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ABSTRACT. Depending on the synthesis route, the oxygen ion electrolyte Sr2ScGaO5 shows 

two polymorphs, the brownmillerite and the cubic perovskite framework. In order to better 

explore oxygen diffusion pathways and mechanisms, we report here on a multi-technical 

approach to characterize local structural changes for Sr2ScGaO5 polymorphs as a function of 
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temperature, using neutron pair distribution function (PDF) analysis together with the extended 

X-ray absorption fine structure (EXAFS) analysis. While for the brownmillerite type structure 

PDF and Rietveld refinements yield identical structural descriptions, considerable differences 

are found for the cubic oxygen deficient polymorph. On a local scale a brownmillerite type 

vacancy structure could be evidenced for the cubic phase, suggesting a complex short-range 

ordering and respective microstructure. Both PDF and EXAFS data confirm an octahedral and 

tetrahedral coordination for Sc and Ga respectively, at a local scale for both polymorphs. 

Related changes in the bond distances and oxygen vacancy ordering are discussed. 

 

1. Introduction 

Oxygen deficient perovskite oxides have been extensively investigated in the last decades 

because of their rich chemistry, structural complexity, interesting properties and applications, 

such as ionic conductors, oxygen sensor or electrocatalysts.1-8 From the basic perovskite 

framework, various structure types can be derived, which show different oxygen vacancy 

ordering or structural distortions. The release of one-sixth of all the oxygen atoms along the 

[110] direction of the cubic perovskite yields the brownmillerite type structure, with the general 

formula A2BB'O5. Its structure consists of alternating octahedral (O) and tetrahedral (T) layers, 

while the formation of empty 1D oxygen vacancy channels along the [100] direction (see 

Figure 1) implies an orthorhombic symmetry. The related cell parameters with respect to the 

parent perovskite parent structure are: abrown ≅ aperov√2, bbrown ≅ 4aperov, and cbrown ≅ aperov√2. 

The attribution of the space group remains often ambiguous due to subtle structural changes 

and it becomes difficult to differentiate between different types of tetrahedral chain ordering 

and respective space group symmetries Pnma, Imma and I2mb. Associated structural 
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differences are however important when it comes to interpret their potential for oxygen ion 

conductivity, since Pnma and I2mb result in ordered (BO4)∞-tetrahedral chains, while Imma 

yields an average and disordered orientation, which can be static or dynamic. More complex 

ordering of the tetrahedral chain ordering has been reported essentially related to charge 

ordering phenomena e.g. in manganites, comprising different twist orientations of the 

tetrahedral chains inside and between tetrahedral layers.9, 10 

Some oxides with brownmillerite type structure, such as SrFeO3-x or SrCoO3-x, show oxygen 

mobility down to room temperature,11-13 making them an attractive class of compounds for 

many technologically important applications in the field of solid state electrolytes, and more 

specifically for membranes in solid oxide fuel cells (SOFC).  

We have recently reported on oxygen diffusion mechanisms in a new oxygen deficient 

perovskite, Sr2ScGaO5, containing exclusively open or closed shell B-cations.14-17 Due to the 

fixed valence of Sc and Ga the phase is stoichiometric with respect to oxygen and adopts the 

brownmillerite structure type (space group I2mb) when synthetized with standard solid-state 

reaction conditions (1200°C). This structure shows an ordered arrangement of ScO6 

octahedral layers alternating with GaO4 tetrahedral layers, the latter containing 1D-(GaO4)-

zigzag chains. Combining neutron powder and synchrotron diffraction, a second order phase 

transition from I2mb to Imma has been evidenced at 300 °C, implying an order/disorder 

transition of the 1D (GaO4) tetrahedral chains.14 

Brownmillerite-type Sr2ScGaO5 transforms above 1400°C into a cubic oxygen deficient 

perovskite, which retains the cubic symmetry down to room temperature even when applying 

slow furnace cooling.15 The existence of this cubic Sr2ScGaO5 phase, with improved oxygen 

ions conduction, probably related to the 3D perovskite framework and to the related diffusion 

pathways16, should be considered a key point for the study of stoichiometric ABO2.5 oxygen 

electrolytes. 
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Structural investigations by powder and single crystal diffraction showed large anisotropic 

disk shaped oxygen displacement factors in this new cubic oxygen deficient Sr2ScGaO5 

perovskite.16 Together with the fact that Raman studies indicated deviations from the average 

cubic symmetry, suggesting the formation of ScO6 and GaO4 polyhedra, it is evident that 

oxygen vacancy ordering on a local scale is present. 

In this regard, some recent studies have shown that there are oxygen deficient perovskites 

with a large degree of short range order so that the local structure can be very different from 

the average structure.10, 18-22  

Local scale structural information is however important to understand the underlying 

activation energy and diffusion pathways of the oxygen atoms in these systems. To further 

investigate the local structure, a neutron pair distribution function (PDF) analysis together 

with the extended X-ray absorption fine structure (EXAFS) analysis were carried out on both 

SSGO polymorphs. We were in particular interested to carry out complementary EXAFS 

studies at the Ga-edge allowing to discriminate selectively the coordination of the Ga atoms 

and respective displacements of the coordinating oxygen atoms. Both methods are highly 

complementary since EXAFS is selectively proving the Ga environment on a very local scale, 

generally the first few coordination shells, while neutron PDF explore different length scales 

with very different scattering lengths for Sc (bcoh = 12.29 fm) and Ga (bcoh = 7.288 fm).23 

Moreover, neutrons are relatively more sensitive to low Z atoms, i.e. oxygen, allowing to 

determine its position with high accuracy. 
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Figure 1. (a) Disordered perovskite and (b) brownmillerite structures. The disordered 

perovskite structure consists of a network of corner-sharing octahedra with oxygen vacancies 

randomly occupying the corner sites, whereas in brownmillerite, the oxygen vacancies form 

layers of alternating octahedral (O) and tetrahedral (T) chains. On the right, different 

orientations of the (BO4)∞-tetrahedral chains are shown, giving different possible space groups 

in brownmillerite type frameworks. Full ordering is achieved for both I2mb and Pnma space 

groups, while a superposition of both arrangements results, on an average scale, into split 

positions for the BO4 tetrahedra, described within the Imma space group. 

 

2. Experimental 

Synthesis 

Polycrystalline Sr2ScGaO5 compounds were prepared by classical solid-state chemistry 

synthesis at high temperature. High purity SrCO3 (99,995%, ALDRICH), Ga2O3 (99,99%, 

ALDRICH) and Sc2O3 (REacton 99,99% REO, ALFA AESAR) were thoroughly mixed and 

heated in air at 1200°C for 48 h, with intermediate grinding, to obtain the brownmillerite 

phase (BM-SSGO in the following). Cubic phase (C-SSGO in the following) has been 
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obtained by heating the brownmillerite counterpart at 1500°C for several hours and then 

furnace cooling (about 5 °C/min) down at room temperature. 

Neutron PDF Diffraction  

Neutron total scattering data for both compounds was collected on the disorder materials 

diffractometer D4c at ILL (Grenoble, France) with an incident neutron wavelength  = 

0.4989 Å, covering a Q range between 0.35 and 23.6 Å-1, at different temperatures below and 

above the phase transition, i.e. RT, 250°C; 350°C, 450°C, 550°C, 650°C, 750°C, 850°C. 

The reduction and merging of the raw neutron data to obtain the pair distribution function 

G(r) was carried out using a software procedure developed at D4c. The fitting of the G(r) was 

performed using the program PDFgui, a small-box modelling real-space 'Rietveld' refinement 

program.24, 25  

EXAFS 

X-ray absorption spectroscopy (XAS) measurements at Ga K edge (10367 eV) were 

performed at beamline Spline BM25 of the European Synchrotron Radiation Facility (ESRF, 

Grenoble, France). The white beam was monochromatized by Si(111) double crystal 

monochromator and the harmonic rejection was performed by two silicon mirrors. Spectra were 

acquired in transmission configuration by ion chambers. The powder samples were hosted 

inside a reactor cell for in situ experiment in form of self-supported pellet with optimized X-

rays path. Both samples, BM-SSGO and C-SSGO, were measured from RT up to 650°C at 

several temperatures and at least three spectra for each temperature were collected.  

The extended X-ray absorption fine structure (EXAFS) region was acquired up to a 

photoelectron wave vector k = 15 Å-1 , while the range used in the data analysis is reported in 

the note of the Tables where the quantitative results are summarized.  
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Data reduction and analysis were performed by IFEFFIT package, phase and amplitudes of 

EXAFS signal for fit procedure were calculated by FEFF6 starting from the structural model.26 

The spectra collected at increasing temperature were analyzed by co-refinement fit strategy in 

order to reduce the number of free parameters and minimize the correlation across them.  

 

3. Results 

3.1 PDF analysis 

Figure 2a-b shows the experimentally obtained neutron pair distribution functions G(r) for 

both SSGO phases, the cubic perovskite (C-SSGO) and the orthorhombic brownmillerite 

(BM-SSGO), as a function of the temperature, on the 0.5 – 30 Å distance range.  

In the view of the very different XPD patterns (see Figure S1), it is somehow intriguing to see 

the resemblance of both phases on a local length scale up to 8 Å, while above this value 

significant differences become directly evident.  
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Figure 2: Experimentally obtained G(r) data for (a) cubic (C-SSGO) and (b) orthorhombic 

(BM-SSGO) Sr2ScGaO5 as collected at different temperatures (RT, 250°C, 350°C, 450°C, 

550°C, 650°C, 750°C, 850°C). 

 

3.1.1 Orthorhombic phase 

The average brownmillerite–type structure of Sr2ScGaO5 (BM-SSGO), as determined by 

neutron powder diffraction, is described in the I2mb space-group at ambient temperature, (a = 

5.6971(1) Å, b (Å) = 15.1295(2) Å, c (Å) = 5.9074(1) Å), showing complete ordering of Sc3+ 

and Ga3+ on octahedral and tetrahedral sites, respectively, while all the (GaO4)∞-tetrahedral 

chains are completely ordered. Above 300°C these chains become disordered and the space 

group turns into Imma.14 We note that the structural changes between I2mb and Imma are 

very subtle also because the conditions for reflections are identical in both cases. The 

symmetry relations result, however, into a different coordination for the ScO6 octahedra: for 

Imma the coordination of Sc shows two symmetry equivalent oxygen atoms, while in three 

distinct oxygen sites exist for I2mb. For Ga atoms, 3 crystallographic different oxygen 
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positions are present for both space groups (see Figure 3). Thus, the difference given by the 

coordination of the ScO6 octahedra would also allow to revisit here discussions of the 

structural changes through the phase transition on a more local level.  

 

Figure 3: Schematic view of ScO6 octahedra and GaO4 tetrahedra in the Sr2ScGaO5 average 

brownmillerite–type structure as obtained from NPD refinements and corresponding bond 

lengths for the I2mb and Imma space group.14 In the Imma space group, Ga is in a split 

position but here for sake of clarity we considered only one position.  

 

The BM-SSGO neutron PDF was fitted using both models over different r-ranges, using the 

PDFgui software (Table 1). In the low r-space (0.5 Å ≤ 𝑟 ≤ 7 Å) the PDF data nicely fit for 

the I2mb symmetry (fitting residuals Rw around 6%) for all explored temperatures (30℃ ≤

𝑇 ≤ 850℃), which is not really the case for refinements in Imma. Even above the structural 

phase transition, where Imma is supposed to be the correct description, the fit results are by 

far less satisfactory compared to the fitting in I2mb (see Table 1). Moving away from the 

short-range distance, i.e. for 𝑟 ≥ 7 Å, where the PDF data result in a more averaged 

description, refinements in Imma and I2mb become very close in quality and almost 

indistinguishable at higher temperatures. The important message is therefore that on a very 
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local scale, the structure of the brownmillerite Sr2ScGaO5 phase is better described by the 

lower symmetry I2mb, independently of the temperature.  

 

Table 1: Fitting residuals (Rw)* of the PDF refinements of the orthorhombic BM-SSGO over 

different r-ranges with two structural models (I2mb and Imma), at the different measuring 

temperatures. 

 
Rw (%)  

for 0.5 < r < 7 Å 

Rw (%)  

for 7 < r < 30Å  

             Space Group 

Temperature  

I2mb Imma I2mb Imma 

RT 6.0 20.0 12.0 15.0 

250 °C 7.0 18.0 14.0 15.0 

350 °C 7.6 17.0 14.6 14.0 

450 °C 7.1 17 14.6 14.0 

550 °C 6.5 16 14.5 14.0 

650 °C 6.2 14.0 15.0 14.0 

750 °C 6.1 15.0 15.1 14.1 

850 °C 6.5 15.2 16.0 15.0 

*The weighted R-value is calculated as follows: 𝑅𝑤 = {
∑ 𝑤𝑖(𝐺𝑖

𝑜𝑏𝑠−𝐺𝑖
𝑐𝑎𝑙𝑐)

2

∑ 𝑤𝑖(𝐺𝑖
𝑜𝑏𝑠)

2 }

1/2

, where 𝐺𝑖
𝑜𝑏𝑠 and 𝐺𝑖

𝑐𝑎𝑙𝑐  are the 

experimental and calculated PDFs, respectively, and wi are the weighting factors. 

 

As an example, the fitting results of the RT data of BM-SSGO over the whole r-range 

considering the I2mb space group, are shown in Figure 4. Attempts to fit the whole data in 

Imma lead to refinements with significant differences between the experimental and 

calculated data (see Fig. S2). The fit quality for the 7 Å  r  30 Å data yielded a reliability 
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factor Rw = 15.0%, while the data for r  7 Å yielded a value of Rw = 20.0%, presenting a 

significant difference compared to 12.0% and 6.0% using I2mb. All structural parameters 

obtained at room temperature are listed in Table S1 and compared to structural refinements 

by the Rietveld method previously reported.14 It should be noted that both methods, the PDF 

and Rietveld refinements in I2mb, yield analogous results, also suggesting that the two 

structural approaches are fully comparable.  

It thus becomes clear that below the phase transition the structure corresponds to an oxygen 

ordered brownmillerite adapting the space group I2mb, at long and local length scale, which 

is however contradictory to what is reported in ref.27.  

For temperature above 300 °C, the PDF analysis of the diffraction data does not permit to 

distinguish between the Imma and I2mb space group at longer length scale, while the I2mb 

symmetry is retained on a local level for the whole temperature range (Table 1). This is 

illustrated in Figure S3 showing the PDF-refinement at 550 °C using the I2mb and Imma 

model in the short (0.5 Å  r  7 Å) and average-long distance range r  7 Å, respectively.  

The evolution of the lattice parameters as well as the isotropic displacement factors Uiso, as 

obtained by PDF refinements at longer length scales are given as a function of temperature in 

Table S2 and Fig. 5a-b. They are fully consistent with the structural parameters found by 

neutron powder diffraction data Rietveld refinements14, which are indicated as crosses in 

Figure 5a-b. The bond lengths and the Uiso, extracted from the 0.5-7 Å range PDF fitting, are 

shown in Figure 9.  
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Figure 4: PDFgui refinement (at room temperature) for orthorhombic BM-SSGO from r = 0.5 

to 30 Å with the I2mb model. In the inset the short-range G(r) is zoomed. Blue open circles are 

the experimentally PDF data, red line the profile fitting while the green line is the difference 

between observed and calculated data. The quality of fit is satisfactory, giving Rw = 12.0%. 

 

 

Figure 5: Evolution of the lattice parameters (a) and of the displacements factors (b) as a 

function of the temperature as found from refinement of the pair distribution function in the 

long distance range (7 Å ≤ 𝑟 ≤ 30 Å). For comparison, the lattice constants as well as the 

displacement factors determined from our previous diffraction experiments are also reported 

(stars).14 Error bars are within the respective symbol sizes. For comparison, the Uiso as obtained 

on a local scale on the BM-SSGO, are reported in Figure 8 (left). 
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3.1.2 Cubic SSGO 

When brownmillerite-type Sr2ScGaO5 is heated up to 1500°C, the cubic polymorph is 

obtained and can be stabilized as a metastable phase at ambient temperature via slow furnace 

cooling, suggesting that both phases are energetically close.28 From X-ray and NPD the cubic 

symmetry is directly evident showing a lattice parameter of a = 3.9932(1) Å (Figure S1).15, 16 

From the neutron diffraction data, it is noticeable that the background is quite modulated, 

indicating diffuse scattering due to some short-range order. As it is not evidenced by X-ray 

diffraction, this is supposed to be associated to oxygen vacancy ordering/correlations. Short-

range oxygen ordering related to the oxygen deficiency in Sr(Sc/Ga)O2.50.5 ( = vacancy) 

and the formation of ScO6 and GaO4 polyhedra instead of an average 5-fold coordination has 

already been suggested in ref.15, 16 . 

Figure 6 shows the nearest neighbor range (1 Å < r < 4.5 Å) of the experimental pair 

distribution function G(r) obtained by neutron diffraction for both, the C-SSGO and BM-

SSGO at room temperature. From the average cubic perovskite structure model in Pm-3m and 

a lattice parameter of a = 3.9932(1) Å, interatomic distances can be calculated to (Sc/Ga) – O 

at 1.99 Å, Sr-O at 2.8215 Å, (Sc/Ga)-Sr at 3.4554 Å and Sr-Sr at 3.99 Å and are indicated by 

a dashed black line. It thus becomes directly obvious that for the C-SSGO phase, the first two 

peaks corresponding to (Sc/Ga)-O and Sr-O distances, which would be expected to be as a 

single one for the average perovskite, appear both to be more complex and very analogous to 

the BM-SSGO counterpart in the experimental data. With that it becomes understandable that 

attempts to fit the experimental data with the cubic Pm-3m model yielded only very poor 

results in the low-r region. As the cubic model fails to describe the real local structure, we 

proceeded with refinements at short length scale from 0.5 to 5 Å, considering the vacancy 

ordered brownmillerite phase in I2mb. Attempts to refine in Imma yielded quite poor results 
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and are not further considered in the following discussion. Because of the important number 

of atomic degrees of freedom for this model, the refinement strategy implied to fix at first the 

lattice parameters and atomic coordinates to those obtained by X-ray/neutron diffraction for 

the BM-SSGO14 while refining the thermal displacements only. In a second step, lattice 

parameters were then allowed to refine together with the atomic positions, resulting in very 

good fit results with Rw = 6.0%. Moving away from the short-range scale beyond r > 5 Å, the 

experimental data don’t match any more with the brownmillerite framework but approach the 

average cubic model. Refinements in the Pm-3m model and r > 5 Å give quite satisfactory 

agreement values of Rw = 15.0%, indicating only minor deviation from the average perovskite 

structure at medium and longer length scales. Figure 7 shows the PDF fit for C-SSGO, taking 

into account the I2mb model in the short length range, and the cubic Pm-3m model at 

medium and high distance range. 

 

 

Figure 6: Low-r region of neutron PDF data at room temperature of the cubic (C-SSGO, blue 

line) and orthorhombic phase (BM-SSGO, red line). For comparison the single nearest 

interatomic distances calculated for the cubic perovskite are also reported (black dashed lines). 
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Figure 7: Long and short r-range G(r) obtained for C-SSGO, refined with the I2mb structure 

in the low r region (0.5 Å < r < 5 Å) (zoomed in the inset) while the in the medium and high r 

range data are refined with the average cubic structure Pm-3m.  

 

Corresponding structural data are reported for the whole temperature range in Tables S3 and 

S4 for short and long-range distances respectively. Unlike the average perovskite structure, 

the oxygen ordered brownmillerite type framework could be clearly evidenced by PDF 

analysis to be present, at least on a local length scale. This does, however, not imply an 

accurate structural description comprising details for the twisting directions of the tetrahedral 

chains. It evidences nevertheless a layer sequence of alternating ScO6/GaO4 units, confirming 

B-cation ordering at least on a shorter length scale. This is much better evidenced with 

neutron diffraction as the contrast between Sc and Ga is increased compared to X-rays.  

Despite the structural resemblance on a local length scale for C-SSGO and BM-SSGO, there 

exist nevertheless some structural differences, especially concerning isotropic displacement 

factors (Uiso), shown in Figure 8, respectively.  Generally, they are not only lower in case of 

C-SSGO, but they are also found to stay practically unchanged for the whole T-range from 

RT to 850°C.  
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Figure 8: Displacement factors Uiso obtained through PDF fit in the short length scale (r < 5 

Å), against the I2mb space group, at for the brownmillerite BM-SSGO (on the left) and the 

cubic perovskite C-SSGO (on the right) as a function of temperature. 

 

In the same way, the bonding lengths for C-SSGO (Fig. 9b) extracted from the PDF fitting in 

I2mb at local r range are quite comparable to the brownmillerite counterpart (Fig. 9a). The 

only difference concerns the Ga-O(3) distances, i.e. all equatorial oxygen around Ga, which 

are slightly smaller compared to the BM-SSGO over the whole temperature range. 

The almost constant values for the displacement factors found for C-SSGO indicate that 

GaO4 tetrahedra as well as ScO6 octahedra are behaving quite rigidly. A simplified sketch of 

the local environment for both polyhedra is given in Fig. 9d, corresponding to the length 

scale taken into account for the data fitting. It indicates an enlarged ScO6 octahedron, while 

the GaO4 tetrahedron gets reduced accordingly. This allows both B-cations, Sc and Ga, to 

reach their typical oxygen distances found for the brownmillerite structure type, i.e. 

(2.22/2.06/2.06) Å and (1.91/1.87/1.81) Å, respectively. Thereby the sum of the Sc-O(2) and 
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Ga-O(2) distances in C-SSGO (Fig 9c) yields 4.03 Å , very close to the cubic unit cell 

parameter of 4 Å. The same holds for the respective equatorial oxygen atoms, i.e. Sc-

O(1)+Ga(O3), yielding 3.95 Å as an average. The corresponding lattice mismatch of less than 

2% is thus relatively small and may explain why the transformation from the average cubic 

perovskite to brownmillerite-type structure gets somehow inhibited, allowing to obtain C-

SSGO even during slow furnace cooling. We note that the Sc-O and Ga-O distances in the 

Brownmillerite structure in I2mb are almost identical to the values found here, although the 

octahedra show a tilting around [100] of about 11°. The thus engendered error is however 

small and reduces the total effective length compared to a linear Sc-O-Ga configuration by 

less than 1% only.  

 

 

Figure 9: (a) Bond lengths on the local scale in the brownmillerite BM-SSGO and (b) in the 

cubic C-SSGO as a function of the temperature, as determined by PDFgui fitting (through the 
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I2mb space group). (c) Temperature evolution of sum Sc-Oap and Ga-Oap distances and of the 

respective average distances between Ga and Sc towards their equatorial atoms; (d) Simplified 

scheme of the local environment for GaO4 tetrahedra and ScO6 octahedra in C-SSGO. 

 

 

 

3.2 EXAFS: Ga K-Edge 

The room temperature EXAFS spectra (|𝐹𝑇| and Imm(FT)) of both, the brownmillerite BM-

SSGO and perovskite C-SSGO phases are shown in real and k space in Figure 10 and Figure 

S4, respectively. Both spectra are characterized by a very similar first peak around 1.4 Å 

attributed to the nearest coordination Ga-O shells (all FT plots are no phase‐corrected, so 

coordination shell peaks are shifted to lower r by approximately 0.4 ‐ 0.5 Å), suggesting a very 

close bonding environment for both the cubic and orthorhombic SSGO phases. This implies 

that Ga in the cubic C-SSGO has the same coordination as compared to the brownmillerite 

counterpart, i.e. Ga in tetrahedral and consequently Sc in octahedral coordination, as already 

suggested by neutron PDF analysis reported above. The second peak observed in both samples 

at around 3 Å is the convolution of several Single Scattering and Multiple Scattering 

contributions, including two and three body configurations involving Ga, Sr, Sc and O atoms. 

All the Single Scattering paths contributing to this peak are reported in Table S6. This peak is 

quite well defined and intense for BM-SSGO while it is broad and weaker for C-SSGO, 

probably reflecting different degree of order of its structure. 
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Figure 10: Fourier Transform of k3-(k) EXAFS spectra, no phase corrected, of brownmillerite 

BM-SSGO (red curve) and perovskite C-SSGO (blue) samples measured at RT. Both |𝐹𝑇|  

(bold lines) and Imm(FT) (dashed lines) are reported.  

 

To verify the local structure of both samples, the spectra at RT were firstly analyzed by fitting 

the first peak with a simple model including only one Ga-O contribution. The coordination 

number extracted by EXAFS analysis resulted quite close to 4 for both phases, indicating a 

tetrahedral coordination of Ga as suggested by PDF data, reported in the previous paragraph. 

The complete details of the data analysis are provided in Table S5. 

Starting from these results, the analysis was extended to the second contribution considering 

the orthorhombic I2mb structure. The complexity of the structure implies to include several 

paths contributions to reproduce the EXAFS signal during the fitting procedure. In order to 

minimize the correlation of the free parameters and to have a robust output, few parameters 

were optimized: (i) one amplitude reduction factor S0
2, (ii) 2 Debye-Waller factors: one for the 

oxygen (2
O) atoms and one for the others (2

other); (iii) one parameters for the optimization of 

bond distances alpha; (iv) one parameters for absorption energy E0. The results of the fit of the 
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free parameters and the list of Single Scattering paths together with their structural information 

are reported in Table 2 and Table S6, respectively. The quality of the fit of both samples can 

be appreciated in Figure 11a-b and Figure S3 in R space and k space, respectively.  

 

Table 2: Free parameters of the extended fit up to 3.8 Å performed at RT on the brownmillerite 

(BM-SSGO) and cubic (C-SSGO) Sr2ScGaO5 samples 

 BM-SSGO C-SSGO 

CN 1.84(2) 1.76(4) 

2
O

 (Å2) 0.0024(4) 0.0012(5) 

2
others

 (Å2) 0.0082(4) 0.018(2) 

alphaa 0.0044(12) -0.0017(27) 

E0 (eV) 4.4(3) 5.5(1) 

S0
2 0.93(4) 0.88(6) 

Rfactor  0.0058 0.00135 

a bond distance: R=Reff+Reff*alpha , Fitting range: k=2.5-12.7 Å-1; r=1-3.8 Å; S0
2 is the 

amplitude reduction factor, E0 is the threshold energy. All the distances Reff are reported in 

Table S6 

 

For the brownmillerite phase BM-SSGO, the quality of the fit is very good for the whole 

considered EXAFS region, with excellent agreement between experimental and modelled data 

(Figure 11a). The values of the opimized parameters, as reported in Tables 2-S7, are also in an 

acceptable range and associated at the same time to small errors. On the base of these results it 

can be concluded that the I2mb model considered in the fit matches well with the spectroscopy 

data and is able to reproduce the local enviromnment of Ga in SSGO brownmillerite. For the 

perovskite phase C-SSGO, the fist peak is perfectly reproduced by the I2mb model. The second 

peak centered at 3 Å is, however, not completely fitted within this model (Figure 11b). The 

Debye-Waller value,2
others (0.018(2)) is also larger than that of the brownmillerite counterpart 
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(0.0082(4)), suggesting an higher degree of disorder. However, a carreful inspection of the 

data, and in particular the immaginary part of FT (Figure 11b) and of the spectra in k space 

(Figure S4b), shows that all features of the modelled signal are maching the correct position of 

the experimental data while there is only a lacking in their relative intensity. This observation 

supports thus the hypothesis that the average perovskite phase is affected by different degree 

of disorder but its local structure is still well represented by I2mb symmetry, comforting the 

results obtained by PDF analysis.  

 

Figure 11: Fourier Transform of k3-(k) EXAFS spectra, no phase corrected, of experimental 

data (scattered points) and fit (red curves) performed on samples BM-SSGO (part a) and C-

SSGO (part b) collected at RT. Full and black empty dots are experimental |𝐹𝑇| and Imm(FT), 

respectively, while continuous and dashed red lines are the corresponding fits. 
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After this RT analysis, suggesting a four-fold coordination of Ga on a local scale, the evolution 

of the local order as a function of temperature has been investigated by first shell analysis.  

All spectra were collected at increasing temperature and analyzed simultaneously considering 

the I2mb structure. The first shell is composed by three different Ga-O contributions at slightly 

different bond lengths, while the shortest contribution shows a twofold coordination number, 

(see Table S6, second and fourth column, for more details). These paths were included in the 

fit, optimizing only one Debye-Waller factor for each temperature. The other parameters, i.e. 

the optimization of the bond length beta, the amplitude reduction factor S0
2 and the absorption 

energy E0, were in common for the whole data set. The results of the analysis have been 

reported in Table S6; the Debye Waller (DW) factors extracted by the fit are reported in Figure 

12 as a function of the temperature. It is clear that for the cubic C-SSGO, the DW factors 2 

are smaller than those of the brownmillerite counterpart, confirming the results of the neutron 

pair distribution function analysis.  

It is worthwhile to note that the DW factor derived from EXAFS (2), called also “disorder 

factor”, represents the spreading of the interatomic distances around each site, thus it represents 

the parallel mean square relative displacement (MSRD), i.e. it is a measure of the variations of 

two atoms relative each other along the bond direction.29 Considering the first shell, 2 are 

much smaller than the Debye Waller obtained by neutron diffraction14, 16, representative of the 

uncorrelated mean square displacement (MSD), for both the cubic and orthorhombic phases. 

Smaller 2 are possible if Ga and O are at least partially in phase. The difference between MSD 

and MSRD is thus consistent with a strong in-phase motion of the neighboring Ga-O atoms 

along the bond directions. Together with the fact that displacement factors found by PDF 

analysis are pretty low, this underlines the quite rigid body behavior of the GaO4 tetrahedra. 
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Figure 12: Evolution of the EXAFS Debye-Waller factors as a function of temperature as 

obtained from the first shell analysis performed on the brownmillerite BM-SSGO (red curve) 

and perovskite C-SSGO (blue curve) Sr2ScGaO5.  

 

Conclusion 

The local structures of Sr2ScGaO5 polymorphs with brownmillerite and perovskite type 

structure have been investigated, combining neutron pair distribution function and EXAFS 

analysis. Based on our NPD structure refinements published elsewhere, both methods yielded 

additional and complementary structural information. Most surprisingly we could evidence the 

space group for the brownmillerite phase being I2mb on a local length scale (r < 7Å) over the 

whole explored T-range (RT- 800 °C). This looks at first sight contradictory compared to the 

disordered 1D-(GaO4) tetrahedral chains in Imma, as set from Rietveld refinement of NPD 

data above 300°C. It also suggests that the tetrahedral chains are not dynamically disordered, 

but the split position found for the GaO4 tetrahedra are presumably related to an inter-

tetrahedral layer correlation problem, resulting into artificially superimposed tetrahedral 



 24 

switching positions. It thus contradicts the current understanding of oxygen diffusion along the 

1D vacancy channels, activated by a dynamical switching of the tetrahedral chains above the 

I2mb/Imma phase transition, and which is currently under further investigation.  

For the oxygen deficient cubic perovskite SSGO, the presence of brownmillerite type entities 

was clearly approved on a local length scale by both, neutron PDF and EXAFS at the Ga-edge. 

It confirms the existence of GaO4 tetrahedra as well as ScO6 octahedra as the basic polyhedra 

to constituting this apparently average network as seen by classical diffraction. It also implies, 

supported by the double peak structure of the G(r) function, the formation of relaxed Sc-O and 

Ga-O distances which on an average scale measure around 2.15Å and 1.85Å respectively. This 

information is not as such directly available from NPD refinements. Further on, neutron PDF 

and EXAFS studies evidenced significantly reduced displacement factors compared to the 

brownmillerite phase for the whole T-range, directly underlining the rigid body behavior of the 

GaO4 tetrahedra, and consequently for the ScO6 octahedra. It becomes thus clear that the 

retention of the brownmillerite type framework, i.e. a layer sequence of [ScO6/GaO4] entities 

on a local length scale, conditions the formation of short-range correlations of the oxygen 

vacancies together with B-cation ordering. The rather small displacement factors for the GaO4 

tetrahedra suggest, however, a pretty static conformation. The existence of brownmillerite 

nano-domains has been discussed analogously for the cubic SrFeO2.5 above 830°C following 

Mössbauer spectroscopy, i.e. shortly after attaining the cubic perovskite structure as seen by 

diffraction methods.30 While a facile change in the coordination of Fe allows an easy dynamic 

rearrangement of these domains, and thus reinforcing oxygen diffusion,  this looks impractical 

for C-SSGO related to its rigid body behavior. A better understanding of what type of cross-

linking network of brownmillerite type nano-domains in C-SSGO increases oxygen ion 

conductivity by more than one order of magnitude compared to the 1D oxygen vacancy 

channels existing in the pure brownmillerite framework is now under investigation.16, 31  
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