelength (182.3 pm)
of the neutrons used in the experiments [4]. This leads to a lack of
data for a d-spacing less than 90–100 pm and limits the spatial
resolution of the three-dimensional map deduced by MEM for
scattering length density distribution.

The most straightforward approach to improve the spatial
resolution is to use shorter wavelength neutrons. Actually,
neutrons with a wavelength of 116.3 pm are also available at the
diffractometer we used (high resolution powder diffractometer
(HRPD), Japan Atomic Energy Agency). However, their flux density
is an order of magnitude smaller than that of 182.3 pm neutrons,
making experiments using them rather impractical.

Therefore, in the present paper, we propose a new method that
we call difference MEM analysis, which uses the differences
between the structure factors of protium- and deuterium-
dissolved crystals. After describing basic equations for difference
MEM analysis, we demonstrate by simulation that it effectively
improves the spatial resolution of MEM mapping around hydro-
gen atoms as well as provides the distribution of hydrogen atoms
alone. We then apply it to the actual neutron diffraction data of
protium- and deuterium-dissolved BaSn0.5In0.5O2.75+a, and discuss
hydrogen distribution in it.
2. Analysis methods

2.1. Basic equations for difference MEM analysis

Let us consider protium- and deuterium-dissolved, but other-
wise identical, crystals. The structure factors of these crystals are

F1ðhK Þ ¼

Z
V
r1ðrÞexpð2pihK � rÞdr

¼

Z
V
½rHðrÞ þ r

0ðrÞ�expð2pihK � rÞdr; ð1Þ
and

F2ðhK Þ ¼

Z
V
r2ðrÞexpð2pihK � rÞdr

¼

Z
V
½rDðrÞ þ r

0ðrÞ�expð2pihK � rÞdr; ð2Þ

respectively, where rH(r), rD(r), and r0(r) are the neutron
scattering length densities at a point r due to protium atoms,
deuterium atoms and other constituent atoms, respectively; hK is
a reciprocal lattice vector and V means the integration is done
over the unit cell volume. Here we assume that the distributions
of the protium and deuterium atoms are the same, namely

rHðrÞ

bH
¼ ðnHðrÞ ¼ nDðrÞ ¼Þ

rDðrÞ

bD
; ð3Þ

where bH and bD are the respective coherent neutron scattering
lengths of protium and deuterium, and nH(r) and nD(r) are the
respective number densities of protium and deuterium atoms at r.

We define a set of difference structure factors as

DFDðhK Þ �
bD½F2ðhK Þ � F1ðhK Þ�

bD � bH
¼

Z
V
rDðrÞexpð2pihK � rÞdr; ð4Þ

which reflect the scattering length density distribution rD(r) of
deuterium atoms alone. When the structure factors are experi-
mentally determined, errors in the difference structure factors are
evaluated via the error propagation law,

sDðjDFDðhK ÞjÞ �
bD

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s1ðjF1ðhK ÞjÞ�

2 þ ½s2ðjF2ðhK ÞjÞ�
2

q
bD � bH

; ð5Þ

where s(|F(hK)|) are the errors in the structure factors F(hK).
Through MEM analysis of the experimentally determined DFD(hK)
with sD(|DFD(hK)|), we can obtain the scattering length density
distribution of deuterium (hydrogen) atoms alone. We refer to this
procedure as difference MEM analysis.

We define another set of difference structure factors as

DF 0ðhK Þ �
bDF1ðhK Þ � bHF2ðhK Þ

bD � bH
¼

Z
V
r0ðrÞexpð2pihK � rÞdr; ð6Þ

which reflect the neutron scattering length density distribu-
tion r0(r) of constituent atoms excluding hydrogen atoms. Their
errors are

s0ðjDF 0ðhK ÞjÞ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½bDs1ðjF1ðhK ÞjÞ�

2 þ ½bHs2ðjF2ðhK ÞjÞ�
2

q
bD � bH

: ð7Þ

The experimentally determined DF0(hK) and s0(|DF0(hK)|) allow
us to deduce the scattering length density distribution of
constituent atoms excluding hydrogen atoms by MEM
analysis.

Moreover, we can obtain the total scattering length density
distribution as

rD;MEMðr;DFDðhK Þ;sDðjDFDðhK ÞjÞÞ

þ r0MEMðr;DF 0ðhK Þ;s0ðjDF 0ðhK ÞjÞÞ; ð8Þ

where rMEM(r, F(hK), s(|F(hK)|)) is the scattering length density at
r deduced by MEM from the structure factors F(hK) and their
errors s(|F(hK)|)). We refer to this procedure as combined
difference MEM analysis, or simply as difference MEM analysis
in its wider meaning. It should be noted that

rD;MEMðr;DFDðhK Þ;sDðjDFDðhK ÞjÞÞ

þ r0MEMðr;DF 0ðhK Þ;s0ðjDF 0ðhK ÞjÞÞar2;MEMðr; F2ðhK Þ;s2ðjF2ðhK ÞjÞÞ

ð9Þ
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Table 1
Crystal structure parameters and R factors for H2O- and D2O-dissolved

BaSn0.5In0.5O2.75 at 9 K determined by Rietveld analysis.

Sample BaSn0.5In0.5O2.75-0.188H2O BaSn0.5In0.5O2.75-0.188D2O

Space group Pm3m Pm3m

Z 1 1
a (Å) 4.1892(1) 4.1886(1)

Atom Ba Ba

Site 1a 1a

g 1 1

x ( ¼ y ¼ z) 0 0

Uiso (Å2) 0.0163(3) 0.0166(3)

Atom Sn/In Sn/In

Site 1b 1b

g 1 1

x ( ¼ y ¼ z) 1/2 1/2

Uiso (Å2) 0.0087(4) 0.0097(3)

Atom O O

Site 3c 3c

g 0.979a 0.979a

x ( ¼ y) 1/2 1/2

z 0 0

U11 ( ¼ U22) (Å2) 0.0213(4) 0.0230(4)

U33 (Å2) 0.0114(7) 0.0114(5)

Atom H D

Site 12h 48h

g 0.0314a 0.0078a

x 0 0.067(3)

y 0.208(5) 0.285(3)

z 1/2 0.444(3)

Uiso (Å2) 0.062(7) 0.003(4)

dO–H or dO–D (Å) 1.22(2) 0.97(1)

Rwp (%) 3.47 4.59

Re (%) 3.27 4.30

RB (%) 1.18 1.16

RF (%) 0.70 0.72

S (�Rwp/Re) 1.06 1.07

a Determined by thermogravimetry.

T. Nagasaki et al. / Journal of Solid State Chemistry 182 (2009) 2632–26392634
although

DFDðhK Þ þDF 0ðhK Þ ¼ F2ðhK Þ: ð10Þ

In other words, the combined difference MEM analysis and the
ordinary MEM analysis do not yield the same results despite being
based on the same structure factors. As shown later by simula-
tions, the former has higher effective spatial resolution in MEM
mapping around hydrogen atoms. This feature is not found
in ‘‘difference’’ Fourier synthesis, and is the main feature of
difference MEM analysis.

In the above argument, we have assumed that there is no
isotope effect in the hydrogen distribution. However, an isotope
effect does exist in hydrogen vibration. It has been reported
[14,19] that the protium atoms in the proton-conducting pe-
rovskite oxides are bound to oxygen atoms and vibrate at
stretching frequencies corresponding to 2000–4000 cm–1. For
these vibration modes, virtually all the hydrogen atoms are in
the ground state below room temperature because

kT=ð‘oÞt0:151 ð11Þ

even at 300 K; here k is the Boltzmann constant, T the
temperature, o the angular frequency, and _ ¼ h/(2p)
with h being the Planck constant. If we consider the stretching
vibration as one dimensional harmonic oscillation, the root
mean square displacement (RMSD) of the zero-point vibration is
given by

ffiffiffiffiffiffiffiffiffiffiffiffi
/x2S

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
‘=ð2moÞ

q
; ð12Þ

where m is the mass of a hydrogen atom. It follows that the
RMSDs of protium atoms for 2000 cm�1 vibration and deuterium
atoms for 2000/21/2 cm�1 vibration are 9.1 and 7.7 pm, respec-
tively. This difference is likely to be smaller than the
atomic displacement due to the local structural disorder in
BaSn0.5In0.5O2.75 (see the atomic displacement parameters U in
Table 1); thus we could neglect the isotope effect in the hydrogen
distribution resulting from the hydrogen vibration in this
particular case.

2.2. Estimation of the errors in the structure factors

For Rietveld and MEM analyses, we use the programs RIETAN-
FP [20] and PRIMA [21], respectively. RIETAN-FP estimates the
error in the (observed) structure factors as

sðjFðhK ÞjÞ ¼
jFðhK Þj

2

sðIðhK ÞÞ

IðhK Þ

� �2

þ
sðsÞ

s

� �2
( )1=2

¼
jFðhK Þj

2

D2y
IðhK Þ

þ
sðsÞ

s

� �2
( )1=2

; ð13Þ

where I(hK) is the integrated intensity, s(I(hK)) its error based on
counting statistics, s the scaling factor in the Rietveld analysis,
s(s) its error, and D2y the step width in the measurement [22].
The MEM program PRIMA modifies Eq. (13) as

sðjFðhK ÞjÞ ¼
jFðhK Þj

2

1

EIðhK Þ
þ

sðsÞ
s

� �2
( )1=2

ð14Þ

and requires an adjusting factor E to be input [22]. This equation is
equivalent to the following equation using an adjusting factor aE

instead of E,

sðjFðhK ÞjÞ ¼
jFðhK Þj

2

ðaEÞ
2D2y

IðhK Þ
þ

sðsÞ
s

� �2
( )1=2

ð15Þ
if we define aE as aE � 1=
ffiffiffiffiffiffiffiffiffiffiffiffi
ED2y
p

. The meaning of aE is simple; it
makes the estimated error in the integrated intensity aE times as
large as the purely statistical value. When analyzing the
experimentally determined structure factors with PRIMA, the
parameter aE must often be larger than unity to make
the calculation converge and to provide a physically reasonable
distribution.
2.3. Simulation of (difference) MEM analysis

We simulate the MEM analysis of D2O-dissolved BaSn0.5In0.5

O2.75 to examine the effect of the d-spacing cut-off on the spatial
resolution of MEM mapping. The simulation procedure is as
follows.

First, the diffraction pattern for a model crystal structure is
calculated using RIETAN-FP. The maximum count is set to 104, a
typical value in neutron diffraction experiments. Then the
simulated data are analyzed using RIETAN-FP with the scaling
factor being the only fitting parameter. The purpose of this
procedure is simply to estimate the statistical errors in the
structure factors. Finally, the neutron scattering length density
distributions are deduced from the structure factors and their
errors using MEM for various values of the d-spacing cut-off.

We also simulate the difference MEM analysis of H2O-
and D2O-dissolved BaSn0.5In0.5O2.75 to see how it works. The
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simulation procedure is basically the same as described above.
The neutron scattering length density distributions are deduced
from the differences in the structure factors of H2O- and D2O-
dissolved BaSn0.5In0.5O2.75 and their errors.
3. Experimental methods

3.1. Sample preparation

The BaSn0.5In0.5O2.75 samples were prepared by the solid-state
reaction of BaCO3 (99.99% pure, Rare Metallic Co., Japan), SnO2

(99.99% pure, Kojundo Chemical Laboratory Co., Japan), and In2O3

(99.99% pure, Rare Metallic Co.) powders. These raw materials
were mixed with an agate mortar, pressed into pellets and heated
at 1473 K for 20 h in air. They were ground to powder, pressed into
pellets again and heated at 1673 K for 40 h in air and for 5 h in dry
oxygen flow.

X-ray diffraction (RINT2200, Rigaku Co., Japan) indicated that
the final product consisted of a single perovskite phase. Then the
BaSn0.5In0.5O2.75 powder was heated with a thermobalance at
1273 K in dry oxygen flow to remove absorbed water, and
subsequently at 573 K in wet oxygen flow saturated with H2O
vapor at 323 K or D2O vapor at 327 K. The amount of protium and
deuterium uptake into the samples was determined to be 0.3768
H atom and 0.3761 D atom per Ba atom, respectively, assuming
the increase in the sample mass to be due solely to the reaction,

H2O+VO
dd+OO

�-2OHO
d . (16)

3.2. Neutron diffraction

The samples were loaded into 10-mm-diameter vanadium
cylindrical cells and fixed within aluminum airtight containers for
a cryostat in helium atmosphere. Their neutron powder diffraction
data were collected at 9 K, with D2y of 0.051, using high resolution
powder diffractometer installed at the Japan Research Reactor 3M
of the Japan Atomic Energy Agency. The wavelength of the
incident neutrons was 182.3 pm.
4. Results and discussion

4.1. Simulation of (difference) MEM analysis

Figs. 2(a1)–(a3) are isosurface representations of the three-
dimensional distribution of the neutron scattering length density
in a model structure, i.e., BaSn0.5In0.5O2.75-0.188D2O that has
the crystal structure parameters given in Table 1. They have 48
spherical areas at the positions where deuterium atoms have been
placed.

Figs. 2(b)–(f) show the distribution r2,MEM deduced by
ordinary MEM analysis from the structure factors of the model
structure and their simulated errors. When structure factors for a
d-spacing larger than 60 pm are used in the MEM analysis, the
resulting distribution has 24 bimodal areas around the original
deuterium positions. As the d-spacing cut-off increases, the
bimodal areas shrink into unimodal areas around the 24l (�0.07,
�0.3, 0.5) sites. The areas are then drawn towards the areas
attributable to oxygen atoms, and finally merge into them. When
the d-spacing cut-off is equal to or greater than 90 pm, the
deuterium areas are centered at the 12h (0, �0.3, 0.5) sites on
the {100} planes, forming lobes of the merged areas. Although the
structure considered here is just an example, the above results
clearly demonstrate that the spatial resolution of the MEM
mapping deteriorates with increasing d-spacing cut-off. In
particular, deformation of the deuterium areas is significant
probably because they are located close to the oxygen areas,
which have much higher scattering length densities.

Figs. 2(g)–(k) show the distribution rD,MEM deduced by
difference MEM analysis. It corresponds to the distribution of
deuterium atoms alone. More notable are Figs. 2(l)–(p), which
show the distribution rD,MEM+r0MEM deduced by combined
difference MEM analysis. When the d-spacing cut-off is less than
or equal to 80 pm, 24 bimodal areas appear around the original
deuterium position. When the d-spacing cut-off is equal to or
greater than 90 pm, the deuterium areas connect across the {100}
planes. However, even when the d-spacing cut-off is 100 pm, the
deuterium areas are clearly separated from the oxygen areas and
located mostly off the {100} plane. The combined difference MEM
analysis improves the separation between the distributions of
atoms, especially of hydrogen and oxygen atoms; it effectively
enhances the spatial resolution of MEM mapping.

The above results do not mean that difference MEM analysis is
effective only when the d-spacing cut-off is greater than 80 pm.
The effectiveness of difference MEM analysis depends on the
hydrogen concentration as well as the d-spacing cut-off. Fig. 3
compares the ordinary and difference MEM analyses with a
d-spacing cut-off of 60 pm for BaSn0.5In0.5O2.75-0.048D2O that has
the same crystal structure as the BaSn0.5In0.5O2.75-0.188D2O
except site occupancies. Since the hydrogen concentration is
lower and consequently the relative errors in DFD(hK) are larger,
the maps in Fig. 3 have lower spatial resolution than their
counterparts in Fig. 2. In this case, despite the small d-spacing cut-
off of 60 pm, the combined difference MEM analysis has definitely
higher spatial resolution than the ordinary MEM analysis. Short
wavelength neutrons generally improve the spatial resolution of
MEM mapping, but yet difference MEM analysis sometimes
improves it further.

It should be noted that the tendency of the neighboring areas
to connect and merge is common in the ordinary and combined
difference MEM analyses. In the combined difference MEM
analysis, however, we locate hydrogen atoms and oxygen atoms
in separate MEM calculations. In other words, they are not
neighboring during the MEM calculations. That seems to be the
reason why the combined difference MEM analysis drastically
improves the separation between hydrogen and oxygen atoms.

For comparison, we also carry out Fourier synthesis of the
structure factors. Figs. 2(q)–(u) show the scattering length density
distribution in BaSn0.5In0.5O2.75-0.188D2O obtained from the
structure factors F2(hK). The termination ripples are so large that
they completely mask the distribution attributable to the
deuterium atoms. Figs. 2(v)–(z) show the scattering length
density distribution of deuterium atoms alone obtained from
the difference structure factors DFD(hK). The termination ripples
diminish and the areas attributable to deuterium atoms are
clearly seen in the distribution. These maps are similar to those
of difference MEM analysis with larger d-spacing cut-offs.
However, calculating the difference in structure factors is not
essential in Fourier synthesis because calculating the difference in
structure factors followed by Fourier synthesis and calculating the
difference in distributions after Fourier synthesis give identical
results,

rD;FSðr;DFDðhK ÞÞ ¼
bD½r2;FSðr; F2ðhK ÞÞ � r1;FSðr; F1ðhK ÞÞ�

bD � bH
: ð17Þ

Here rFS(r, F(hK)) is the scattering length density at r Fourier-
synthesized from the structure factors F(hK). It should also be
stressed that, unlike the MEM analysis, ‘‘combined difference’’
Fourier synthesis yields the same distribution as ordinary
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 model structure

a2 a3   a1

D alone (0.8 fm/Å3) (0.8 fm/Å3)  D alone (0.5 fm/Å3)

d cut-off ordinary MEM difference MEM combined difference MEM ordinary FS difference FS 
 [pm] (0.8 fm/Å3) (0.8 fm/Å3) (0.8 fm/Å3) (±2.0 fm/Å3) (0.5 fm/Å3)

 60

b g l q v

 70

c h m r w

 80

d i n s x

 90

e j o t y

 100

f k p u z

(0.45 fm/Å3)

Fig. 2. Simulation of the effect of the d-spacing cut-off on the spatial resolution of MEM mapping and Fourier synthesis (FS) mapping for a model structure:

BaSn0.5In0.5O2.75–0.188D2O with the structure parameters given in Table 1. Isosurface representations of: (a1)–(a3) the neutron scattering length density distribution in the

model structure (isosurfaces at 0.8 or 0.5 fm/Å3), (b)–(f) the distributions deduced by ordinary MEM analysis for various d-spacing cut-offs (0.8 fm/Å3), (g)–(k) the

distributions of deuterium atoms alone deduced by difference MEM analysis (0.8 fm/Å3), (l)–(p) the distributions corresponding to (b)–(f) deduced by combined difference

MEM analysis (0.8 fm/Å3), (q)–(u) the distributions deduced by FS (72.0 fm/Å3), where yellow and cyan surfaces indicate positive and negative areas, respectively, and

(v)–(z) the distributions of deuterium atoms alone deduced by difference FS (0.5 fm/Å3).

T. Nagasaki et al. / Journal of Solid State Chemistry 182 (2009) 2632–26392636
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Fig. 3. Comparison of the ordinary and difference MEM analyses with a d-spacing

cut-off of 60 pm for BaSn0.5In0.5O2.75-0.048D2O; isosurface representations of: (a)

the neutron scattering length density distribution in the model structure, (b) the

distribution deduced by ordinary MEM analysis, and (c) the distribution deduced
3

Fig. 4. Neutron diffraction patterns of: (a) BaSn0.5In0.5O2.75-0.188H2O and (b)

BaSn0.5In0.5O2.75-0.188D2O at 9 K, together with their Rietveld fittings; the lower

parts are magnifications of the upper parts. The crosses represent the observed

patterns and the upper gray (red) solid lines represent the Rietveld fits to them.

The lower solid lines represent the differences between the observed and

calculated patterns. The short vertical lines mark the positions of possible Bragg

reflections.
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Fourier synthesis,

rD;FSðr;DFDðhK ÞÞ þ r0FSðr;DF 0ðhK ÞÞ ¼ r2;FSðr; F2ðhK ÞÞ: ð18Þ

Thus, it is very difficult to prove or disprove minor distribution of
atoms in interstitial regions by Fourier synthesis.

4.2. Analysis of the actual diffraction data

The neutron powder diffraction patterns obtained are shown in
Fig. 4. Only reflections allowed by the cubic perovskite structure
(space group Pm3m) were observed. The diffraction angles of the
D2O- and H2O-dissolved samples were the same, whereas their
diffraction intensities were different. Since protium atoms have a
large incoherent scattering length, the background for the H2O-
dissolved sample was considerably high.

Another feature of the diffraction patterns was the modulated
diffuse background. The standard background function embedded
in RIETAN-FP, a finite sum of Legendre polynomials [22], could not
reproduce such a complex background satisfactorily. Therefore,
we divided the diffraction patterns into three parts, and fit the
data for each part separately using RIETAN-FP to estimate the
background. We then analyzed all of the data at once, using
the composite background function embedded in RIETAN-FP. This
function is the product of the estimated background and Legendre
polynomials modifying it [22], and could fit the observed back-
ground very well.

The results of the Rietveld analysis are summarized in Table 1.
For the D2O-dissolved sample, the refinement located the
deuterium atoms at the 48n site slightly off the {100} planes.
The structure parameters were close to those for D2O-dissolved
BaSn0.5In0.5O2.75+a at 77 K and room temperature [3]. For the H2O-
dissolved sample, on the other hand, the refinement located the
protium atoms at the 12h site on the {100} planes—even when it
was started with protium atoms at the 48n site.

The atomic displacement parameters were very large for Ba,
Sn/In, and O. Since the measurement temperature was very low
(9 K), the large displacement is unlikely to be caused by the
thermal vibration or dynamic disorder of constituent atoms.
Table 2 summarizes the atomic displacement parameters U

determined for BaSn1�xInxO3�x/2 and BaZr1�xInxO3�x/2 by
neutron powder diffraction. It is seen that indium doping
increases all the atomic displacement parameters and that
water dissolution further increases the atomic displacement
parameters of metal atoms. In these heavily doped and water
dissolved perovskite oxides, constituent atoms probably deviate
from their normal (averaged) sites because of considerable defects
such as dopant atoms, oxygen vacancies and hydrogen atoms. The
modulated diffuse backgrounds in the diffraction patterns
observed in the present experiment also support the presence of
structural disorder.

by combined difference MEM analysis (isosurfaces at 0.1 fm/Å ).
It should be reminded here that protium atoms have a
coherent neutron scattering cross section only one third of that
of deuterium atoms as well as a very large incoherent neutron
scattering cross section. These facts mean that the structure
parameters of protium atoms determined by the Rietveld analysis
are less reliable than those of deuterium atoms. Actually the
protium site determined gives an O–H distance of 1.2 Å, which is
longer than a typical value (1.0 Å) and might imply that the
protium site is erroneous. We therefore cannot conclude that the
protium site is really different from the deuterium site.

If, for any reason, the distributions of deuterium and protium
atoms are not the same, i.e., nD(r)anH(r), and the distributions of
other atoms are the same, Eq. (4) should be rewritten as

DFDðhK Þ ¼

Z
V

bDðbDnDðrÞ þ jbHjnHðrÞÞ

bD þ jbHj

� �
expð2pihK � rÞdr: ð19Þ

The equation in the square brackets represents the scattering
length of deuterium atoms times the weighted arithmetic average
of deuterium and protium distributions. On the other hand, Eq. (6)
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Table 2
Atomic displacement parameters U of BaSn1�xInxO3�x/2 and BaZr1�xInxO3�x/2 determined by neutron powder diffraction. Note that heavily doped and water dissolved

materials have large atomic displacement parameters even at very low temperature.

Material Temp. 102Uiso(Ba) (Å2) 102Uiso(Sn/In) (Å2) or

102Uiso(Zr/In) (Å2)

102U11(O) (Å2) 102U33(O) (Å2) 102Uiso(O) (Å2) or

102Ueq(O) (Å2)

Ref.

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet

BaSnO3 RT 0.35(2) – 0.20(2) – 0.71(1) – [23]

BaSn0.5In0.5O2.75-0.188H2O 9 K – 1.63(3) – 0.87(4) – 2.13(4) – 1.14(7) – 1.80(3) This work

BaSn0.5In0.5O2.75-0.188D2O 9 K – 1.66(3) – 0.97(3) – 2.30(4) – 1.14(5) – 1.91(3) This work

BaSn0.5In0.5O2.75 [-0.076D2O] 10 K 0.66(3) 2.08(6) 0.34(3) 1.03(5) 2.28(4) 2.24(7) 0.55(6) 1.02(8) 1.70(3) 1.83(4) [2]

BaSn0.5In0.5O2.75 [-0.105D2O] 77 K 0.84(3) 2.01(5) 0.62(3) 1.15(5) 2.51(4) 2.51(7) 0.72(5) 0.86(7) 1.91(3) 1.96(4) [3]

BaSn0.5In0.5O2.75 [-0.105D2O] RT 1.27(3) 2.33(6) 0.99(4) 1.38(5) 2.98(4) 2.78(8) 1.08(5) 1.02(7) 2.35(3) 2.19(4) [3]

BaSn0.5In0.5O2.75 [-0.105D2O] 473 K 1.75(5) 2.82(9) 1.38(5) 2.21(9) 3.60(5) 3.93(10) 1.37(6) 1.63(10) 2.86(3) 3.16(6) [3]

BaZrO3 [D2O] 10 K 0.11(4) 0.10(3) 0.18(3) 0.14(3) 0.30(3) 0.33(3) [24]

BaZr0.75In0.25O2.875 [D2O] 10 K 0.13(4) 0.27(5) 0.24(4) 0.29(4) 0.80(3) 0.71(3) [24]

BaZr0.50In0.50O2.75 [D2O] 10 K 0.61(8) 1.23(13) 0.54(6) 0.47(11) 1.47(5) 1.48(6) [24]

BaZr0.5In0.5O2.75 [-0.10D2O] 10 K 0.54(3) 0.85(8) 0.31(3) 0.37(9) 2.30(4) 2.21(12) 0.46(4) 0.15(9) 1.69(2) 1.52(6) [4]

BaZr0.5In0.5O3�y RT 1.33(4) – 1.07(3) – 3.35(4) – 1.15(6) – 2.62(3) – [6]

BaZr0.5In0.5O2.5(OD)x 5 K – 1.97(4) – 1.23(4) – 3.1(1) – 1.1(1) – 2.4(1) [6]

Fig. 5. The neutron scattering length density distributions in BaSn0.5In0.5O2.75-0.188D2O at 9 K deduced from the observed diffraction data by MEM analysis: (a) three-

dimensional isosurface map by ordinary MEM analysis (isosurfaces at 0.8 fm/Å3), (b) three-dimensional isosurface map by combined difference MEM analysis (isosurfaces

at 0.8 fm/Å3), and (c) two-dimensional contour map at z ¼ 0.28 by combined difference MEM analysis (0.25 fm/Å3 contour interval).
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should be rewritten as

DF 0ðhK Þ ¼

Z
V

bDjbHjðnDðrÞ � nHðrÞÞ

bD þ jbHj
þ r0ðrÞ

� �
expð2pihK � rÞdr: ð20Þ

The extra term in the square brackets represents the harmonic
average of the scattering lengths times half the difference in
deuterium and protium distributions. The difference nD(r)�nH(r)
can be negative and thereby the equation in the brackets can also
be negative in interstitial regions where r0(r)E0. The program
PRIMA can deal with negative distribution correctly only when
the distributions of atoms with positive and negative scattering
lengths virtually do not overlap with each other [22]. In the
present case, the protium distribution is unknown, of course, but
it is likely to overlap considerably with the deuterium distribu-
tion. Therefore, in the difference MEM analysis, we assumed that
the scattering length density for Eq. (20) was positive throughout
the unit cell. Note that this assumption prohibits negative areas or
protium-dominated areas in the obtained scattering length
density distribution.

Finally, we present the neutron scattering length density
distribution in BaSn0.5In0.5O2.75-0.188D2O deduced by MEM
analysis; for the analysis, we used the structure factors and the
errors in them determined by Rietveld analysis for d-spacing less
than 98 nm. Fig. 5(a) shows the distribution obtained by ordinary
MEM analysis with an adjusting factor aE of 1. The areas
attributable to deuterium atoms are clearly seen and connected
with the areas attributable to oxygen atoms. It appears as if some
deuterium and/or oxygen atoms were distributed between their
normal sites. On the other hand, Fig. 5(b) shows the distribution
obtained by combined difference MEM analysis. Actually we had
to set the adjusting factor aE to 2 for sD(|DFD(hK)|) and 6 for
s0(|DF0(hK)|) to obtain that distribution. This imposed larger errors
on the structure factors during the MEM calculation, and should
have smoothed out the obtained MEM map to some extent.
Nevertheless, the areas attributable to protium/deuterium atoms
have their maxima off the {100} planes. These maxima must be
due to deuterium atoms because in the preceding Rietveld
analyses, the deuterium atoms were located off the {100} planes
while the protium atoms were located on the {100} planes. In
other words, most of the O–D bonds must tilt towards the second
nearest oxygen atoms. Moreover, the areas attributable to
protium/deuterium atoms are clearly separated from those
attributable to oxygen atoms. The non-zero scattering length
densities in the interstitial regions of Fig. 5(a) do not necessarily
indicate that deuterium and/or oxygen atoms are located there.
More probably, they are artifacts.

Such artifacts or ‘‘apparent’’ atomic distributions can be caused
by insufficient spatial resolution of the MEM mapping as
demonstrated by the simulation. They are sometimes similar in
shape to expected ‘‘real’’ structural disorders, which means that it
is not necessarily easy to distinguish between apparent and real
distributions. We must be very careful when trying to reveal
structural disorder using a MEM map.



ARTICLE IN PRESS

T. Nagasaki et al. / Journal of Solid State Chemistry 182 (2009) 2632–2639 2639
5. Conclusions

Difference MEM analysis of the neutron powder diffraction
data of H2O- and D2O-dissolved BaSn0.5In0.5O2.75 indicates that
the O–D bonds mostly tilt towards the second nearest oxygen
atoms. The large atomic displacement parameters and modulated
diffuse background strongly suggest that there is local structural
disorder in water-dissolved BaSn0.5In0.5O2.75. However, no sig-
nificant scattering length densities are seen in the interstitial
regions of the difference MEM map; the non-zero scattering
length densities in the interstitial regions of the ordinary MEM
map are probably artifacts.

The present study demonstrates that difference MEM analysis
is effective in revealing the structure around hydrogen atoms in
that it effectively enhances the spatial resolution of MEM
mapping. With diffraction data for shorter wavelength neutrons
at elevated temperatures, difference MEM analysis could reveal
dynamic disorder and shed some light on the hydrogen diffusion
pathways in proton-conducting oxides. In addition, difference
MEM analysis can theoretically be applied to other pairs of
isotopes although it seems to be most effective for protium and
deuterium in oxides because their neutron scattering lengths are
considerably different and because the interatomic distances
between hydrogen and oxygen are small.
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