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average crystallographic structure on material properties 
remains largely unexplored. A well-known example for a 
solid solution series is the forsterite–fayalite solid solution 
series, (FexxMg1-x)2SiO4 (0 < x < 1), commonly referred to 
as olivine. As a dominant mineral in Earth’s upper mantle, 
particularly near the forsterite endmember composition 
(e.g., (Fe0.1Mg0.9)2SiO4) (McDonough and Rudnick 1998), 
olivine plays a critical role in controlling mantle rheology 
and seismic velocities. Olivine is abundant in mafic and 
ultramafic igneous rocks and various metamorphic settings. 
Beyond its geological importance, olivine and related phos-
phates with the olivine structure type have garnered interest 
for technological applications, including CO2 sequestration 
through enhanced weathering (e.g., Montserrat et al. 2017; 
Fuhr et al. 2021), and as cathode materials in lithium-ion 
batteries (e.g., Heath et al. 2017).

The olivine structure (space group Pnma) contains two 
crystallographically distinct octahedral cation sites, M1 
and M2, which are occupied by divalent Fe2+ and Mg2+, 
while Si4+ occupies tetrahedral sites (see Fig. 1a. The M1 
site shares edges with four neighboring octahedra (two 
M1 and two M2), forming chains along the b-axis. The 
M2 site shares edges with two M1 octahedra. Despite the 
similarity in the octahedral geometries, subtle differences 
in local bonding and crystallographic environment can lead 

Introduction

Minerals are thought of as long-range ordered crystalline 
materials, but solid solutions are common across many min-
eral classes, where the substitution of one ion for another 
introduces disorder, which can significantly influence physi-
cal properties such as density, optical behavior, magnetism, 
and electrical conductivity. Traditionally, such changes have 
been analyzed in terms of long-range structural motives, that 
influence properties like cleavage, stability, and elasticity 
(Putnis 1992). However, substitution of ions with different 
radii introduces local strain, and therefore locally influences 
the bonding environment. The possible effect of the explicit 
local distribution of ions that occupy the same site in the 
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Abstract
We investigate the influence of short-range Mg–Fe cation ordering on the elastic and vibrational properties of olivine 
(FexxMg1-x)2SiO4 (0 < x < 1) and ferropericlase (FexxMg1-x)O (0 < x < 1) solid solutions using atomistic simulations based on 
empirical force fields. Supercells representing distinct local distributions of Mg and Fe cations around equiatomic com-
position (Fe:Mg 50:50, x 0.5) were generated and structurally relaxed. Short range order states include cation clustering, 
random cation ordering and preferred heteroatom paring. In both solid solution series, bulk physical properties, such as 
elastic moduli and seismic velocities, are primarily controlled by overall composition rather than the specific local cation 
arrangement. However, vibrational properties such as heat capacity and the phonon dispersion curves reveal a stronger 
sensitivity to short-range order. This sensitivity is enhanced in structurally simpler ferropericlase, while the increased 
structural complexity of olivine suppresses these differences.      
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to preferential partitioning of cations between the M1 and 
M2 sites. In terms of the long-range average structure, vari-
ous degrees of cation portioning have been observed in dif-
ferent olivine type structures (Müller-Sommer et al. 1997; 
Kądziołka-Gaweł et al. 2022; Jundullah Hanafi et al. 2024), 
while in LiMPO4 olivines (M = Mn, Co, Fe, Ni), complete 
site partitioning has been reported (García-Moreno et al. 
2001; Gnewuch and Rodriguez 2020).

In natural olivine, degrees of Fe2+/Mg2+ partitioning vary 
and are intensively discussed in literature (Aikawa et al. 
1985; Redfern et al. 2000; Morozov et al. 2005). Results 
from Artioli et al. (1995) and Rinaldi et al. (2000) show 
increasing preference for Fe2+ in M1 sites up to 900  °C, 
however at the same time an increase of Mg in M1 is 
observed between 900 °C and 1300 °C. Partially consistent 
results from e.g. Heinemann et al. (2007) and Morozov et 
al. (2005) show an increasing preference for Fe2+ in M1 at 
temperatures between 500 °C and 900 °C, but do not rule 
out a possible reversal of preferences at lower temperatures 
(300–350 °C). Opposite ordering behavior is proposed by 
Redfern et al. (2000), with a preference of Fe2+ in M2 sites 
at temperatures between 600  °C and 1250  °C. Only full 
cation partitioning refers to structures, that are accurately 
described by a long-range average structure. Local ordering, 
on the other hand, may occur even when no or only partial 
cation partitioning is present. A compositionally analogous 

but structurally much simpler solid solution is ferroperi-
clase, (FexxMg1-x)O (0 < x < 1). Ferropericlase crystallizes in 
the rock salt (NaCl) structure and forms a complete solid 
solution between FeO and MgO. In this structure, Fe2+ and 
Mg2+ occupy a single symmetry-independent octahedral 
site (Fig.  1b), precluding long-range cation partitioning 
between distinct sites. However, local chemical ordering, 
deviations from a random distribution on this single site, is 
possible and has been reported in numerous rock salt-type 
compounds driven by short-range interactions (e.g., Billing-
ham et al. 1972; Sauvage and Parthé 1972; Withers et al. 
1994; Gusev 2006; Ji et al. 2019).

Local ordering can arise from various factors, includ-
ing relatively weak chemical driving forces that are insuf-
ficient to establish long-range order (common in metastable 
phases formed at high temperatures) and geometric frustra-
tion, where the locally preferred atomic arrangement cannot 
be perfectly extended across the entire crystal lattice while 
maintaining the average structure (see Simonov and Good-
win 2020). Both the rock salt and olivine structures con-
tain structural motifs prone to such frustration: face-sharing 
octahedra forming triangles of nearest-neighbor cations in 
ferropericlase, and edge-sharing octahedra forming triangu-
lar motifs in olivine (see Fig. 1).

Local ordering can manifest in two limiting scenarios: 
(1) Clustering of like cations (here Fe- or Mg-rich domains), 

Fig. 1  a Average structure of the olivine solid solution in Pnma setting. 
The M1 site is shown in darker colors, while the M2 site is in lighter 
colors. Both sites contain equal amounts of Fe and Mg, represented by 
two-colored atoms (dark red and grey for M1 and light brown and grey 
for M2). Si in blue, O in red. Top: complete structural model, bottom: 
coarse grained description highlighting the chains of triangles along 

b, that are formed by edge-sharing octahedra. One single unit cell is 
indicated by the black box. b Average structure of ferropericlase solid 

solution (Fm
−
3m). Fe in dark red, Mg in dark gray, O in red. Left: 

complete structural model, right: coarse grained description highlight-
ing the triangles of nearest neighbor cations. Figures generated with 
VESTA (Momma and Izumi 2011)
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potentially leading to exsolution if sufficiently developed or 
(2) Anticlustering, or heteroatom paring as nearest neigh-
bors, to better distribute strain from ionic size mismatches. 
In the first scenario, strain is concentrated at domain bound-
aries; in the second, it is more evenly distributed throughout 
the crystal.

Increasing evidence suggests that local chemical order 
significantly influences mechanical and physical properties 
in materials, particularly in alloys. For instance, short-range 
ordering has been harnessed to tailor mechanical behavior 
in alloys (e.g., Wu et al. 2021), where it has been shown 
that hardness, shear modulus and Youngs modulus can be 
tailored by local ordering (Narsu et al. 2013; Huang et al. 
2018; Zhang et al. 2020).

Very few studies have explored the effects of local order-
ing on physical properties in important mineral structures 
that form solid solutions. In this study, we aim to contrib-
ute to filling this gap by explicitly investigating structures 
with identical long-range average structures, but variation 
in short-range ordering motives to determine their effect on 
physical properties. We employ computational modeling 
with empirical force fields to explore how different degrees 
of local cation ordering (clustering, random, anticluster-
ing) influence the physical properties of olivine and fer-
ropericlase solid solutions, focusing on compositions near 
x ≈ 0.5. Specifically, we evaluate the effects on elastic prop-
erties (bulk and shear moduli), seismic wave velocities, heat 
capacities, and lattice dynamics (phonon dispersion). Some 
previous simulation studies did consider cation partition-
ing (Chatterjee et al. 2011) while to the best of our knowl-
edge the possibility of local order has not been considered 
explicitly. Our aim is to quantify the significance of short-
range ordering effects relative to compositional variations 
and assess their potential relevance for interpreting mineral 
behavior in geophysical and materials science contexts for 
these two important structural types.

Methods

Generation of supercells and ordering of cations

To investigate the influence of local cation ordering, we 
investigate composition of approximate 50:50 Mg:Fe, as 
here the most prominent effects are expected – even though 
these are not the most representative case for natural sample 
materials. For this purpose, we generated supercells encod-
ing different degrees of local chemical order. For olivine, 
we created ten 10 × 10 × 2 supercells based on the Mg₂SiO₄ 
olivine structure (Materials Project, Version 2021.11.10, 
entry mp-20313; Jain et al. 2013). This structure is given in 
the standard Pnma setting (space group 62), which we used 

throughout this study, rather than the commonly used Pbnm 
setting. The supercell size (5600 atoms each) was selected 
as a compromise between computational efficiency and 
physical accuracy. The implemented local ordering scheme 
includes nearest-neighbor octahedral pairs, which form 
chains in the ab-layer (see below). The resulting random 
order along c-axis results in negligible changes in calculated 
physical properties for longer supercells along the c-axis. In 
ferropericlase, nearest neighbors form a three-dimensional 
network, therefore we generated ten 10 × 10 × 10 supercells 
(8000 atoms each) based on the MgO structure (Boiocchi 
et al. 2001) (ICSD-158106). Both sets of supercells started 
from pure Mg endmember structures, Mg2SiO4 for olivine 
and MgO for ferropericlase, and were converted to the final 
supercells used in the analysis via a two-step process.

Local chemical ordering was introduced using the pro-
gram DISCUS (Proffen and Neder 1997). Starting with 
the pure Mg supercells, Mg atoms were randomly substi-
tuted by Fe to achieve an approximate 50:50 composition. 
Subsequently, a Monte Carlo simulation swaps Fe and Mg 
atoms on the same average structure site to achieve a spe-
cific target value of the Warren–Cowley short-range order 
(SRO) parameter, α (Warren et al. 1951). The parameter α 
is defined as:

α = 1 −
pMgFe

mMgmFe
� (1)

pMgFe represents the probability of finding Mg–Fe (or Fe–
Mg) pairs on nearest neighbor cation sites, and mMg and ​
mFe are the molar fractions of Mg and Fe, respectively. 
This definition allows for the representation of three limit-
ing ordering types: α > 0 corresponds to preferential clus-
tering of like cations (more Mg–Mg and Fe–Fe pairs); α  ≈
0 represents an essentially random distribution; and α < 0 
indicates preferential anticlustering (more Mg–Fe and Fe–
Mg pairs). It should be noted that by applying this method-
ology, all investigated structures are identical in terms of 
the average structure (including all site-occupancies and the 
absence of cation-partitioning) and only show variations in 
the local ordering.

In the olivine structure, nearest-neighbor cation interac-
tions occur between edge-sharing octahedra. The M1 site 
has four nearest cation neighbors (two M1, two M2), while 
the M2 site has two nearest cation neighbors (both M1). Due 
to the specific topology of the octahedral network and geo-
metric frustration, perfect anticlustering (α = -1) is not pos-
sible; the maximum attainable α for anticlustered structures 
is approximately -0.33. Clustering simulations yielded α 
values up to 0.84. In the ferropericlase structure, each cation 
has 12 nearest cation neighbors. This higher coordination 
and network topology also introduces geometric frustration, 
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implementation. Phonon calculations were performed using 
GULP’s parallel implementation to improve computational 
efficiency.

Phonon calculations were performed using the super-
cell lattice dynamical (SCLD) method (Overy et al. 2016, 
2017; Schmidt et al. 2022; Roth and Goodwin 2023). Con-
ventional lattice dynamics samples the dynamical matrix 
D

(−→
k

)
 at a suitably dense set of wave-vectors 

−→
k  in the 

primitive cell’s Brillouin zone. This is appropriate for per-
fectly periodic crystals. However, for disordered structures 
simulated within a supercell, the disorder configuration 
breaks the translational symmetry of the average structure. 
SCLD addresses this by performing lattice dynamics calcu-
lations for the supercell, where the dynamical matrix is typi-
cally sampled only at the supercell’s Γ-point (

−→
k = (000)). 

Band undfolding then allows to probe the resulting phonon 
frequencies that correspond to wavevectors in the primitive 
cell Brillouin zone that are commensurate with the supercell 
size:

−→
k =

(
na

Na
,

nc

Nb
,

nc

Nc

)
; ni ∈ {0,1, . . . Ni − 1} ,� (2)

where Na, Nb and Nc describe the size of the supercell 
along the a-, b- and c-direction respectively.

The phonon eigenvalues and eigenvectors were calcu-
lated using GULP, while the band unfolding was performed 
by a custom Fortran code. The SCLD method, as employed 
here following previous studies on disordered systems 
(Overy et al. 2016; Schmidt et al. 2022; Roth and Goodwin 
2023), is well-suited for analyzing the vibrational properties 
of explicitly disordered supercells.

Results

Physical properties of the olivine solid solution

The computed bulk physical properties for the olivine 
supercells, including bulk modulus (K), compressional 
velocity (vp) ​and Poisson’s ratio (ν), are presented in Fig. 2. 
Further properties, such as shear modulus (G), shear veloc-
ity (vs​) and Young’s modulus (E) along with the computed 
entropy are shown in the Supplementary Information Fig. 

limiting the achievable SRO values to approximately -0.28 
for anticlustering and 0.81 for clustering. Table 1 summa-
rizes the range and average SRO values achieved for the 
generated supercells across the three ordering types.

Structural relaxation of supercells and calculation of 
physical properties

Structural relaxation of all generated supercells was per-
formed using classical interatomic potentials as imple-
mented in the General Utility Lattice Program (GULP) 
(Gale 2005). Calculations were conducted under constant 
pressure and temperature conditions (1 atm, 298 K), without 
constraints on the unit cell parameters. All symmetry con-
straints were removed to appropriately treat the disordered 
nature of the supercells.

Two empirical interatomic potential models were evalu-
ated for structure optimization: a Buckingham potential 
with additional three-body and spring terms (Walker et al. 
2003) and a combination of Morse and Lennard-Jones pair 
potentials (Quadery et al. 2015). Elastic constants derived 
from the second potential model were reported to be closer 
to experimental values for the Mg endmember of olivine 
(Pedone et al. 2006) (see Supplementary Information Table 
S1 for comparison), and this model was therefore used for 
all subsequent relaxations and property calculations pre-
sented in this study. The parameters for the chosen potential 
model are listed in Table 2.

Physical properties, including elastic moduli (bulk, 
shear, Young’s), Poisson’s ratio, and seismic wave velocities 
(compressional vp and shear vs), were computed from the 
relaxed supercell structures using standard methods imple-
mented in GULP (derived from the elastic constant tensor).

Heat capacity at constant volume (Cv) was calculated 
from the vibrational density of states obtained from phonon 
calculations (described below). Structural relaxation and 
property calculations were conducted using the serial GULP 

Table 1  Achieved Warren-Cowley short range order parameters a in the investigated supercells for the three cases of local ordering: Anticlustering, 
clustering and random distribution.

Olivine Ferropericlase
min max average min max average

Anticluster -0.339 -0.333 -0.335 -0.289 -0.267 -0.281
Cluster 0.825 0.868 0.844 0.802 0.832 0.814
Random -0.027 0.046 0.001 -0.050 0.067 -0.008

Table 2  Parameters from Quarderny et al. (2015) for the empirical pair 
Potentials. C as reported in Pedone et al. (2006)
Pair D (eV) a (Å-1) r0 (Å) C (eV Å12)
Mg – O 0.123583 2.045583 2.424824 5.0
Fe – O 0.064948 1.888936 2.644110 2.0
Si – O 0.443427 1.758024 2.081625 1.0
O – O 0.042323 1.311417 3.762599 22.0
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b-direction (Fig. 1a). Overall, the variations in bulk physical 
properties directly attributable to differences in short-range 
order are small, often falling within the typical uncertainties 
of experimental measurements or the inherent discrepancies 
between empirical force field simulations and experimental 
data.

Phonon dispersion of the olivine solid solution

To assess the influence of local ordering on the lattice dynam-
ics, phonon dispersion curves were derived from band-
unfolded SCLD simulations for representative supercells 
with different degrees of cation order (Fig. 3). The phonon 
dispersion curves for anticlustered and randomly ordered 
structures are nearly indistinguishable. In contrast, clus-
tered structures display slightly sharper and more defined 
band structures, particularly at higher frequencies (200–
300 cm⁻¹) along certain directions in reciprocal space (e.g., 
between the S and Y points). The differential phonon dis-
persion curve between clustered and anticlustered structures 

S2. The computed entropy varies negligibly among the 
tested configurations. This indicates that the structures can 
effectively compensate for the strain that arise from differ-
ent local cation orderings. For the majority of the computed 
physical properties, compositional variations among the ten 
generated supercells for each ordering type exert a signifi-
cantly larger influence than the degree of local cation order-
ing (clustering vs. random vs. anticlustering). The spread in 
values for each ordering type is primarily due to slight devi-
ations from the target 50:50 composition in the generated 
supercells, highlighting the strong compositional control.

A minor systematic trend related to short-range order 
is observed for the Poisson ratio, particularly in the plane 
perpendicular to the c-axis (xy-direction), where structures 
exhibiting clustering show a slight increase compared to 
random or anticlustered configurations (Fig. 2C). This sub-
tle trend is also reflected in the Young’s modulus along the 
y-direction (see Supplementary Information Fig. S2). These 
observations may be related to the arrangement of the tri-
angular-linked chains of nearest-neighbor cations along the 

Fig. 2  Selected physical properties of the olivine solid solution series 
as calculated from disordered supercells using GULP. Structures with 
anticlustering ( α ≈ −0.335) are shown as pink triangles, structures 
with clustering ( α ≈ +0.848) of likewise atoms are shown as blue 

circles, randomly ordered structures ( α ≈ 0) are shown as gray 
squares. Filled in symbols show the average over the respective short-
range order type.
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to anticlustered counterparts (Fig.  4 and Supplementary 
Information Fig. S5). Randomly ordered structures typically 
show values close to the anticlustered structures. This is also 
in agreement with the observed differences in the configu-
rational entropy shown in the Supporting Information (Fig. 
S5).

The Poisson ratio (Fig.  4C) remains relatively stable 
across different ordering states in ferropericlase, showing 
even less variations than in the olivine solid solution. The 
heat capacity (Cv​, Fig. 4D) shows the most pronounced sen-
sitivity to local ordering among the calculated bulk proper-
ties, with a clear separation between clustered (lowest Cv), 
anticlustered (highest Cv​), and random disorder (interme-
diate Cv​). As in the olivine system, compositional varia-
tions within the sampled supercells still exert a significant 

further highlights these subtle distinctions (see Supplemen-
tary Information Fig. S3). Despite these small variations in 
the dispersion curves, the calculated total phonon densities 
of states for the three ordering types are remarkably similar, 
showing negligible differences (Fig. 3D).

Physical properties of the ferropericlase solid 
solution

In contrast to olivine, ferropericlase shows more notice-
able systematic variations in some bulk physical properties 
depending on the degree of local cation ordering (Fig. 4). 
Structures exhibiting clustering generally show lower val-
ues of bulk modulus (K), shear modulus (G), and conse-
quently, lower seismic wave velocities (vp​ and vs​) compared 

Fig. 3  Phonon Dispersion of the middle member of the olivine solid 
solution series with the effect of different short-range order param-
eters. Band unfold SCLD projection ρ(k, w) along key directions in 
reciprocal space. A Anticlustering ( α ≈ −0.335);B random ordering 

( α ≈ 0 ); C clustering ( α ≈ +0.848). D shows the phonon density 
of states for the three different ordering types: anticlustering in pink, 
clustering in blue and random order in gray.

 

1 3

32  Page 6 of 11



Physics and Chemistry of Minerals (2025) 52:32

of increased phonon scattering due to structural disorder. 
Between the X and X′ points, both random and anticlustered 
structures show a clearer separation or band gap between 
acoustic and optical branches, which is less pronounced or 
absent in clustered structures where the optical and acous-
tic bands converge. Furthermore, the total phonon density 
of states (DoS) shows more pronounced differences among 
the ordering types compared to olivine (compare Fig. 3d 
to Fig. 5d ). Notably, the DoS for clustered ferropericlase 
shows a significant maximum at around 220 cm-1, which is 
absent in the anticlustered and randomly sorted structures.

Discussion

This study investigated the middle members (near x = 0.5) 
of the olivine and ferropericlase solid solution series across 
three distinct states of local cation ordering: clustering, ran-
dom distribution, and anticlustering. By using atomistic sim-
ulations with explicit arrangements of cations in supercells, 

influence on most properties, but the effect of clustering in 
making the structure “softer” (lower elastic moduli) is more 
evident in ferropericlase.

Phonon dispersion of the ferropericlase solid 
solution

Phonon dispersion curves calculated along key reciprocal-
space directions reveal more distinct effects of local order-
ing in ferropericlase compared to olivine (Fig. 5). Between 
the Γ and X points, two narrow, low-frequency acoustic-
like bands are visible in clustered structures. In anticlustered 
structures, only one such band appears, while randomly 
ordered systems exhibit substantial phonon-band broaden-
ing, effectively merging multiple bands. Clustered struc-
tures generally display sharper and more defined phonon 
bands across the spectrum, suggesting that the vibrations 
resemble those of distinct Mg-rich and Fe-rich regions. In 
contrast, anticlustered and especially random structures 
show increasing degrees of band broadening, indicative 

Fig. 4  Selected physical properties of the ferropericlase solid solution 
series as calculated from disordered supercells using GULP. Structures 
with anticlustering ( α ≈ −0.281) are shown as pink triangles, struc-
tures with clustering ( α ≈ +0.814) of likewise atoms are shown as 

blue circles, randomly ordered structures ( α ≈ 0) are shown as gray 
squares. Filled in symbols show the average over the respective short-
range order type.
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variations in the total bond energy of the system due to the 
substitution of Mg–O bonds with weaker Fe–O bonds (as 
parameterized in the force field, Quarderny et al.2015) natu-
rally lead to systematic changes in elastic moduli and seis-
mic velocities as composition varies. Increased Mg content 
results in generally stiffer structures with higher moduli and 
faster seismic wave velocities. While expected, this com-
positional control serves as an important baseline against 
which the subtler effects of local ordering must be com-
pared. In ferropericlase, our results show that configurations 
with cation clustering exhibit higher configurational entropy 
than those with anticlustering or random ordering (see Sup-
porting Information, Fig. S5). We attribute this to the forma-
tion of distinct Fe-rich and Mg-rich domains, which likely 
introduces strain at the domain boundaries due to imperfect 

we disentangle the influence of local structural organization 
from the fundamental differences in mass and ionic size 
between Mg and Fe that define the overall composition.

A primary finding across both mineral systems is that 
overall chemical composition (specifically, minor variations 
in the Fe/Mg ratio within the nominally 50:50 samples) has 
a more pronounced effect on the values of most bulk physi-
cal properties compared to the influence of short-range cat-
ion order. This is consistent with the fact that bulk elastic 
properties, derived from the second derivatives of the poten-
tial energy with respect to strain, reflect the overall stiffness 
and bond strengths within the material. For the olivine sys-
tem, the simulated structures show no significant variations 
in the configurational entropy (see Supporting Informa-
tion Fig. S2) that depend on the local ordering. Therefore, 

Fig. 5  Phonon Dispersion of the middle member of the ferropericlase 
solid solution series with the effect of different short-range order 
parameters. Band unfold SCLD projection ρ(k, w) along key direc-
tions in reciprocal space. A Anticlustering ( α ≈ −0.281); B random 

order ( α ≈ 0); C clustering ( α ≈ +0.814) D shows the phonon 
density of states for the three different ordering types: anticlustering in 
pink, clustering in blue and random order in gray.
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olivine structure contains a larger number of atoms per unit 
cell (28 atoms in the primitive cell, leading to 84 distinct 
vibrational modes), resulting in a much denser and more 
complex phononic band structure (Price et al. 1987). In this 
densely populated spectrum, the relatively small variations 
introduced by local Fe-Mg disorder appear smeared out or 
masked by the multitude of overlapping modes. Further-
more, the presence of relatively rigid SiO4 tetrahedra within 
the olivine structure may buffer the overall vibrational 
dynamics against local variations in cation ordering, limit-
ing the extent to which different Mg-Fe arrangements can 
perturb the high-frequency internal modes of the tetrahedra 
or the lower-frequency external modes involving coupled 
cation and tetrahedral movements.

Conclusion

This study demonstrates that while overall compositional 
variations exert the dominant control on the bulk physical 
properties of (Fe, Mg) solid solutions, local short-range cat-
ion ordering can still exert a notable influence, particularly 
on vibrational dynamics. Using force field simulations of 
explicitly ordered supercells of olivine and ferropericlase 
(near Fe0.5Mg0.5), we compared the effects of clustering, 
random distribution, and anticlustering.

Of the two systems we investigated olivine is the structur-
ally more complex mineral, where the effects of short-range 
order on phonon dispersion and bulk physical properties are 
minimal compared to compositional effects. This is likely 
due to the intricate connectivity of rigid SiO4 tetrahedra 
and the resulting dense phononic band structure, which 
tends to mask subtle differences introduced by local cation 
arrangements. In contrast, the simpler rock salt structure of 
ferropericlase, with its higher cation coordination and less 
constrained bonding network, exhibits clearer variations in 
both phonon dispersion and density of states directly tied to 
local ordering. We believe our observations can be trans-
ferred to other simple structures with robust ionic bonds, 
while framework structures such as zeolites where effects 
such as ridged unit modes (Hammonds et al. 1996) play a 
role would require a more explicit investigation.

Changes in the vibrational landscape due to local order-
ing as we observe here can potentially influence a range of 
thermophysical properties, including soft phonon modes, 
which are relevant for understanding structural instabili-
ties or phase transitions, thermal conductivity (κ), which 
depends on phonon group velocities, scattering rates, and 
lifetimes as well as ion migration pathways, potentially 
affecting diffusion and electrical conductivity, as these are 
shaped by the local energy landscape and atomic vibra-
tions. These vibrational characteristics furthermore directly 

accommodation of preferred bonding arrangements. This 
reduced structural stability is reflected in the bulk physi-
cal properties, leading to a lower bulk modulus and P-wave 
velocity for the clustered configurations.

While we observe these subtle effects, our simulations 
demonstrate that composition is the dominant factor con-
trolling the bulk properties of both ferropericlase and oliv-
ine. This finding provides an important contrast to other 
material classes, such as complex alloys, where local order-
ing is increasingly recognized as a primary mechanism for 
tuning physical and mechanical properties (e.g., Wu et al. 
2021). The extent to which these principles from materials 
science apply to structurally more complex mantle minerals 
is explored in our study. For the structurally very simple 
solid solution ferropericlase and structurally medium com-
plex solid solution olivine, the influence of local ordering 
on physical properties such as elasticity is secondary to the 
overall cation ratio. This suggests that concepts on altering 
local ordering from alloy design may not be directly trans-
ferable to these more complex mineral systems and hence 
the influence on bulk properties is minor.

The phonon dispersion curves and densities of states, 
derived from the SCLD calculations, directly probe how 
the local bonding environments affect the collective atomic 
motions in the form of phonons. Our results reveal a striking 
contrast in the sensitivity of vibrational properties to local 
ordering between ferropericlase and olivine. The simpler 
rock salt structure of ferropericlase, with its high coordina-
tion number and direct face-sharing linkage between neigh-
boring octahedra, shows pronounced variations in phonon 
dispersion and density of states depending on the SRO type. 
Cation clustering leads to band splitting reminiscent of mix-
ing the phonon spectra of the pure endmembers (MgO and 
FeO), as observed previously in other rock salt solid solu-
tions like KClxBr1-x (Schmidt et al. 2022). Anticlustering 
tends to produce phonon features closer to those predicted 
by the virtual crystal approximation (VCA), which assumes 
an average atom. Random ordering results in significant 
phonon band broadening due to scattering from disorder. 
These distinct changes in the phonon DoS directly explain 
the observed variations in calculated heat capacity (Cv) for 
ferropericlase (Fig. 4d), as Cv ​is directly derived from the 
DoS. Notably, here we also observe variations between the 
random and anti-clustered ordering, suggesting that these 
vibrational properties are not only influenced by the differ-
ences in the configurational entropy.

As compared to ferropericlase, the olivine solid solution 
exhibits much subtler changes in its phonon dispersion and 
a negligible difference in the total phonon DoS across dif-
ferent ordering states (Fig. 3d). This reduced sensitivity is 
likely attributable to the increased structural complexity and 
bonding topology of olivine compared to ferropericlase. The 
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impact thermoelastic properties, such as volume thermal 
expansion, which are essential input parameters for geo-
physical models of Earth’s interior.

Overall, while compositional effects are paramount 
for many bulk properties of mineral solid solutions, local 
ordering is not negligible. Its impact on lattice dynamics, 
particularly in simpler structures, highlights the impor-
tance of considering short-range order when interpreting 
derived thermodynamic properties and linking atomic-scale 
structure to macroscopic geophysical behavior. To transfer 
our findings to real-world scenarios, variable temperature 
and pressure conditions need to be taken into account, as 
pressure affects bond strengths and therefore can alter the 
dependence of the observed properties on local order. These 
effects offer an interesting avenue of further research.
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