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Abstract. Ionic conduction in dry LaBaGaO4 occurs through the vacant oxygen sites formed by the substitution of 

Ba for La. The resulting La1-xBa1+xGaO4-x/2 solid solution shows significant disorder characteristics. The local struc-

ture was studied using the Pair Distribution Function (PDF) of compositions x=0, 0.20 and 0.30.  

Unfortunately, increasing peak overlapping and the number of independent structural parameters make PDF model-

ling challenging when dealing with low-symmetry phases. To overcome this problem, Density Function Theory was 

employed to create different structural models, each one with different relative position for the substitutional Ba ion 

with respect to the oxygen vacancy. 

The atomic distributions generated by DFT were used as a starting point to refine experimental PDF data. All models 

result in the formation of Ga2O7 dimers, with the Ga-O bridge oriented along c crystallographic axis. At the local 

scale, the most stable DFT model also provides the best fit of PDF. It accounts for BaLa’ as 1st and 2nd neighbor of 

the vacancy and of the O bridge in the dimer, suggesting that substitutional barium ions act as pinning centers for 

oxygen vacancies. Above 6 Å the average orthorhombic structure fits the PDF better than the DFT models, thus 

indicating that Ga2O7 dimers are not correlated with each other to form extended ordered structures.  

The combination of DFT simulations and XRD-PDF refinements was used successfully to model the local atomic 

structure in La1-xBa1+xGaO4-x/2 thus suggesting that this approach could be positively applied in general to disordered 

systems. 
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1 Introduction 

Ion conductors are of great interest for many renewable energy applications, such as electrolytes for intermediate 

temperatures fuel cells (Li et al., 2009; Malavasi et al., 2010). Recently, attention is being devoted to solids contain-

ing tetrahedral units. Deformations and rotations of the tetrahedra can be a major factor for significant conductivity 

(Yang et al., 2018; Pramana et al., 2016). This is the case for LaBaGaO4, due to a peculiar "cog wheel" motion 

involving GaO4 tetrahedral units (Kendrick et al., 2007). 

La1-xBa1+xGaO4-x/2 can exhibit both proton and oxygen ion diffusion through the oxygen vacancies (VO) introduced 

by substituting Ba for La (BaLa’) (Kendrick et al., 2010). The ionic conduction occurs via defect migration through 

intra- and inter-tetrahedral positions (Jalarvo et al., 2013a). The Ba-induced oxygen vacancies are compensated by 

the relaxation of nearby GaO4 units to form Ga2O7 dimers, with dumbbell shape corner-sharing tetrahedra, maintain-

ing the coordination of Ga ions. The formation of the dumbbells is a key-aspect for the ion migration process, since 

oxygen vacancies migration requires the breaking and reformation of Ga2O7 dimers to occur (Kendrick et al., 2007, 

Jalarvo et al., 2013a), while proton transfer occurs through a Grotthus-like mechanism involving intra- and inter-

tetrahedron hopping. The presence of Ga2O7 dimers in La1-xBa1+xGaO4-x/2 structures has been predicted by DFT cal-

culations (Kendrick et al., 2007) and was found to be consistent with the elongated oxygen anisotropic displacement 

parameters from neutron powder diffraction (Jalarvo et al., 2013a), whilst incoherent neutron scattering was used to 

elucidate experimentally the diffusion process (Jalarvo et al., 2013b). Previous studies were dedicated mainly to 

understand the conduction mechanism, with the structural investigation focused on the GaO4 and Ga2O7 units (Hamao 

et al., 2013, Kendrick et al., 2007, Jalarvo et al., 2013b, Cheng et al., 2017). Differences in the inter-tetrahedra 

diffusion barriers are possibly influenced by the local cation environment (Kendrick et al., 2007), which, in turn, 

depends on the structural disorder, the charged BaLa’ dopant concentration and their mutual interaction. Even though 

local defect interactions affect the ion migration, no experimental study about the local environment around the dop-

ing-induced oxygen vacancies in La1-xBa1+xGaO4-x/2 has been reported.   

The goal of the present work is to fill this gap for x=0, 0.2 and 0.3 by combining atomic Pair Distribution Function 

(PDF) and density function theory (DFT) calculations to probe the interaction between the dopant species and their 

effect on the medium-to-long range structure. Although the PDF is a powerful method to probe atomic structures, its 

modelling is often challenging, as it is strongly sensitive to the choice of the initial structure input for the refining 

algorithm. In particular, the many possible defect orientations, interactions and mutual arrangements give rise to a 

large number of possible configurations that may be used as initial guess for the refinement. In this work we have 

probed several initial defect configurations by generating different models with two oxygen vacancy and dopants 

placed in different positions. These structural models were first optimized by minimizing their DFT total energy. The 

obtained different configurations of oxygen vacancies and dopants were tested and used to refine the PDF to deter-

mine the optimal structural model. Eventually, as arbitrary constraints are required to reduce the number of structural 

parameters in low symmetry phases to improve fit reliability, the modelling strategy of PDF data is also discussed. 
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2 Experimental 

Sample preparation. Samples with compositions La1-xBa1+xGaO4-x/2 with x = 0, 0.20, 0.30, were prepared from high 

purity La2O3, BaCO3 and Ga2O3. The powders were mixed in due stoichiometry and heated to 1400 °C in air for a 

day. Dehydration was obtained by heat-treating at 1100 °C for 4 h with flowing dry O2. Afterwards, the samples were 

cooled to room temperature at the rate of 5 °C/min.  

PDF data collection. X-Ray Powder Diffraction (XRPD) data for PDF analysis were collected at the ID15 beamline 

of the ESRF at T= 120 K on samples with composition La1-xBa1+xGaO4-x/2 with x = 0, 0.20 and 0.30. Low temperature 

was chosen to minimize thermal motion. Incident X-ray wavelength was =0.1420 Å (E~87 keV). A mar345 image 

plate detector was placed perpendicular to the incident beam at ~15 cm distance from the sample. A NIST CeO2 

reference standard was used for detector calibration using fit2d (Hammersley et al., 1996).  

The powders were packed in kapton capillaries with 2 mm diameter inside a glove bag filled with dry nitrogen. The 

capillaries were inserted into a brass pinhole and mounted on a goniometer head, which was rotating during acquisi-

tion to increase powder randomization. 0.6 seconds per frame was chosen as optimal exposure time, since longer 

expositions would lead to detector saturation. 24 frames were merged together to increase the signal-to-noise ratio, 

especially in the high-Q region. Considering the readout time required for the camera to process the data, acquisition 

for each sample took on average half an hour. 

Here we describe the PDF using the G(r) formalism, which indicates the probability of finding a pair of atoms sepa-

rated by a distance r with an integrated intensity dependent on the pair multiplicity and the scattering factors of the 

elements involved (Egami & Billinge, 2003). G(r) is experimentally determined via sine Fourier transform of the 

total scattering function S(Q) according to: 

𝐺(𝑟) =
2

𝜋
∫ 𝑄[𝑆(𝑄) − 1] sin(𝑄𝑟) 𝑑𝑄

∞

0

 (1) 

S(Q) corresponds to the coherent scattering coming from the sample (Bragg peaks + diffuse scattering) after proper 

normalization. The background signal, given by the empty kapton capillary, is scaled and subtracted, while other 

corrections (absorption, incoherent scattering, polarization, etc..) are performed via software. Generally, F(Q) 

(𝐹(𝑄) =  𝑄[𝑆(𝑄) − 1]) is plotted instead of S(Q) to check data quality since the former highlights oscillations and 

noise, if present, at high Q. G(r) curves were computed with the software pdfgetX2 (Qui et al., 2004a). F(Q) were 

truncated to Qmax=25 Å-1 as at larger Q values the effect of noise becomes significant. Refinements were performed 

using PDFgui (Farrow et al., 2007) which assesses the degree of accuracy of the refinement by the agreement param-

eter Rw:  

𝑅𝑤 = √
∑ 𝑤(𝑟𝑖)[𝐺𝑜𝑏𝑠(𝑟𝑖) − 𝐺𝑐𝑎𝑙𝑐(𝑟𝑖)]2𝑛

𝑖=1

∑ 𝑤(𝑟𝑖)𝐺𝑜𝑏𝑠
2𝑛

𝑖=1

 (2) 

As a short sample to detector distance was chosen, large Qmax can be reached at the expense of the resolution of the 

XRPD pattern, with consequent damping and broadening of PDF peaks with the interatomic distance r. (Qiu et al., 
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2004b) The corresponding parameters in PDFgui (qdamp and qbroad) were determined to be 0.061 and 0.045, re-

spectively, using a CeO2 NIST standard. PDF peaks are observed up to 3-4 nm. Consequently, reliable PDF analysis 

is limited to interatomic distances within ~2 nm. 

Calculations. Periodic Density Functional Theory (DFT) calculations were performed with the VASP program 

(Kresse & Hafner, 1993; Kresse & Furthmüller, 1996), with periodic boundary conditions. A gradient corrected spin 

polarized PBE functional (Blöchl, 1994) was used with a basis set of plane waves limited to an energy cutoff of 600 

eV. Core contributions to the electronic structure were included via projector augmented wave (PAW) potential 

method (Perdew et al., 1996). Ionic relaxations were performed allowing full freedom of the length and orientation 

of lattice vectors and were considered to be converged when the forces acting on each ion were all below 0.01 eV/Å. 

As starting point for our DFT geometry optimization we used a cell consisting of the experimental structure of 

LaBaGaO4 at full occupancy, made of 4 formula units. No significant changes were found when optimizing an 8-

unit-cell model. The DFT structural model is consistent with the structure reported in the literature, as described 

below.  

As to Ba-rich samples, we tested four different defect models, each involving different relative positions for BaLa’ 

and VO. A 1×1×2 supercell was considered in order to fulfill the stoichiometry corresponding to La1-xBa1+xGaO4-x/2 

x=0.25, consisting of 8 formula units and a VO was set at one of the four possible O3 sites (green balls in Figure 1), 

which we found to be the most favorable in agreement with previous studies (Kendrick et al., 2007). One BaLa‘ was 

placed randomly in the cell, then the second was set to the farthest La site, as BaLa‘ may repel each other: We then 

have two BaLa‘ per unit cell in DFT calculations, with La6Ba10Ga8O31 composition. The reciprocal space for this 

model was sampled in the calculations by a Γ-centered k-point mesh in which the maximum distance between points 

is 0.25x2π|a|, for each lattice vector direction. This corresponds to a 3x4x3 Γ-centered grid for the supercell of La1-

xBa1+xGaO4-x/2 at x=0.25.  

 

Figure 1. (a) Sketch of LaBaGaO4 unit cell. O ions are in red, Ga ions in cyan, Ba and La ions in light and dark grey, 

respectively. GaO4 tetrahedra are displayed in blue and green balls highlight the O3 site. (b) View of tetrahedral connectivity 

along a. The unit cell is displayed as black solid line.  
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3 Results and Discussions 

Stoichiometric LaBaGaO4 at room temperature is orthorhombic with space group P212121 and lattice parameters a 

~10.014 Å, b ~ 7.265 Å and c ~ 5.910 Å (Kendrick et al., 2007). The unit cell, composed of GaO4 distorted tetrahedral 

units not directly connected with each other, is sketched in Fig. 1(a), while an overview of the tetrahedral connectivity 

is shown in the panel (b). A view from different directions is reported in the supporting material, together with a 

sketch of the unit cell with Ba and La polyhedra. According to Rüter et al. (Rüter et al., 1990) a single 4a site is 

characteristic for each of La (0.051, 0.496, 0.124), Ba (0.670, 0.334, 0.240) and Ga (0.334, 0.282, 0.264); whereas O 

ions lie on four different 4a sites. Hereafter this will be deemed as the reference structure.  

The average structure will be considered as the reference structure with Ba/La and O occupancy factors set according 

to stoichiometry. In the following section we describe the experimental PDF raw data, which are first refined using 

the average structural models, then employing the DFT structures.  

 

3.1 PDF - raw data 

The F(Q) curves are reported in Fig. 2 (a) together with the corresponding PDF (b). The reference structure of 

LaBaGaO4 was used to compute the partial PDFs (Fig. 2c), i.e. the PDFs resolved for each atom pair. The background 

slope was subtracted for facilitating comparisons among different atom pairs. Contributions from O-O pairs were not 

shown, since they are clearly negligible. Ga-Ga correlations are not reported here as they occur only on a larger r 

range (rGa-Ga > 4.5 Å). It is evident that only the first Ga-O pair, centered at 1.84 Å and well apparent in all the 

samples, does not overlap with other peaks. Indeed La-O and Ba-O pairs occur at ~2.5 and ~2.9 Å, respectively, 

while all metal-metal distances are larger than 3.2 Å.   

In general, X-ray PDFs are most sensitive to metal-metal correlations, especially those between La and Ba ions, 

which occur at around 4 Å. At larger interatomic distances the PDF signal originates mostly from metal-metal con-

tacts.  
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Figure 2. (a) F(Q) and (b) G(r) curves of samples collected at 120K. (c) Partial calculated G(r) curves for reference x = 0.   

 

Fig. 2 (b) shows that all samples share a very similar local environment (r<4 Å). The signal of the first peak (1.84 Å) 

is invariant with doping, thus suggesting the preservation of rigid GaO4 units, as already observed through absorption 

spectroscopy (Giannici et al., 2009; Giannici et al., 2011). Also, Fig. 2(b) shows well resolved Ba-O and La-O dis-

tances which are maintained upon Ba/La substitution. PDF peaks become much broader especially for r > 5 Å and 

for the sample with the highest Ba doping level (x=0.30). Since experimental PDF were collected at the same tem-

perature, the increasing peak broadening indicates a larger distribution of interatomic distances, i.e. static disorder.  

3.2 PDF - average model 

The reference orthorhombic model of LaBaGaO4 was tested against the experimental PDF curves for pristine (x=0) 

and doped samples. The original atomic positions of LaBaGaO4 reported in (Rueter et al., 1990) were kept fixed as 

the refinement of atomic coordinates led to non-negligible correlations among parameters and did not improve sig-

nificantly the fit. The refinements are shown in Fig. 3. Lattice parameters, isotropic mean square displacements pa-

rameters (msd) and residual Rw are listed in Table 1. La and Ba occupancies were modified to account for the actual 

stoichiometry.  

 

Table 1. Results of real space refinements in the 1.5 to 10 Å  range using a reference orthorhombic model modified 

according to stoichiometric composition.  

x 
lattice parameters / Å  msd / Å 2 

Rw 
a b c Ba La Ga O 

0 10.006(3) 7.254(1) 5.898(2) 0.0063(1) 0.0041(1) 0.0081(1) 0.035(1) 0.085 

0.20 10.071(3) 7.310(3) 5.876(2) 0.0162(2) 0.0081(2) 0.0266(3) 0.060(4) 0.156 

0.30 10.063(8) 7.414(6) 5.841(6) 0.0278(2) 0.0184(2) 0.0454(4) 0.040(6) 0.201 
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The PDF of pristine LaBaGaO4 is fully consistent with the literature model and our DFT data, while the fit quality 

worsens with increasing Ba-substitution. A clear lattice expansion upon Ba insertion is observed along the b axis in 

keeping with other works (Kendrick et al., 2007; Giannici et al., 2011; Hamao et al., 2013). The main effect of Ba 

substitution is the increase of msd, according to the broadening of PDF peaks, which suggests the presence of static 

disorder (Scavini et al., 2012; Coduri et al., 2018a). This agrees with the outcome of absorption spectroscopy inves-

tigations, which indicated significant disorder in respect to the metal-metal distances (Giannici et al., 2011). How-

ever, as these distances lie at around 4 Å, EXAFS is not suitable for their accurate determination. These results 

indicate that the substitution of Ba for La modifies the interatomic-distances distribution compared to the pristine 

sample. Therefore, a different model, accounting for the local relaxation around defects, is called for.  

 

3.3 DFT models for doped LaBaGaO4 

Four different structures of La1-xBa1+xGaO4-x/2 at x=0.25 were generated and optimized by DFT calculations and all 

of them show a preferential formation of VO to the O3 site (4a, x~0.29, y~0.50, z~0.40) in P212121 space group, in 

agreement with recent theoretical and experimental findings (Kendrick et al., 2007, Jalarvo et al., 2013a). This leads 

to the formation of Ga2O7 moieties, one per Vo, oriented with their major axis along |c| and induces a slight distortion 

of the lattice vectors to a monoclinic cell. These distortions are though very subtle (<1°) and were disregarded as they 

could be ascribed to numerical inaccuracies of DFT. For this reason, we will not discuss DFT lattice parameters but 

only ionic positions. An overview of the four optimized DFT models is given in Fig. 4. The main difference between 

each of the four DFT-generated structural models lies in the relative positions of substitutional Ba-ions (yellow 

spheres) with respect to the oxygen vacancy (black sphere). Substitutional Ba ions were considered as 1st and 2nd, 2nd 

and 2nd, 1st and 3rd and 2nd and 3rd cation neighbors of the vacancy. The relative positions of defects are listed in Fig. 

4 along with the corresponding energy, expressed as difference with respect to the most stable model (model 2), 

whose energy was set to zero. 

Each model was tested twice, varying the absolute position of the atoms before the minimization process. This tested 

the reproducibility of the calculation and the following fit procedure. 
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Figure 3. Real space refinements of average long range model 

against local scale PDF curves.   
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Figure 4. Examples of the different configurations as found after the relaxations of the models and plot on energy scale. 

O ions are in red, Ga ions in cyan, Ba and La ions in light and dark grey, respectively. The oxygen vacancy (black) is 

located with reference to the position of the corresponding O site in the pristine sample. The O ions which act as a bridge 

between Ga ions are in green, whilst substitutional Ba ions are in yellow. The relative position of substitutional ions (Ba1 

and Ba2), oxygen vacancy (V) and oxygen bridge (Obr) are also indicated, together with the relative energy of the models. 

Red ordinal numbers refer to the distance of the cations with respect to the oxygen vacancy. The lines connecting atoms 

are a guide to the eye rather than an indication of a bond.  
 

According to the energies derived from DFT, Model 2 is the most reliable. It exhibits a compact aggregation of the 

defects arising from BaLa’ substitution: the bridging O (Obr) is separated by the oxygen vacancy just by one Ga ion; 

the two substitutional BaLa’ appear as 1st and 2nd neighbors of both the oxygen vacancy and the Obr.  

Model 1 has similar energy as model 2, indeed they differ for BaLa’ being 2nd cation neighbor of the vacancy rather 

than 1st neighbor. The other two models exhibit only one substitutional Ba as a 1st or 2nd cation neighbor of VO and 

were found less stable from DFT calculations. The four DFT structural models were used as starting guess for the 

analysis and interpretation of PDF data. A list of distances of interest, with respect to the position of the O bridge in 

the Ga2O7 unit and the oxygen vacancy, is reported in the supporting material, Table SI1. GaA and GaB stand for the 

two Ga ions involved in the Ga2O7 unit.  
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The DFT data show that the Ga2O7-dimer formation promotes the elongation of Ga-O bond lengths along c axis, with 

a corresponding contraction of some Ga-O not involving Obr. Yet, this is not recognizable from direct inspection of 

the experimental PDF curves, since only two Ga-O distances over 32 in the 2x1x1 supercell are involved. It turns out 

that such an elongation is not apparent in the experimental curve.  

The Ga-O bond angles are reported in supporting material, Table SI2. The formation of the Ga2O7-units does not 

affect significantly the bond angles within the tetrahedra, where a wide distribution, from 98 to 130 deg. is already 

observed in the undoped sample. Noticeably, for each DFT model, the smaller and the bigger angles concern the 

bridging oxygen.   

 

3.4 Matching calculations and experimental PDFs 

As the fit of the average model against experimental PDFs of Ba-rich samples is not satisfactory, the DFT models 

were employed as starting point. Even so, a major problem exists when matching calculations and experimental 

PDFs, as in DFT models all atomic positions are independent of each other. The simultaneous refinement of the 

atomic coordinates of all 55 atoms in the supercell would clearly lead to major correlations among refined parameters. 

It turns out that some constraints are necessary.  

The most suitable refinement strategy has to be selected according to the complexity of the unit cell and to the accu-

racy required. Different approaches are reported in the literature. When the available models involve noteworthy 

variation of energy, DFT can be used to discern the most stable atomic arrangement to confirm, or exclude, the PDF 

results. Page et al. (Page et al., 2007) observed by PDF short range cis-TaO4N2 polyhedra in BaTaO2N and found 

that this configuration had the lowest energy among the models considered. Concerning gallate conductors, a similar 

approach was used in (Kitamura et al, 2013) to define the configuration of oxygen vacancies in LaSrGa1−xMgxO4−δ, 

which is composed of a framework of GaO6 octahedra.  

The above strategy, however, uses DFT as a further technique to confirm PDF results and not for direct PDF model-

ing. An iterative DFT and PDF minimization procedure was used by White et al. (White et al., 2010). The relaxed 

positions from DFT were used as a starting model to fit experimental PDFs, using the output once again for DFT 

minimization, and so on recursively. This approach is helpful especially when the starting model is far away from 

the correct solution. 
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Figure 5. Best fits using model 2 against the experimental PDFs of samples (a) x=0.2 and (b) x=0.3. Empty circles: experi-

mental data; red solid line: calculated PDF; green line: residual. 
 

When the average structure is known, or whenever it can be easily foreseen theoretically, DFT can be used to predict 

the relaxation following a chemical modification such as the introduction of an external atom or a vacancy. In ref 

(Mancini et al., 2012), the effect of extra oxygen in the structure of melilite was investigated by first relaxing the 

structure by DFT, then using the returned model to fit PDF data by keeping all atomic positions fixed but the ones 

closed to the interstitial atom. msd were refined and used as a reference to check the reliability of the fit.  

For the present investigation we used a similar, yet different, strategy. All atomic coordinates were kept fixed to those 

obtained from the four DFT models. msd were set to the values corresponding to the pristine sample (see Table 1) 

and not refined. Therefore, only the vibrational contribution to msd is considered and the disorder observed as large 

msd using the average model is accounted in terms of dispersion of atomic positions, which were fixed to the values 

computed by DFT. This was done on purpose to minimize correlations, as PDF peaks of samples x=0.2 and 0.3 are 

very broad. Only lattice parameters, scale factor and a parameter accounting for the correlated motion of nearest 

neighbors were refined. Lattice parameters have to be necessarily refined because of the low accuracy in their deter-

mination through DFT and for the uncertainty of the wavelength of the PDF experiment arising from the correlation 

with the sample-to-detector distance. 

Fig. 5 displays the fit of the best DFT model (model 2) for x=0.2 (a) and x=0.3 (b) in the 1.5<r<8.5 Å interatomic 

distance range. For both samples, model 2 fits well the local scale (r < ~6 Å), while the fit is poor for larger intera-

tomic distances. This could be somewhat expected, as the model used in DFT calculations (which uses periodic 

boundary conditions) has its smallest lattice parameters of |a|~ 7.4 Å, meaning that each lattice position in this theo-

retical model is about |a|=7.4 Å far apart from its periodic replica. An opposite behavior is observed for the average 

model (see Fig. 3), which fits much better the PDF curves at larger interatomic distances.   
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Figure 6. (a) Refinements of the relaxed models and of the average structure against experimental PDF curves of specimen 

x=0.2 (a) in the 1.5 < r < 6.3 Å. Empty circles: experimental data; red solid line: calculated PDF; green line: residual. (b) 

Residual of the fit of the calculated DFT models against experimental PDF curves for x=0.2 (full circles) and x=0.3 (empty 

circles), compared to the average model (dashed and dotted lines for x=0.2 and x=0.3, respectively) within 1.5 < r < 6.3 Å. 

 

For these reasons, in the following we discuss separately the very local scale (r < 6.3 Å) and a larger interatomic 

distance range (6.3 Å < r < 13 Å). Further interatomic distances are not considered, since instrumental effects (peak 

damping and broadening) become increasingly important.  

The fits for the four models against the experimental PDF on the local scale of sample x=0.2 are shown in figure 6 

(a). The corresponding fit residuals RW are given in Fig. 6 (b) for the samples x=0.2 (full circles) and x=0.3 (empty 

circles) as a function of the minimum energy obtained through the calculations. 

For both samples, the most stable DFT model guarantees also the best fit, whereas models 3 and 4, which exhibit 

higher energy by ~0.4-0.5 eV, give a poorer fit (higher residual), especially model 3 where the BaLa’ lie as far as 

possible from the VO.    

It turned out that two models with very similar energy (models 1 and 2) can be easily distinguished applying PDF 

analysis to experimental data. Even a simple qualitative inspection of Fig. 6 (a) reveals that model 2 provides the 

best fit. The two models having such similar energy suggest that the short-range interactions do not change signifi-

cantly. On the other hand, the PDF from X-ray is mostly sensitive to the contributions of cations. From the fits 

reported in Fig. 6 (a) the main differences between models 1 and 2 are related to the high-r tail of the main peak, at 

~4.3 Å, and to the peak at ~5.9 Å.  

In order to associate these regions to the corresponding atom pairs, Figure 7 (a) reports the partial PDFs for the 

different atom pairs of interest in this region calculated for model 1 and 2 as black and red solid lines, respectively. 

The main PDF signal is given by La-Ba pairs, which are, tough, very similar for all the models considered. The 
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dashed vertical line in Fig. 7 (a) is a guide to the eye referring to the r positions where model 1 fails, compared to 

model 2, to fit correctly experimental data. They correspond to maximum values in the residual curve of model 1, in 

Fig. 6 (a). The difference at 4.3 Å is ascribed to a different distribution of La-Ga pairs, while the peak at ~5.9 Å, 

underestimated by model 1, concerns only Ba-Ba pairs.   

 

  

 

Figure 7. (a) Partial PDFs calculated from the output of PDF refinements based upon DFT model 1 (black) and 2 (red) 

for sample x=0.2. Vertical dashed lines indicated major differences between calculated models. (b) Partial PDFs extracted 

for x=0 (black) and DFT model 2 applied to sample x=0.2 (red).  

 

This highlights the importance of combining experimental and theoretical methods to investigate defects in materials 

as two structural models with relatively similar stabilities (only 44 meV of difference between the energies of model 

1 and 2) give significantly different (~50% of Rw) fits to the experimental PDF data (residues of ~0.1 vs 0.15). 

Indeed, when only the average model is available as a starting point, an intensive use of parameters constrains is 

required, as the number of independent parameters to refine is limited by the width of the r range considered (Farrow 

et al., 2011). This poses serious limitations to the modeling of complex systems where disorder is limited to a small 

spatial region. In addition, calculations give a complete picture of the local structure, while PDF from X-ray data is 

mostly sensitive to the displacements of heavy ions. As the models have different energies, defect interactions are 

not negligible. As reported in (Kendrick et al., 2007), ignoring defect interactions affects the estimation of the acti-

vation energy for ionic migration. Among the different models, the stability of the defect configurations increases by 

placing both substitutional BaLa’ and Obr next to the oxygen vacancy. The ability of X-rays to probe heavy elements 
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corresponds also to its main limitation, as experimental PDF curves are less sensitive to O ions than heavier cations, 

while a more direct structural evidence about O ions can be gained through neutron diffraction. In fact, as observed 

in Fig. 6(a), even model 2 does not fit perfectly the peaks at low r-values, which have low intensity. On the other 

hand, it should be reminded that atomic positions and msd were not refined, therefore the PDF fit residuals provides 

an indication about the goodness of the DFT model. We expect that using neutron diffraction the residual will be 

more sensitive to O positions and less sensitive to cations, providing a complementary information to X-rays.  

 

 

Figure 8. (a) Refinements of the relaxed models and of the average structure against experimental PDF curves of specimen 

x=0.2 (a) in the 6.3 < r < 13 Å. Empty circles: experimental data; red solid line: calculated PDF; green line: residual. (b) Residual 

of the fit of the calculated DFT models against experimental PDF curves for x=0.2 (full circles) and x=0.3 (empty circles), 

compared to the average model (dashed and dotted lines for x=0.2 and x=0.3, respectively) within 6.3 < r < 13 Å.  

 

The same approach can be exploited to highlight and understand the difference in the interatomic distances induced 

by Ba-addition. The partial PDFs extracted from the best fit of sample x=0 and x=0.2 are displayed in Fig. 7 (b). 

Sample x=0.3 is not reported since the interatomic distribution is very similar as sample x=0.2, given that the atomic 

positions are calculated from the same model.  

Whereas the 1st neighbor Ba-Ba pairs shrink significantly upon Ba-insertion, the distances of the pairs involving Ga, 

especially Ba-Ga, are much less affected. Also, La-La correlations occur at the same interatomic distances even 

though their distribution upon Ba-doping becomes much larger. It turns out that La-substructure becomes more dis-

ordered consequently to Ba substitution. As the migration process in La1-xBa1+xGaO4-x/2 conductors involves the 

breaking and reorganization of Ga2O7 dimers (Kendrick et al., 2007, Jalarvo et al., 2013a), it is affected significantly 

by the local structure. Indeed, a disordered structure with short metal-metal distances, i.e. smaller cavities, increases 

the activation energy for the ion migration (Cheng et al., 2017). 
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The PDF provides information also on a wider length scale, inaccessible by DFT alone. The refinements performed 

in the 6.3 < r < 13 Å range and the corresponding fit residuals are shown in Fig. 8 (a) and (b), respectively. For both 

samples the average model performs better than the relaxed ones. Compared to the local scale, the fit of the average 

model enhances, while DFT models perform poorly.  

The DFT model describes well just the first coordination shells, where no obvious longer-range ordering occurs. It 

turns out that the observed disorder consists of small ‘rigid’ units on few Å scale containing dumbbells Ga2O7. These 

units are not correlated with each other; therefore they do not order long range. Should the Ga2O7 dumbbells order 

long range lengthening the list of non equivalent sites, the phase symmetry would be reduced. The consequent change 

of the axes vectors (e.g. the doubling of the c axis used to build the supercells used for DFT modelling) would produce 

additional signals in the diffraction patterns, which were not observed here, nor have they ever been reported.  

The uncorrelated distribution of domains ordered only at the nanoscale is typical for disordered systems (Chung et 

al., 2005; Dagotto, 2005). Whether trapping oxygen vacancies locally in ionic conductors (Coduri et al., 2013; Coduri 

et al., 2018b) or limiting polarization effects to a few nanometers scale (Jeong et al., 2005; Xiao et al., 2017; Checchia 

et al., 2016), symmetry breaking effects play a key-role on macroscopic physical properties of different classes of 

materials. As for the present investigation, a short-range atomic rearrangement maintains, on average, a crystallo-

graphic motif suitable for ionic conduction (channels and cages wide enough to allow the passage of ions), allowing 

at the same time a structural flexibility for the tetrahedra to rotate facilitating ion migration according to the cooper-

ative mechanism proposed by Kendrick et al. (Kendrick et al., 2007). Even though neutron diffraction would be the 

best technique to validate the structural details related to O ions, the present study indicates that oxygen vacancies 

occupy sites with different energy values, depending on their position in respect to substitutional Ba-ions. As recently 

pointed out by Koettgen and coworkers (Koettgen et al., 2018) for a different class of oxygen ionic conductors, this 

should be taken into account for an accurate modelling of the oxygen migration mechanism. 

Conclusions 

DFT and PDF were combined to model the local scale structure of La1-xBa1+xGaO4-x/2. Concerning LaBaGaO4, the 

DFT model is consistent with the reported structure. When substituting Ba for La, the PDF signals become broader 

indicating a larger distribution of interatomic distances, i.e. some structural disorder. The local structure was then 

investigated building four different defect configurations using DFT calculations at x=0.25. The main difference 

between each of them lies in the relative positions of substitutional Ba-ions with respect to the oxygen vacancy. The 

calculated atomic structures were used as starting point for the modelling of PDF curves on La1-xBa1+xGaO4-x/2 with 

x = 0.20 and 0.30. All the DFT models show the formation of Ga2O7 dimers consistently with the current literature 

(Kendrick et al., 2007, Kitamura et al., 2013, Kendrick et al., 2010, Jalarvo et al., 2013a). The short range PDF of 

doped samples (x=0.2 and x=0.3) are almost superimposed. This indicates that their local scale is very similar. Indeed, 

the Ga-O distance in Ga2O7 is close to the one in GaO4 units, as Ga retains its tetrahedral environment.  

The model giving the best fit of PDF data has substitutional Ba ions as first and second cation neighbor of the vacancy 

(Fig. 4). This shows that the LaBa’ defect pins the vacancy to the nearest neighbor cation site, thus affecting, in 
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principle, the activation energy for ionic migration. Other configurations lead to PDF patterns different than the 

experimental one (Fig. 6 (a)). Larger interatomic distances show broader PDF peaks, with the broadening increasing 

with doping. This indicates that the dumbbells do not order on a larger scale. 

Overall, we show in this work that DFT simulations can be successfully used in synergy with XRPD-PDF to deter-

mine structural features in disordered systems. In this particular case, DFT results were utilized for the PDF fits to 

identify the mutual interaction of the Ga2O7 units with the BaLa’ defects. This shows that such approach may be used 

routinely to investigate disordered ionic conductors to get insight about how the local structure is influencing the 

conduction mechanism.  
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