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ABSTRACT: Pair distribution function (PDF) analysis is a powerful
technique for the characterization of short-range order (SRO) in disordered
materials. Accurate interpretation of experimental PDF data is critically reliant
on the development of structural models that can account for local variations
in site occupancies and bond lengths. To this end, we outline an approach to
model SRO using first-principles calculations based on the cluster-expansion
formalism. These methods are validated on neutron scattering data from two
disordered rocksa l t oxyfluor ides , L i 1 . 3 Mn 0 . 4 Ti 0 . 3 O 1 . 7 F 0 . 3 and
Li1.3Mn0.4Nb0.2Ti0.1O1.7F0.3. For each composition, we demonstrate that an
average structure without any SRO fails to reproduce several key features in
the experimental PDF. To pinpoint the origin of the suspected SRO in these
materials, configurational and displacive effects were separately investigated
using two disparate models. Special quasi-random structures were relaxed
using density functional theory to account for local changes in bond lengths while maintaining a near-random ionic configuration.
This leads to slightly improved accuracy but still misrepresents asymmetry in the first few peaks of the PDF. Monte Carlo
simulations were performed to model configurational SRO on a fixed lattice, which by itself is shown to have a minimal influence on
the PDF. Instead, we find that it is the bond length relaxations within environments created by SRO which controls the details of the
PDF, thereby highlighting the subtle but important coupling between configurational and displacive SRO in disordered materials.

■ INTRODUCTION
Disordered crystalline materials play a vital role in modern
technology, finding use in a wide range of applications,
including Li-ion cathodes, hard coatings,1 and high-temper-
ature superconductors.2 Such materials are characterized by a
nominally random arrangement of ionic species distributed
across the sites of a periodic structure. Yet, disordered crystals
often possess some degree of chemical short-range order
(SRO), whereby the occupancies and positions of individual
species are correlated with one another.3 Cu3Au is a well-
studied example of this property as previous work has shown
that SRO favors increased Cu−Au coordination relative to a
completely random alloy.4,5 Similar effects have also been
reported in more complex systems such as disordered rocksalt
(DRX) oxyfluorides (Li1+xTM1−xO2−yFy), where calculations
predict that Li−F bonds are strongly preferred over TM−F
bonds (for TM = 3d transition metals).6,7 Importantly, these
factors can have a significant influence on the properties of
disordered materials. For example, the correlation between Li
and F modifies the diffusion network in DRX oxyfluorides,
thus affecting their rate performance when used as Li-ion
cathodes.8−10 To enable the use of SRO as an effective handle
for the optimization of disordered materials, a reliable
technique for its characterization is needed. While historically

diffuse scattering on single crystals has been used to quantify
SRO in binary alloys,11−13 this technique is less applicable to
the powder form of many technologically relevant oxides.
Analysis of the pair distribution function (PDF) is therefore
considered to handle such cases.

PDF measurements are performed by detecting the intensity
of high-energy X-rays, neutrons, or electrons scattered from a
sample at various angles.14 These are similar to conventional
diffraction experiments, except that PDF analysis makes use of
the entire spectrum, including both Bragg and diffuse
scattering. Whereas Bragg peaks are related to a long-range
order (LRO) in the average structure, the inspection of the
diffuse scattering can provide information regarding the local
structure.15 Through a Fourier transform of the total spectrum,
the PDF gives a real-space representation that describes the
probability of finding a pair of atoms separated by a distance
(r).16 Structural models may then be refined to fit this data and
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provide a quantitative description of SRO. In contrast to the
refinement of structures based on conventional diffraction data,
where only primitive unit cells are typically considered (e.g.,
using the methods of Rietveld,17 Pawley,18 or Le Bail19),
modeling PDF data often requires the use of large supercells to
account for the wide range of coordination environments that
may exist.20 This so-called “large box” approach has been
successfully applied to study SRO in many disordered
materials such as Cu3Au4 and CaxSr1−xTiO3,21,22 but it
becomes less tractable for complex, multi-component systems
including high-entropy alloys and DRX cathodes. Such cases
introduce an exceedingly large number of variables and are
therefore prone to overfitting experimental data. While many
different structural models can reproduce a single PDF, not all
will accurately describe the positions and occupancies of
distinct sites within the corresponding material.23−25

To generate structural models that are likely to provide an
accurate representation of experimental materials, first-
principles calculations may be used to filter such models by
their free energy. In particular, the cluster-expansion (CE)
formalism provides an effective method to model the
configurational thermodynamics of disordered systems.26 By
coupling this approach with Monte Carlo (MC) simulations,
low-energy configurations can be sampled and subsequently
relaxed using density functional theory (DFT).27 Structures
generated from these methods have been shown to accurately
reproduce experimental PDF data from several disordered
battery materials.6,9 Here, we build upon previous work by
detailing the relationship between SRO and peak asymmetries
(or lack thereof) in experimental PDFs, which are modeled in
a quantitative fashion using first-principles calculations. We
also demonstrate how these models can be used to disentangle
(1) configurational SRO, as related to correlations between site
occupancies, and (2) displacive SRO which is related to local
changes in bond lengths associated with distinct coordination
environments.28

The methods presented herein are validated on neutron
scattering data obtained from two DRX oxyfluorides:
L i 1 . 3 M n 0 . 4 T i 0 . 3 O 1 . 7 F 0 . 3 ( L M T O F ) a n d
Li1.3Mn0.4Nb0.2Ti0.1O1.7F0.3 (LMNTOF). These compositions
are of interest for their use as Li-ion cathodes, where Mn
provides high redox capacity with good reversibility and low
cost.29 Ti and Nb are included as d0 cations (Ti4+ and Nb5+)
which stabilize the disordered structures by accommodating
local strain.30,31 Partial substitution of O with F is considered
to improve the cyclability of these cathodes, and F is also of
interest for its modification of SRO as it preferentially bonds
with Li.8 To refine the structure of each composition using the
neutron PDF, we start with an average structure containing a
random configuration of ions on a fixed fcc lattice. While this
model provides a good fit of the conventional diffraction
pattern for each material, it fails to accurately reproduce the
first few peaks of the PDF. Displacive SRO is probed using
special quasi-random structures (SQSs) which closely replicate
a random configuration of ions within a finite supercell. By
relaxing these structures with DFT, we account for local
changes in the bond lengths caused by ionic size mismatches
and Jahn−Teller distortions around Mn3+. Although this leads
to improved agreement with the experimental data, the shapes
of several peaks at low distances are still poorly modeled. To
further improve the accuracy of the simulated PDF, configura-
tional SRO is modeled using low-energy structures sampled
from the MC simulations. We find that configurational SRO

itself has little direct influence on the PDF of each material
studied in this work; however, it has a significant indirect
influence on the PDF by setting the local coordination
environments and therefore controlling the displacements that
take place. For example, cation−anion correlations are shown
to dictate the strength of Jahn−Teller distortions in materials
containing Mn3+, whereas cation−cation correlations govern
local relaxations associated with the electrostatic repulsion
between high-valent ions such as Ti4+ and Nb5+. These findings
highlight the utility of PDF analysis as applied to disordered
crystalline materials and provide a blueprint for studying SRO
in multi-component systems using first-principles simulations.

■ METHODS
Materials Synthesis. LMTOF and LMNTOF were synthesized

using a traditional solid-state method. Li2CO3 (Sigma-Aldrich, 99%),
MnO (Alfa Aesar, 99%), Mn2O3 (Alfa Aesar, 99.9%), TiO2 (Alfa
Aesar, 99.9%), Nb2O5 (Sigma-Aldrich, 99.99%), and LiF (Alfa Aesar,
99.99%) were used as precursors. Li2CO3 and LiF were both
purchased with enriched 7Li content (≥99 at. %). For each target, the
precursors were stoichiometrically mixed in ethanol with a Retsch PM
400 planetary ball mill at a rate of 180 rpm for 12 h. An excess weight
of ∼12% was included for Li2CO3 to compensate for volatility at high
temperatures. The mixed precursors were dried in an oven at 70 °C
overnight and subsequently pelletized. The pellets were sintered at
1000° C under an Ar atmosphere for 4 h, followed by a fast cooling to
room temperature under the same atmosphere. The resulting
products were transferred to a glovebox and ground into fine powders
for later characterization.
Neutron Diffraction. Neutron time-of-flight measurements were

carried out using the Nanoscale-Ordered Materials Diffractometer
(NOMAD, BL-1B) at the Spallation Neutron Source (SNS, Oak
Ridge National Laboratory).32,33 For both LMTOF and LMNTOF,
300 mg samples were sealed under Ar in thin walled 3 mm quartz
capillaries, which were characterized at room temperature. Four 24
min scans (2C each) were collected and summed together to improve
the statistics. The collected neutron diffraction data were background
subtracted (using an empty quartz capillary) and normalized against
the scattering from a 6 mm V rod. The reduced neutron PDF, G(r),
was calculated through a sine Fourier transform of the normalized
scattering function, S(Q), according to the following equation based
on Qmax = 35 Å−1

= =G r r g r Q S Q Qr Q( ) (1 ( ))
1

2
( ( ) 1)sin( )d

Q

Q

2
0 min

max

(1)

Structure Refinement Based on the PDF. Refinement was
performed with the diffpy-CMI package, a Python-based modeling
framework for atomic-structure analysis using experimental scattering
data.34 For a given structure, the level of mismatch between the
simulated (Gcalc) and experimental PDF (Gobs) is quantified by

=R
G G

G

( )n n n

n n
w

obs, calc,
2

obs,
2

(2)

where a large Rw value signifies a poor fit to the experimental data.
Least-squares regression was used to minimize Rw over a range of
1.5−10.0 Å. This range was kept limited to focus on the features
associated with SRO. Regression was carried out by varying the
isotropic atomic displacement parameter (Uiso) of each species,
including Li, Mn, Ti, Nb, O, and F. To avoid overfitting and ensure
that the models were realistic, each parameter was bounded by 0.001
Å2 ≤ Uiso ≤ 0.025 Å2. The lattice constants of the simulated unit cells
were constrained to their experimental values (4.15 Å for LMTOF
and 4.22 Å for LMNTOF), which were determined based on the peak
positions in each diffraction pattern. The scaling constant associated
with each PDF was optimized freely. All remaining parameters (e.g.,
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describing the background signal) were set to their default values
within the diffpy-CMI package.

The magnitude of each peak in the neutron PDF is related to the
coherent neutron scattering lengths of the elements in the
corresponding sample. To model the PDFs in this work, we assume
the following scattering lengths which are based on the most
abundant isotope of each element in LMTOF and LMNTOF35

= = = =b b b b2.22 fm, 3.73 fm, 6.08 fm, 7.054

fm
Li Mn Ti Nb

= =b b5.803 fm, 5.656 fmO F

Because large differences exist between the scattering lengths of the
cations, they can in principle be distinguished by neutron PDF should
the materials possess sufficiently strong configurational SRO. In
contrast, O and F have very similar scattering lengths and therefore
cannot easily be distinguished by inspecting the magnitude of each
peak in the neutron PDF. However, we will show that the bonding
preferences of O and F can still be determined since each anion affects
its neighboring bond lengths differently. This in turn influences the
shape and position of each peak in the PDF, which can be assessed to
calculate the relative abundance of various bond pairs.
Average Structure. For disordered crystalline materials, refine-

ment based on conventional diffraction data is typically performed
using an average structural model based on the virtual crystal
approximation.36 This approach relies on the use of a primitive unit
cell, wherein each site is occupied by a linear combination of the
species comprising the net composition of the material. For example,
the coherent neutron scattering length (b) associated with each site in
the average structure of LMTOF is calculated as follows

= + +b b b b0.65 0.2 0.15cation Li Mn Ti (3)

= +b b b0.85 0.15anion O F (4)

Because the sites within each sublattice share equal scattering
lengths, this model represents a completely random configuration of
ions without any configurational SRO. Moreover, all species occupy a
fixed fcc lattice such that displacive SRO is neglected as well. The
average structure therefore serves as a baseline from which a
comparison can be made with more advanced models that include
various aspects of SRO.
Cluster Expansion. A complete model for the configurational

thermodynamics of DRX oxyfluorides must account for the
distribution of Li and TMs on the cation sublattice as well as the
O/F arrangement on the anion sublattice. For this task, we used the
coupled cluster-expansion approach,26 which has been demonstrated
to accurately model the properties of several DRX oxyfluorides.7,8,30,37

With this approach, the configurational dependence of the energy (E)
is calculated by an expansion into different cluster functions as follows

= + +E J J ...
i sp

i
sp

i
sp

i j sp sp
ij
sp sp

i
sp

j
sp

, , , ,1

1 1

1 2

1 2 1 2

(5)

where σi
sp represents the occupancy of each site i with a certain species

sp and J refers to the effective cluster interactions (ECIs). Here, we
include pair interactions up to 7.1 Å, triplet interactions up to 4.0 Å,
and quadruplet interactions up to 4.0 Å based on a primitive cell of
the rocksalt structure with a lattice parameter of 3 Å. All interactions
were taken with respect to a baseline screened electrostatic energy
defined by the formal charges of the ionic species (Li+, Mn2+, Mn3+,
Ti4+, Nb5+, O2‑, and F−). The ECIs were fitted to DFT-calculated
energies from 6154 structures using L1-regularized least-squares
regression.38

With the established CE, canonical MC simulations were
performed to sample low-energy ionic configurations for each DRX
composition at temperatures of 1000 and 1500 °C using the
Metropolis−Hastings algorithm.39 To probe the influence of the
simulated cell size on the fit to experimental PDF data, supercells
were generated with dimensions of 4 × 5 × 5 (200 atoms), 4 × 5 × 6
(240 atoms), 4 × 5 × 8 (320 atoms), 5 × 5 × 8 (400 atoms), and 5 ×

6 × 8 (480 atoms). For each composition and cell size, the
equilibration consisted of 2,000,000 MC steps and the production
consisted of 8,000,000 MC steps. A total of 140 configurations were
generated for each composition, and these structures provided starting
points for the DFT calculations described in the next section.

As a comparison to the MC structures that account for
configurational SRO, we also generated a SQS for each DRX
composition. These are periodic structures whose occupancies are
selected such that their cluster correlations approach the expected
values for a completely random arrangement of atoms.40 Previous
work has shown that SQSs can accurately replicate the experimental
properties of disordered materials that approach the random limit
owing to high configurational entropy.10 In this work, each SQS was
generated using a 5 × 6 × 8 supercell containing 480 atoms in its
basis, matching the size of the largest structure sampled from our MC
simulations. To inspect displacive SRO (i.e., changes in bond lengths)
that may occur in the random configuration, these SQSs were relaxed
using DFT calculations as described in the next section. Table 1
summarizes all the different models used in this work to model
various aspects of SRO in LMTOF and LMNTOF based on their
PDFs.

DFT Calculations. All 280 structures obtained from the MC
simulations, as well as the SQS for each composition, were relaxed
using first-principles computations performed with the Vienna ab
initio simulation package.41−44 Two different functionals were tested,
including GGA + U45 and SCAN.46 In the former case, a Hubbard U-
value of 3.9 eV was applied to the Mn ions in each structure.47 All
calculations were performed using the projector augmented wave
method, where a cutoff energy of 600 eV was imposed on the plane
wave basis sets. The Brillouin zone was sampled with Gaussian
smearing (0.05 eV width) on a Γ-centered mesh containing at least 25
k-points per Å−1. Atomic positions were relaxed until all forces were
less than 10−2 eV/Å. We tested two different approaches to structural
relaxation: (1) atomic positions were optimized while the unit cells
were kept fixed to match the experimental lattice parameters and (2)
lattice parameters and atomic positions were both optimized.

As detailed in Supporting Information, Note 1 and shown by the
results given in Supporting Information, Figure S1, the SCAN
functional consistently produced structures that most accurately
represented the experimental PDF of each DRX composition. The use
of GGA + U, on the other hand, failed to capture subtle distortions in
the bond lengths caused by Jahn−Teller distortions, which
significantly influence the PDF. We also found that the complete
relaxation of the unit cell and atomic positions gave better results than
calculations performed using a fixed cell. Because relaxation can
sometimes introduce anisotropy in the supercell shapes, owing to
their finite size, the relaxed lattice parameters were allowed to vary
during refinement. Larger supercells generally showed better agree-
ment with the experimental data, though the effect is small. Given that
the best fit (minimal Rw) remains unchanged across the last three
distributions based on incrementally larger unit cells (containing 320,
400, and 480 atoms), we suspect that the structures used in this work
are sufficiently large to model the PDF data at hand. Based on these
results, all structures discussed throughout the Results sections rely on
a 5 × 6 × 8 supercell containing 480 atoms in its basis, where both the
unit cell and atomic positions were relaxed using the SCAN
functional.

Table 1. Summary of the Methods Used to Model the
Neutron PDFs in This Worka

model SRO

average structure none
relaxed SQS displacive
fixed-lattice MC configurational
relaxed MC both

aThese are categorized by the type(s) of SRO they account for.
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■ RESULTS
Structure Refinement Based on Random Site

Occupancies. LMTOF was successfully synthesized without
any detectable impurities, as illustrated by its diffraction
pattern (Supporting Information, Figure S2). The positions
and intensities of the measured peaks agree well with the
average structure representing LMTOF (without any SRO),
though some diffuse signal exists, which will modify several
peaks in the PDF. By refining the average structure to the
measured diffraction pattern (Rw = 4.1%), a lattice parameter
of 4.15 Å is obtained. For all subsequent analysis, LMTOF is
assumed to be a homogeneous solid solution in which the site
occupancies lack any LRO but may possess some SRO, for
which we estimate a coherence length of 9 Å by applying the
Scherrer equation to the diffuse scattering in the diffraction
pattern.48 While some recent work suggests that disordered
rocksalt materials synthesized by mechanochemistry may be
composed of mixed domains,49 the samples considered in this
work were prepared by solid-state synthesis and are much
more likely to be single phase. In contrast to materials
prepared by mechanochemistry, which can be difficult to refine
owing to the broad diffraction peaks they produce, LMTOF
gives narrow diffraction peaks, suggesting good crystallinity
and a large coherence length of the LRO features.

Figure 1a shows the calculated PDF (red line) for LMTOF
based on its average structure, as refined to the experimental
neutron data (blue dots). This model accurately represents the
experimental PDF at large distances (Supporting Information,
Figure S3) but fails to reproduce many of the features observed
in the first four peaks that span r < 5 Å. For example, in the
average structure, the first peak is found at too large a distance

(2.0 vs 1.97 Å), suggesting that SRO leads to changes in the
nearest-neighbor (NN) bond lengths of LMTOF. This effect is
further illustrated by the asymmetry observed in the first peak
of the experimental PDF, which shows some degree of splitting
that produces a small shoulder at ∼2.15 Å. More prominent
splitting is also observed in the fourth peak of the experimental
PDF, which contains two distinct maxima at 4.0 and 4.2 Å. In
contrast, the fourth peak calculated using the average
structures displays only one maximum at 4.14 Å, correspond-
ing to the length of the anion−cation−anion connections (e.g.,
O−TM−O) spanning the octahedral complexes in LMTOF.
Because the average structural model fails to reproduce these
features, a large value of Rw = 11.4% is obtained from the
refinement.

To account for displacive SRO while maintaining near-
random site occupancies, refinement was also performed using
the relaxed SQS for LMTOF. The corresponding results are
shown in Figure 1b, where the calculated (dashed orange) and
experimental (blue dots) PDFs are compared. Several
noticeable changes in the PDF occur when displacive SRO is
considered. As illustrated by the inset (Figure 1c), the
calculated position of the first peak (2.01 Å) better matches
the experimentally observed value (1.97 Å). This change in
position can be traced back to the presence of shortened bonds
surrounding the smaller Mn3+ (64.5 pm) and Ti4+ (60.5 pm)
ions, as compared to the larger Li+ (76 pm) ions that are most
prominent in the average composition. Despite the improved
representation of the first peak, the relaxed SQS still fails to
reproduce much of the splitting that is observed experimen-
tally, suggesting that configurational SRO may be needed to
capture these features. Similar results are obtained for the
fourth peak, as highlighted by the inset shown in Figure 1e.

Figure 1. Neutron PDF analysis based on random ionic configurations. (a) Refinement performed using an average structure where all atoms
occupy ideal positions on the fcc lattice. (b) Refinement of an SQS relaxed with DFT calculations. Blue dots represent experimental data (Obs) and
red/orange lines represent calculated values (Calc). Green lines represent the difference between these two (Diff). Panels (c−e) show enlargements
around the first three peaks where calculations and experiments differ most. In all cases, G(r) is plotted in terms of Å−2.
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The structural relaxations present in the SQS produce slightly
increased asymmetry in this peak relative to the average
structure, improving its agreement with the experimental data.
From inspection of the SQS, we find that the observed splitting
of the fourth peak is largely caused by Jahn−Teller distortions
surrounding the Mn3+ ions in LMTOF, which result in the
formation of four short equatorial bonds and two long axial
bonds (details in cation−anion correlations). However, only
some of the Mn3+ complexes in the SQS exhibit such
distortions, and therefore, the splitting of the fourth peak (as
well as the first) is weaker than observed in the experimental
PDF. In the next section, we will discuss how configurational
SRO is needed to facilitate an increased number of Jahn−
Teller distortions and therefore accurately reproduce the
experimental PDF.

The behavior of the second peak in the PDF is unique as it
becomes less accurately modeled when displacive SRO is
accounted for. As shown by Figure 1d, the relaxed SQS
incorrectly predicts asymmetry in this peak, such that two
shoulders are observed on either side of the experimental
maximum. In contrast, the average structure produces a
unimodal peak at r ≈ 2.93 Å, closely matching the position of
the experimental peak (2.92 Å). We attribute this effect to
electrostatic repulsion between high-valent cations (Mn3+ and
Ti4+), which tend to relax away from one another when their
octahedra are edge-sharing. Configurational SRO, however,
can reduce the mixing between these species and therefore
lessen their repulsion, as will be detailed in a later section
(cation−cation correlations). Because the relaxed SQS
provides a poor model for this peak but still gives improved
accuracy for all other peaks at r < 5 Å, it results in a slightly
better fit overall (Rw = 11.2%) relative to the average structure
model (Rw = 11.4%).
Structure Refinement with Configurational SRO. To

separate the effect of configurational SRO from that of the
displacements it causes, PDFs were calculated based on the
fixed-lattice MC structures where all ions occupy ideal
positions in the fcc lattice. These simulated PDFs are shown
in Supporting Information, Figure S4a alongside the
experimental PDF for LMTOF. Interestingly, all 140 PDFs
from the fixed-lattice MC structures are nearly identical to
those obtained from the average structure model described in
the previous section, with only slight variations in their relative
peak intensities despite the fact that they possess configura-
tional SRO. The refinements performed using these structures
produced an average Rw of 11.4% with a standard deviation of
only 0.1% across all 140 configurations sampled. In the absence
of atomic displacements, the negligible influence of configura-
tional SRO on the features of the PDF can in part be attributed
to the similarity of O and F’s neutron scattering lengths (bO =
5.803 fm vs bF = 5.654 fm).35 This means that on a fixed
lattice, any differences between the NN coordination environ-
ments of O and F will have little effect on the magnitude of
each peak in the corresponding PDF.

In a second approach, the MC structures possessing
configurational SRO were relaxed with DFT to account for
the atomic displacements that took place. The PDFs calculated
from these relaxed structures provide much better agreement
with the experimental data obtained from LMTOF (Support-
ing Information, Figure S4b), resulting in fits that yield Rw =
9.3% on average. There is also much greater variation across
PDFs calculated using different configurations when displacive
SRO is accounted for. Refinements performed using the

relaxed MC structures gave a broad distribution of Rw with a
standard deviation of 1.3%. Such variations can be traced to
the stochastic nature of the MC simulations, which sample
many different configurations with diverse coordination
environments. For example, the average number of Li ions
neighboring F ranges from 4.8 to 5.7 in the 140 MC structures
considered here (Figure S5). Similar variations are also
observed in the next-NN coordination environments (Figure
S6). Because the bond lengths surrounding a given ion will
relax differently depending on its neighbors, these changes lead
to substantial modifications of the PDF which cause Rw to
fluctuate from structure to structure. Despite these fluctua-
tions, 132 of the 140 configurations considered here gave an
improved fit of the experimental PDF after being relaxed
(Figure S4c).

To more clearly illustrate the improved accuracy of these
models with an example, we show in Figure 2 the PDF

calculated from the relaxed MC structure that most closely
reproduces the experimental data for LMTOF (i.e., gave a
minimal Rw). Refinement based on this structure provides an
excellent fit of the PDF with a low Rw of 6.4%, outperforming
both the fixed-lattice MC structures (Rw = 11.4%) and the
relaxed SQS (Rw = 11.2%) representing LMTOF. Much of the
improvement occurs in the first few peaks at r < 5 Å, which are
influenced by the coupling between configurational and
displacive SRO as detailed in the next two sections. It should
be noted that accurately modeling these features using the
methods presented in this work requires a sufficiently large
number of MC configurations to be sampled such that one
with a low Rw can be identified.

In addition to accurately reproducing several key features of
the PDF, the relaxed MC structure also maintains a good fit
(Rw = 4.1%) of the diffraction pattern shown in Supporting
Information, Figure S7. In comparison to the average structure,
the relaxed MC structure provides a more accurate model of
the diffuse scattering associated with SRO, which appears in
the calculated pattern as many small peaks whose combined
profile resembles the experimentally observed features. The
low intensities of these peaks highlight the importance of using

Figure 2. Refinement of the relaxed MC structure that best matches
the experimental PDF for LMTOF. G(r) is plotted in terms of Å−2.
Blue dots represent experimentally measured data (Obs) and red lines
represent calculated values (Calc). Green lines represent their
difference (Diff).
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PDF measurements to analyze SRO. Whereas such features
have a little influence on the refinement of the conventional
diffraction pattern, they become more prominent in the PDF
and therefore have a greater effect on its refinement, enabling a
more detailed inspection of SRO.
Cation−Anion Correlations. To better understand the

SRO observed in the LMTOF, we first consider how
correlations between the cations (Li, Mn, and Ti) and anions
(O, F) influence the first peak in the PDF, which is related to
NN distances. Previous theoretical work has speculated that
cation−anion correlations in DRX oxyfluorides are foremost
influenced by a strong attraction between Li and F, which form
a highly ionic bond that is energetically preferred over the TM-
F bonds.8,9,30 This prediction is supported by the experimental
PDF presented here as the MC structure that most accurately
reproduces it also reflects strong Li−F attraction. Figure 3

shows the number of each cation species surrounding F ions
within the MC structure possessing SRO. Indeed, each F is on
average coordinated by ∼5.3 Li ions, as compared to ∼3.9 Li in
a completely random configuration. This Li−F gettering effect
leads to reduced bonding between each TM and F, and as a
result, only 37% of all Mn ions (and 21% of Ti ions) are
coordinated by ≥1 F ligands in the MC structure.

The coordination environments of Mn and F have a
noticeable influence on their associated bond lengths. In cases
where Mn is completely coordinated by O ligands, the MnO6
octahedra undergo clear Jahn−Teller distortions,50 resulting in
four short equatorial bonds and two long axial bonds. On the
other hand, when Mn is coordinated by at least one F ligand,
less splitting of the surrounding bond lengths is observed. This
is illustrated in Figure 4a, which shows the distribution of bond

lengths around Mn ions coordinated only by O ligands
(denoted 0-F), as compared with those coordinated by ≥1 F
ligands (denoted 1-F and 2-F). The 0-F distribution is clearly
bimodal, with two groups of bond lengths observed near 1.97
and 2.14 Å. In contrast, the 1-F and 2-F distributions become
increasingly unimodal as more F ligands are introduced,
suggesting weakened Jahn−Teller effects in such complexes.37

We suspect that the mixture of O and F ligands surrounding
Mn lifts the degeneracy of its eg orbitals and therefore lessens
the need for Jahn−Teller distortions. This is supported by
previous experimental work on DRX oxyfluorides with
compositions Li1.2Mn3+

0.6+0.5xNb5+
0.2−0.5xO2−xFx (x = 0, 0.05,

0.1, 0.15, and 0.2). Analysis of their extended X-ray absorption
fine structure data revealed that the heavily fluorinated samples
possessed more uniform distributions of NN bond lengths (i.e.,
less Jahn−Teller distortions) as compared to the oxide
sample.37

Because the MC simulations reported in this work predict
that many of the Mn ions (∼63%) in LMTOF are coordinated
only by 0-F, the resulting structures display a substantial
number of Jahn−Teller distortions to lift the degeneracy of the
Mn eg orbitals. This creates an increased number of short Mn−
O bonds with an average length of 1.97 Å. Figure 4b shows the
first peak of the partial PDFs calculated from the MC structure
that best matches the experimental PDF, which reveals a low-r
shoulder associated with the short equatorial Mn−O bonds in
distorted MnO6 octahedra. This effect, in addition to the
presence of short Ti−O bonds, is critical to reproduce the
position of the first peak in the experimental PDF (Figure 1c).
Moreover, Jahn−Teller distortions are needed to account for

Figure 3. NN coordination environments of F ions in LMTOF. Each
distribution represents the fraction of F environments (y-axis) with a
given number of each cation species surrounding it (x-axis). These
distributions are calculated for the MC structure (blue) that best
matches the experimental PDF as well as for a random configuration
(orange). Colored triangles at the top of each plot represent the
average number of each species neighboring F.

Figure 4. (a) Distributions of bond lengths in Mn octahedra
coordinated by 0-F, 1-F, and 2-F. (b) Partial PDFs around the first
peak representing NN bonds in the representative MC structure for
LMTOF. (c) Partial PDF around the fourth peak representing O−
Mn−O bonds that undergo Jahn−Teller distortions.
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the splitting observed in the fourth peak of the experimental
PDF. Figure 4c shows the partial O−Mn−O PDF calculated
using the representative MC structure, which correctly displays
two clear maxima that agree well with the shape of the fourth
peak in the experimental PDF (Figure 1e).

The analysis presented here demonstrates that while O and
F cannot easily be distinguished by their neutron scattering
lengths, their coordination environments can still be
determined by assessing the influence of each anion on its
neighboring bond lengths. Whereas scattering lengths affect
the magnitude of each peak in the PDF, bond lengths set their
positions. For materials containing a wide range of bond
lengths, their PDFs are likely to contain several asymmetric
and multi-modal peaks that reveal key information regarding
the abundance of different bond pairs. LMTOF exemplifies
this phenomenon, as the bimodal nature of the first peak in its
PDF can only be reproduced by structures that have a minimal
number of Mn−F bonds. Because MnO6 octahedra display
prominent Jahn−Teller distortions whereas octahedra con-
taining F do not, structures with varied Mn−O/F coordination
can be clearly distinguished and fit to the experimental PDF
without requiring a detailed inspection of their scattering
lengths.

In addition to the presence of Jahn−Teller distortions
surrounding Mn3+, there is the possibility of second-order
Jahn−Teller distortions around Ti4+ as these sometimes occur
in octahedral complexes containing d0 transition metals.51−53

Indeed, the distribution of bond lengths surrounding Ti4+ ions
in LMTOF (Supporting Information, Figure S8) appears
bimodal in complexes coordinated only by 0-F; however, the
splitting of bond lengths observed around Ti4+ is much less
prominent than for those around Mn3+ (Figure 3a). Second-
order Jahn−Teller are often weaker than those of the first
order, and Ti4+ in particular is considered to be the weakest
distorter of all the common d0 ions (e.g., compared to Zr4+,
Hf4+, V5+, Nb5+, and Ta5+).52 Owing to the reduced magnitude
of the Ti4+ displacements as well as the lower concentration of
Ti4+ relative to that of Mn3+, the suspected second-order
Jahn−Teller distortions in LMTOF have a little effect on its

PDF, though we note that such distortions could play a larger
role in compounds where the concentration of the d0 element
is increased.
Cation−Cation Correlations. Correlations among the

cations (Li, Mn, and Ti) in LMTOF can also have a significant
influence on its PDF. We study these by focusing on the
second peak, which corresponds to next-NN distances
representing the separation between metal centers in edge-
sharing octahedra. Figure 5a shows the second peak of the
PDF for LMTOF refined using two different models: the
relaxed SQS (displacive SRO only) and the relaxed MC
structure (configurational and displacive SRO) that best
matches the experimental data. While the MC structure
generates a unimodal peak that closely matches the
experimental curve, the peak calculated from the SQS is
strongly asymmetric with two shoulders on either side of the
experimentally observed maximum. To further inspect this
asymmetry, we plot in Figure 5b the partial PDFs of each
cation pair in the relaxed MC structure. The peak positions in
the partial PDFs reveal that the Mn−Mn and Ti−Ti distances
are much larger than the Li−Li ones, which reflect strong
electrostatic repulsion between the high-valent cations (Mn3+,
Ti4+) in LMTOF. The fact that these different next-NN bond
lengths are not properly weighed in a structure without SRO
leads to a strong asymmetry in the second peak and
consequently produces a poor fit of the experimental PDF.
The MC structure, on the other hand, shows less asymmetry in
this peak and therefore accurately reproduces the experimental
curve. The enhanced symmetry in the second peak alludes to a
more uniform distribution of next-NN bond lengths, which we
attribute to the presence of configurational SRO that enables
more intimate mixing between Li/Mn and Li/Ti (Figure 5c).
These correlations minimize electrostatic repulsion by
reducing the population of high-valent cations that neighbor
one another, allowing the metal centers to remain more
symmetric in their octahedral complexes.

Direct evidence of increased Li/TM mixing is given by the
analysis of Li’s next-NN coordination environment in the
relaxed MC structure that best represents LMTOF. Figure 5d

Figure 5. (a) The second peak of the PDF, which accounts for next-NN bonds, is plotted for LMTOF. Blue dots represent experimental data
(Exp). The green line represents the PDF calculated from a relaxed SQS, whereas the red dashed is calculated from the relaxed MC structure that
best matches experimental data. (b,c) Partial PDFs showing different cation−cation distances in the MC structure. (d) Distributions of Li’s next-
NN coordination environments for the MC structure (blue) vs a random configuration (orange). Colored triangles at the top of each plot represent
the average number of each species neighboring Li.
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shows the number of each cation species surrounding Li sites
in the MC structure which accounts for configurational SRO,
as well as for the equivalent sites in a completely random
configuration. Configurational SRO leads to a reduced number
of edge-sharing Li ions such that each Li in the MC structure is
on average neighbored by only 7.1 Li, as opposed to 8.0 in the
random configuration. In contrast, a large increase is observed
in the number of edge-sharing Li−Ti octahedra due to SRO. Li
ions in the MC structure have on average 2.5 Ti neighbors, as
opposed to 2.0 in the random configuration. Similarly, a slight
increase in Li−Mn coordination occurs, though to a lesser
extent than Li−Ti. These results suggest that Li+ tends to mix
intimately with Ti4+ to create local electroneutrality,
confirming the predictions reported in past computational
work.6 Here, we find that Li/Ti mixing is not only
thermodynamically favored from a theoretical standpoint but
also necessary to obtain an accurate fit of the experimental
PDF.
Influence of Nb. All results discussed in the previous

sections focus on the modeling of LMTOF, in which all Mn
ions adopt a nominal +3 oxidation state and are therefore
prone to Jahn−Teller distortions that cause prominent
splitting in the first and fourth peaks of the corresponding
PDF (see cation−anion correlations). In contrast, LMNTOF
includes high-valent Nb5+ ions that lead to a reduced Mn
oxidation state. Only 50% of Mn ions are expected to adopt the
Jahn−Teller active +3 oxidation state in LMNTOF, and
therefore, this composition may be used to probe the effects of
SRO in materials where first-order Jahn−Teller distortions are
less pronounced. The choice of Nb as a high-valent charge
compensator was also inspired by previous work where several

Mn/Nb-based DRX cathodes were found to exhibit promising
electrochemical performance.54−56

The diffraction pattern from LMNTOF indicates a
successful synthesis without any detectable impurities
(Supporting Information, Figure S9). Its refinement (Rw =
3.8%) based on an average structural model yields a lattice
parameter of 4.22 Å, suggesting a slight expansion relative to
LMTOF (4.15 Å) which is likely caused by the introduction of
reduced Mn2+ ions (83 pm) and a decreased abundance of
Mn3+ ions (64.5 pm). While the average structure provides a
good fit of the narrow diffraction peaks derived from LRO,
there also appears some diffuse scattering related to SRO (e.g.,
near a d-spacing of 1.15 Å), which is not accounted for by the
average structural model. In comparison to LMTOF, the
diffuse scattering observed from LMTOF is less prominent,
suggesting an increased level of disorder in this compound.
Indeed, the coherence length of SRO calculated from the
diffuse scattering is only 6 Å for LMNTOF, shorter than the
calculated coherence length of 9 Å for LMTOF.

In Figure 6a, we show the neutron PDF of LMNTOF with
refinement performed using a relaxed SQS that accounts for
displacive SRO while maintaining a near-random distribution
of site occupancies. In contrast to LMTOF, where the SQS
provided a poor model of the experimental PDF (Rw = 11.2%),
the SQS representing LMNTOF gives a much better fit (Rw =
7.3%). A key difference between these two compositions is
illustrated by the first peak of the PDF shown in Figure 6c.
Whereas LMTOF displayed splitting of this peak that resulted
in a prominent shoulder at low distances (r ≈ 1.97 Å), the first
peak of LMNTOF displays a larger shoulder at high distances
(r ≈ 2.17 Å). This difference can be rationalized by the origin

Figure 6. (a) Refinement of a relaxed SQS against experimental neutron PDF data for LMNTOF. (b) Refinement of the relaxed MC structure that
best matches the experimental PDF. Blue dots represent experimental data (Obs) and red/orange lines represent calculated values (Calc). Green
lines represent the difference between these two (Diff). Panels (c,d) show enlargements around the first two peaks. In all cases, G(r) is plotted in
terms of Å−2.
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of the peak splitting in each material. The low-r shoulder in
LMTOF arises from the four short equatorial bonds in Mn3+

complexes with Jahn−Teller distortions. This effect is weaker
in LMNTOF since it contains less Jahn−Teller active Mn3+

ions. Instead, a high-r shoulder appears due to local relaxations
in bonds surrounding the large Mn2+ ions (83 pm). We stress
that these relaxations will occur regardless of the neighboring
sites, and therefore, the displacive SRO that causes asymmetry
in the first peak of the PDF will be present even without any
configurational SRO. Consequently, the relaxed SQS provides
a reasonably accurate model of the first peak in the
experimental PDF for LMNTOF.

In contrast to the first peak, the second peak of the PDF
remains poorly fit by the relaxed SQS representing LMNTOF.
As shown in Figure 6d, the PDF calculated from the SQS
displays a second peak with strong asymmetry and a large
shoulder at a distance (r) much higher than the experimentally
observed maximum. This observation further supports our
previous conclusions regarding the influence of configurational
SRO (or lack thereof) on the shape of the second PDF peak.
Because the relaxed SQS contains many edge-sharing high-
valent cations (e.g., Ti4+ and Nb5+), which tend to relax away
from one another due to electrostatic repulsion, it results in a
larger-than-expected next-NN bond length. Configurational
SRO is therefore needed to reduce mixing between these high-
valent cations, lessen their electrostatic repulsion, and produce
a unimodal peak that better matches the experimental data.

To probe the effects of configurational SRO without
considering its influence on the atomic displacements that
take place, the fixed-lattice MC configurations representing
LMNTOF were refined to their experimental PDF. The
corresponding spectra show very little variation, producing
relatively poor fits with an average Rw of 13.4% and a standard
deviation of only 0.1%. In contrast, when configurational and
displacive SRO are both accounted for by relaxing the MC
structures, their PDFs show improved agreement with the
experimental data. The distribution of Rw obtained from
refining the relaxed structures representing LMNTOF has a
mean of 9.7% and a standard deviation of 1.7% (Supporting
Information, Figure S10). This suggests increased variance in
the spectra as compared to LMTOF, where the standard
deviation in Rw is 1.3%, which we suspect originates from the
additional degrees of freedom introduced by including Nb in
the composition. The increased number of elements, as well as
the newly mixed Mn2+/Mn3+ oxidation states, leads to a greater
number of configurations that can be sampled by the MC
simulations. These different configurations subsequently affect
the bond length relaxations that take place, which affect several
features in the PDF as detailed below.

Supporting Information, Figure S11 shows the distributions
of NN coordination environments surrounding F in all 140
MC configurations representing LMNTOF. In contrast to
LMTOF (Figure S5), which had a relatively uniform
distribution of coordination environments, there appear two
distinct groups of configurations for LMNTOF. One of these
groups contains F ions that are heavily coordinated by Li,
appearing similar to LMTOF, whereas the other group shows
less Li−F coordination and instead has an increased number of
Mn−F bonds. This dichotomy is more clearly illustrated by the
scatter plots in Figure S12, where each dot represents the
average number of Li and Mn ions neighboring F in a single
MC configuration. A group of outliers possessing increased
Mn−F coordination is highlighted in red. The existence of

these configurations suggests that Mn2+ is more likely to bond
with F than Mn3+, requiring a lower energy cost and therefore
appearing more often in the MC simulations. This is supported
by the previous work of Ouyang et al.,8 which showed that
Mn2+-based DRX compositions generally have higher F
solubility than their Mn3+-based counterparts. Next-NN
interactions may also play some role in creating different
configurations for LMNTOF. As shown in Figures S13 and
S14, there exists a group of LMNTOF configurations with
increased Li/Mn coordination relative to LMTOF. We suspect
this is caused by the introduction of Mn2+ (83 pm), which
tends to mix more intimately with Li+ (76 pm) owing to their
similar ionic radii�both of which are much larger than Mn3+

(64.5 pm), Ti4+ (60.5 pm), and Nb5+ (64 pm).6

Figure 6b shows the refinement of LMNTOF performed
using the PDF that was calculated using the relaxed MC
structure that best reproduces the experimental curve. By
accounting for both configurational and displacive SRO, this
model gives an improved fit (Rw = 6.5%) over the relaxed SQS
(Rw = 7.3%). The MC structure also maintains a good fit with
the conventional diffraction pattern (Rw = 3.8%, Supporting
Information, Figure S15), reproducing the experimental peaks
while also accounting for the diffuse scattering that dictates the
appearance of the PDF. The most noticeable difference
between the SQS and the MC structure occurs in the second
peak of the PDF (Figure 6d), where the MC structure
correctly predicts a symmetric and unimodal curve that closely
resembles the experimental peak with a maximum at r ≈ 2.94
Å. The disappearance of the high-r shoulder upon including
configurational SRO is caused by the more intimate mixing
that takes place between Li and the high-valent TMs (Mn3+,
Ti4+, and Nb5+), similar to the effect discussed in cation−
cation correlations and illustrated by the average Li
coordination environments in Supporting Information, Figure
S16. Another, less noticeable, difference between the PDFs
produced by the MC structure versus the SQS is observed in
the first peak (Figure 6c), related to NN interactions. The first
peak calculated using the MC structure shows slightly
increased splitting, such that the left shoulder near r ≈ 2.01
Å appears more prominent. We suspect this difference arises
from an increased number of Jahn−Teller distortions
associated with Mn3+−O6 octahedra, as configurational SRO
between the cations and anions in LMNTOF favors Li−F over
Mn−F bonds (Supporting Information, Figure S17). This
finding reflects our previous results from LMTOF; however,
the effect is less prominent due to a reduced proportion of
Jahn−Teller active Mn3+ ions in LMNTOF.

While the first-order Jahn−Teller distortions associated with
Mn are effectively reduced in LMNTOF, the second-order
Jahn−Teller effects associated with the d0 elements may
become more pronounced owing to the introduction of Nb5+.
In contrast to Ti4+, this cation has a higher electronegativity
and more diffuse t2g orbitals which can hybridize with the
neighboring O 2p orbitals, and consequently, larger off-center
displacements are often observed in Nb-containing octahe-
dra.51,52 A similar trend is identified here as the distribution of
bond lengths surrounding Nb5+ ions in LMNTOF shows
bimodal splitting that is much more pronounced than that
observed for the Ti4+ ions (Supporting Information, Figure
S8). Nevertheless, considering that Nb accounts for only 5% of
all the cations in LMNTOF, its effect on the PDF remains
small. To illustrate this, a comparison can be made between
the partial PDFs of each bond pair in Supporting Information,
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Figure S18, which reveals that the Nb−O and Ti−O curves
have much weaker contributions to the overall PDF than the
Li−O and Mn−O curves.

■ DISCUSSION
Our findings demonstrate that experimental PDFs can be
accurately modeled using first-principles calculations. MC
simulations on CEs provide an effective method to sample low-
energy configurations that account for configurational SRO,8

and these configurations can be relaxed with DFT to capture
displacive SRO. Both effects are critical to reproduce the
experimental PDFs obtained from the two DRX oxyfluorides
studied in this work. Furthermore, configurational SRO and
displacive SRO are strongly coupled, such that differences in
site occupancies have a clear impact on the observed atomic
displacements that take place, which in turn modify the shapes
and positions of the first few peaks in the PDF of each material.
Specifically, three factors were identified as critical components
that must be accounted for to obtain accurate models of the
experimental PDF data for LMTOF and LMNTOF. These
factors are detailed below, and their influence on the first and
second peaks of the PDF is illustrated in Figure 7.

1. Li−F correlation and its effect on Jahn−Teller
distortions: octahedra containing Mn3+ tend to adopt
Jahn−Teller distortions when fully coordinated by 0-F.
This manifests itself in the PDF by causing the first peak
to split into two distinct shoulders associated with the
lengths of the short equatorial and long axial Mn−O
bonds in each octahedron. The amount of splitting that
takes place is related to configurational cation−anion

SRO. In particular, the increased Li−F coordination
caused by SRO “steals” F ligands from Mn octahedra
and ensures that their eg orbitals remain degenerate, thus
providing an incentive for the Jahn−Teller distortions to
occur.

2. Cation mixing and electrostatic repulsion: high-valent
cations such as Ti4+ and Nb5+ relax away from one
another when they occupy edge-sharing octahedra. This
causes the second peak in the PDF to become
asymmetric, with a shoulder at high r associated with
an increase in the next-NN distances. However, because
configurational SRO favors the separation of these high-
valent cations to reduce their electrostatic repulsion, the
experimental PDFs avoid much of the expected
asymmetry in the second peak.

3. Ionic size mismatch causing local displacements: when a
disordered material contains ions with large differences
in their radii, local displacements occur to minimize
strain. This can lead to splitting in the first peak of the
PDF, where each shoulder represents a distinct NN
bond length in the various local coordination environ-
ments.

More generally, our analysis reveals that observed
asymmetries in the peaks of a given PDF do not necessarily
signify the presence of configurational SRO. Indeed, while
factors (1) and (2) outlined above can be affected by SRO,
factor (3) is present even in a material with a completely
random distribution of site occupancies. This is because the
average structure may not be an accurate representation of the
real structure, regardless of whether it possesses configurational

Figure 7. Summary of the three major factors that dictate the appearance of neutron PDFs from Mn3+-based DRX oxyfluorides. These factors are
categorized by their effects on the first peak, related to NN distances, and the second peak, related to next-NN distances. Shading is used to
emphasize the different modes in each peak. Also shown is the influence of configurational SRO on the prominence of each factor.

Figure 8. Outline of the four different models used to refine SRO structures based on PDF fitting, ordered in terms of increasing complexity
(additional levels of SRO).
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SRO. Each site in a real disordered crystal can have a different
set of chemical neighbors, which often leads to distinct bond
lengths, especially when the material contains many ions with
different radii. Since the PDF accounts for the local structure,
not the average one, it reveals these differences in bond lengths
through splitting or asymmetry in its peaks. Careful inspection
of the PDF (e.g., by comparing different models) is necessary
to discern whether these asymmetries arise from displacive
SRO by itself or whether configurational SRO also plays a role.

In Figure 8, we outline a step-by-step workflow to model
SRO in disordered crystalline materials by refining structural
models generated from first-principles calculations to fit
experimental PDF data. This workflow is applicable to X-ray
and neutron PDF measurements, which each provide
complementary information owing to the distinct interaction
strength of different elements with X-rays versus neutrons, and
these techniques may also be combined for multi-modal
analysis.57−59 After the PDF data is obtained, one may start
with an average structural model based on a primitive unit cell.
In materials that possess any SRO, this model should produce
a poor fit to the experimental PDF data. To account for
displacive SRO while maintaining near-random site occupan-
cies, an SQS may be generated and relaxed using DFT. Should
this model provide an accurate representation of the
experimental PDF, it suggests that the corresponding material
lacks configurational SRO but displays some variations in its
local coordination environments (e.g., due to an ionic size
mismatch). Alternatively, if the relaxed SQS is inaccurate,
configurational SRO can be modeled using CE-based MC
simulations to obtain low-energy distributions of site
occupancies on a fixed lattice. If these MC accurately
reproduce the experimental PDF, it signifies the presence of
configurational SRO but a lack of displacive SRO. Such a case
may occur in materials containing species with greatly differing
scattering lengths but similar ionic radii. Last, if none of the
aforementioned methods provide an accurate model of the
experimental PDF, both configurational SRO and displacive
SRO are needed. These effects can be accounted for by
relaxing the MC structures with DFT calculations. As
demonstrated here, relaxed MC structures are generally the
most reliable models for experimental PDF data and can be
used to pinpoint the origin of SRO by analyzing their
corresponding site occupancies and atomic displacements.

■ CONCLUSIONS
We have tested a variety of techniques to model SRO in
disordered crystalline materials using first-principles simula-
tions. The accuracy of each method was validated on two DRX
oxyfluorides, from which PDFs were collected using total
neutron scattering measurements. Both PDFs contain several
asymmetric and bimodal peaks at short distances (r < 5 Å),
which deviate from the features expected for an average
structure model with random site occupancies. We demon-
strated that these deviations arise from changes in bond
lengths associated with distinct local coordination environ-
ments, otherwise referred to as displacive SRO. To some
extent, this can be modeled using a relaxed SQS, which
accounts for local displacements while maintaining a near-
random ionic configuration. However, to fully reproduce the
experimental data, configurational SRO must also be
considered as it indirectly influences the PDF by setting the
local coordination environment of each species. Coupling
between configurational and displacive SRO is accurately

modeled by structures sampled from MC simulations and
relaxed using DFT, which gave the best agreement with the
experimental data out of all the models considered in this
work. These findings confirm the effectiveness of first-
principles techniques as applied to the study of complex,
multi-component systems with configurational disorder. By
combining these methods with experimental characterization
techniques such as PDF analysis, a precise and quantitative
description of SRO can be obtained. This may lead to further
development of disordered materials by enabling precise
control over their SRO, which can be used to fine-tune their
properties for applications such as Li-ion batteries.6,8
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