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ABSTRACT.

In this study, we explore how the orientation of oxygen vacancy channels (OVCs) in SrFeO» 5 and
SrCo0z s thin films is influenced by the metal-oxygen bonds in their octahedral and tetrahedral
coordination environments. Using density-functional theory (DFT) calculations, we found that
energy changes due to applied strain are driven primarily by the octahedral Fe-O bonds in StFeO: s,
leading to a strain-induced transition between perpendicular and parallel OVC relative to the
substrate. In contrast, the tetrahedral Co-O bonds in SrCoO» s primarily drive energy changes due
to applied strain, resulting in a parallel OVC orientation regardless of the strain state. These
computational findings are supported by experimental results obtained through molecular beam
epitaxy (MBE) synthesis, x-ray diffraction (XRD) and scanning transmission electron microscopy
(STEM) analysis. Our research underscores the critical role of metal-oxygen coordination
environments in predicting and tailoring the properties of strained complex oxide thin films,
providing a comprehensive understanding of the mechanisms governing vacancy ordering in

brownmillerite structures.



1. Introduction

Substrate-induced strain is a widely used strategy to coax new or enhanced properties from
materials in thin film form.! In cubic or pseudocubic crystal structures, such as zinc blende
semiconductors or perovskite oxides, the responses to changes in lattice parameters typically
exhibit straightforward trends in which tensile (compressive) in-plane strain within a film increases
the in-plane (out-of-plane) parameters and contracts the out-of-plane (in-plane) parameters, which
is accommodated through combinations of changes to bond lengths and angles.*® In
heteroepitaxial systems where the film crystal structure differs significantly from the substrate,
epitaxial arrangements that minimize the symmetry and lattice mismatch and, therefore, reduce
the elastic energy cost within the film are often observed. For example, perovskite oxides grown

on Si can exhibit a 45° in-plane lattice rotation with respect to the substrate due to the approximate

V2:1 ratio of lattice constants.'®'" However, in the case of layered materials or compounds
containing multiple distinct polyhedral units, the accuracy of using purely elastic or lattice

mismatch-based arguments to predict epitaxial arrangements should not be taken as a given.

Epitaxial brownmillerite materials, with a composition of 428,0s, are prime candidates for
studying how strain controls crystallographic orientation in complex materials. The brownmillerite
structure can be portrayed as a perovskite crystal with a specific oxygen vacancy concentration

and planar ordering, leading to alternating tetrahedral and octahedral coordination planes, enabling
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many valuable properties, including ionic conductivity, memristive behavior, robust

18,19 and multiferroicity or polarity.?-?? Understanding the factors that influence

magnetic ordering,
the equilibrium structure of thin-film brownmillerite oxides is vital for customizing their functional

properties, which are anisotropic and depend strongly on the ordering direction of the vacancy

planes. Note that we will use the ABOz 5 notation, which is commonly employed in the thin film



community, to indicate the ordered brownmillerite structure, while in bulk materials, 428,05
denotes brownmillerite and ABO- s denotes a highly oxygen deficient perovskite without vacancy

ordering.

Fe-based thin-film brownmillerites, such as SrFeO2s5 and CaFeOs: s, have been employed
as model systems to investigate how strain can be used to control the orientation of vacancy
ordering.?** In a prominent study by Onoue and coauthors, brownmillerite CaFeO, s thin films
were deposited on SrTiO3; (STO), (Lao3Sro.7)(AlossTaoss)Osz (LSAT), LaAlOs; (LAO), and
LaSrAlOs (LSAO) substrates using pulsed laser deposition.® X-ray diffraction was employed to
show that the orientation of CaFeOzs depends on the specific substrate. Under tensile strain
induced from STO and LSAT substrates, CaFeO..s exhibits alternately stacked layers of FeOs
tetrahedra and FeOg octahedra parallel to the substrate plane, with the ordering vector of the
oxygen vacancy channels (OVC) along the growth direction. Conversely, under compressive strain
on LAO and LSAO, CaFeO: s thin films have tetrahedral and octahedral layers perpendicular to
the substrate plane, yielding an in-plane ordering vector of the OVCs.?>? This orientational
behavior was also reported by Rossell and coauthors.?®> Due to the larger unit cell of SrFeOz:s
compared to CaFeO2 s, films of SrFeO». s grown on LSAT and STO are under compressive strain
and tend to exhibit an ordering vector in the plane of the film. Substrates with larger in-plane lattice
constants, such as GdScOs, are required to induce tensile strain into SrFeO.s films. However,
synthesis studies of SrFeO.s films have also established that vacancy ordering can depend on
specific growth conditions such as chamber pressure, temperature, electrolytic gating, and post-

deposition annealing procedures.?’ !

Less systematic research has been conducted to study the factors that control the orientation

of strained alkaline earth Co-based brownmillerites. For instance, SrCoO>.s has been grown on



LAO(001),°> LSAT(100),>** LSAT(100), STO(100),>>3% and yttria-stabilized =zirconia
(YSZ(001)).3*4 These previous works report that SrCoO2.5s has oxygen vacancy ordering parallel
to the surface orientation on all these substrates. This observation contrasts with the findings for
CaFeOx s thin films and challenges the lattice mismatch hypothesis, where the orientation of OVC
depends on the substrate-induced strain. Combining computational and experimental approaches,
we also find strain-dependent vacancy ordering in SrFeO,s and strain-independent vacancy
ordering in SrCo0Oys5. We identify key features in the electronic structure and phonon density of
states that we put forth as the origin of the difference in strain-dependent vacancy ordering in these

two systems.



2. Methods
2.1. DFT calculations

We performed density-functional theory (DFT) calculations using the PBESol exchange-
correlation functional and Hubbard U terms to correct the energies of the localized 3d orbitals. The
projector augmented wave (PAW)*' method was used to express the wave functions, as
implemented in the Vienna Ab-initio Simulation Package (VASP).*> We used U; = 5.0 eV for Fe
and Uy = 3.0 eV for Co. Calculations were also performed with other U, values for Fe an Co, as
well as using other DFT methods (see the Supporting Information Section) without significant
changes in the results. We used O-, Sr-, Fe, and Co-PAW potentials with 6, 10, 16 and 17 valence
electrons, respectively; these are the PAW_PBE-O, -Sr_sv, -Fe sv, and -Co_sv POTCARs in the
VASP distribution. A plane-wave cutoff energy of 500 eV was used to expand the valence portion
of the wave functions, and a 4x2x4 k-point grid was used to sample the Brillouin zone.

The SrFeO2.5 and SrCo0O2.5s brownmillerite thin films were simulated employing a 72-atom
simulation cell, which is a 45° rotation of the Pnma phase of brownmillerite; see Figure S1 in the
Supporting Information Section. The cubic (001) terminated perovskite substrate was simulated
by fixing the a = ¢ = 2asubstrate lattice parameters in the plane with four layers along the growth
direction for parallel OVC and b = 4asubstrate and ¢ = 2asubstrate 1n the plane with two layers along
the growth direction for perpendicular OVC, where asubstrate is the bulk lattice parameter of each of
the substrates. All calculations were performed for the G-type antiferromagnetic ordering.***

2.2. Molecular beam epitaxy
Thin films were grown by molecular beam epitaxy (MBE) inside an ultra-high vacuum chamber
(base pressure ~ 10°-10"!% Torr).** Sr, Fe, and Co were evaporated independently from effusion

cells, at temperatures of approximately 430°C, 1150°C, and 1350°C. This allows for a growth rate



of 5 A/min of the oxide material. The growth was done while introducing ultrapure oxygen gas
into the chamber, at a pressure of 5x10° Torr, and while keeping the substrates at a nominal
temperature of 600°C. Four different substrates were used at the same time to ensure that the thin
film was synthesized under identical growth conditions at the different strain states.
2.3. Structural characterization

X-ray diffraction experiments were conducted on a Rigaku Smartlab or a Panalytical Empyrean.
Out-of-plane 00L measurements were carried on both diffractometers, in high-resolution mode
with a Ge double-bounce monochromator. In-plane measurements were performed on the Rigaku
Smartlab, using the Ge double-bounce monochromator. Atomic-resolution high-angle annular
dark-field (HAADF) -scanning transmission electron microscopy (STEM) was performed using
aberration-corrected JEOL NEOARM operating at 200 kV. The HAADF-STEM images were

acquired using 27 mrad convergence angle, 160 pA probe current and a camera length of 4 cm.



3. Results and discussion

3.1. Simulation of strained thin films of SrFeO:25 and SrCoO:2.s
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Figure 1. DFT calculated energy vs. imposed pseudocubic in-plane lattice parameter (parallel to
the substrate surface) for unit cells of (a) SrFeO 5 and (b) SrCoO> s with (filled symbols) parallel
and (empty symbols) perpendicular OVCs relative to the substrate. Panels ¢ and d display the out-
of-plane lattice parameters (perpendicular to the substrate surface).

In Figure 1a,b, we present the DFT energy plotted against the in-plane lattice constant for
thin films of SrFeO» 5 and SrCo0O: s, considering both parallel and perpendicular OVCs relative to
the substrate. For SrFeO» s, we observe two stable structures: the perpendicular OVC is favored
when the in-plane lattice constant is below 3.94 A (under compressive strain), while the parallel
OVC is favored for in-plane lattice constants above 3.94 A (under tensile strain). In contrast,
SrCo0: 5 shows a single stable structure with the parallel OVC favored across all in-plane lattice
constants. The difference in the structures of SrFeO.s and SrCoO2s can be observed in the
calculated out-of-plane lattice parameters shown in Figure 1¢,d, where SrFeO. s displays two

distinctive cell height parameters for parallel and perpendicular OVC, while SrCoO; s has very



similar cell heights for the two orientations. It is worth noting that similar trends are consistent
with other DFT methods (see Figure S2 in the Supporting Information Section).

Our calculated findings for SrFeO».5 and SrCoO» 5 are intriguing. The results for StFeO, s
align closely with expectations based on lattice mismatches between the film and substrate.?® For
the brownmillerite SroFe>Os, the pseudocubic lattice parameters are slightly smaller along the
ordering vector (b, = 3.90 A)*4 than they are within the planes of vacancies (ap =391 R) 40
Therefore, one would expect compressive strain to lead to perpendicular OVC and tensile strain to
lead to parallel OVC as observed in Figure la. A similar lattice mismatch argument for SrCoO: s
(a, =3.86 A and b, =3.91 A)*® would predict a transition from parallel to perpendicular OVC
with opposite strain dependence to the ferrites because a, < b,. However, such a transition is not
present in our DFT results (Figure 1b).

A model based on the electrostatic and elastic considerations of thin-film brownmillerite
oxides that goes beyond lattice mismatches was recently developed based on DFT calculations and
applied to ferrite brownmillerites.*’ According to this model,*’ the distinct structures
(perpendicular vs. parallel) observed at different in-plane strain conditions come from i) a change
in the separation within the tetrahedral chains relative to the octahedra and ii) the octahedral
distortion. For SrFeOzs, such transition takes place when the substrate in-plane lattice value
reaches 3.92 A (refer to Figure S3 in the Supporting Information Section). In-plane lattice values
below 3.92 A make the parallel OVC in SrFeO,.s energetically unfavorable as compare to the
perpendicular OVC, due to the reduce separation within the tetrahedral chains (increasing
electrostatic repulsion) and increased octahedral distortion (increasing elastic strain energy).*’
When the in-plane lattice values exceed 3.92 A, the parallel OVC in SrFeO> s become energetically

favorable. Similar electrostatic and elastic considerations applied to SrCoO. 5 would anticipate a



transition from perpendicular to parallel OVC when the in-plane lattice value exceeds 3.87 A (refer
to Figure S3 in the Supporting Information Section). However, the DFT energy vs. in-plane lattice

constant for strained SrCoQ» 5 (Figure 1b) displays no transition.

3.2. Synthesis and characterization of thin films of SrFeO:2.s and SrCoQ2.s
To test the validity of the calculations, we synthesized SrFeO» s and SrCoO> 5 films on LAO
(001) (a, = 3.795A), LSAT (001) (a, = 3.8704), STO (001) (a, = 3.905A) and GdScOs
(GSO) (001) (a, = 3.964 R). The use of MBE provides a synthetic approach that is closer to
equilibrium than pulsed laser deposition or sputtering, which utilize higher kinetic energy
processes to deposit the films. Thus, while the DFT calculations capture a 0 K equilibrium state,

MBE may provide the closest agreement out of available physical vapor deposition techniques. In

the following discussion, we define the c-axis of films as the out-of-plane (growth) axis.
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Figure 2. XRD data for SrCoO 5 and SrFeO.s on different substrates. 20/w scans for (a,b)
SrCo0z ;s films and (d,e) SrFeOz s films on different substrates. The substrate peaks are the sharp,
intense peaks marked by the * for GSO. The pseudocubic out-of-plane pseudocubic lattice
parameters obtained from x-ray diffraction for (c¢) SrCoO> s and (f) SrFeO s, respectively, as a
function of the lattice mismatch with the substrate. Circles in c¢) correspond to the data from
samples in a) and b), while squares correspond to a different growth set. All peak indexing for the
films is relative to the pseudocubic perovskite unit cell.

Specular X-ray diffractograms (Figure 2) show that SrCoO. s films for all strain states
exhibit half-order peaks along the 00L direction, while only positive strain states (in-plane lattice
>3.95 A) produce this ordering for SrFeO,.s. These half-order peaks, relative to the pseudocubic
lattice, arise from ordering of the oxygen vacancy planes parallel to the (001) growth plane of the
substrate and the accompanying 4-site displacements along the ordering direction.?> The vacancy
ordering and A4-site displacements double the pseudocubic unit cell along the ordering direction.
Therefore, the presence of 0 0 n/2 half-order peaks (n = integer) are the direct experimental
signature of parallel OVCs where the ordering direction is [001] (along the growth direction). The
X-ray results agree with the DFT calculations in Figure 1 showing that the cobaltite system
presents parallel vacancy ordering under all strain states, while the ferrite system experiences a
transition from perpendicular ordering under compressive strain to parallel ordering at tensile
strain. It is also worth mentioning that the SrFeOs sample grown on LAO is not coherently
strained to the substrate, as apparent from its deviation from the trend of c-axis parameter as a
function of the lattice mismatch [red circle in Fig. 2(f)]. The diffraction peak from this film has
two components, a main peak from the relaxed component and a broad feature at lower angles

likely arising from a thin strained layer.

10



SFO/LSAT

Intensity (a.u.)

SCO/LSAT

Figure 3. (a) HOO diffractograms of SrCoO>s and SrFeO.s thin films on LSAT substrates.
SrFeO; 5 presents a half-order peaks in the H00 scan, around 35 and 60 degrees, which are absent
in SrCo0».5. Images obtained from scanning transmission electron microscopy of (b) a SrFeOa s
film on LSAT and (c) a SrFeOx s film on GdScOs. Perpendicular ordering of oxygen vacancies is
present in SFO/LSAT, which are highlighted by the black arrows. Parallel ordering of oxygen
vacancies is apparent in SFO/GSO due to the tensile strain and are highlighted by the black arrows.

To confirm the strain-induced transition from perpendicular to parallel OCV ordering in
SrFeO; s, in-plane XRD and scanning transmission electron microscopy were performed. The in-
plane XRD scans (Figure 3a) show half-order peaks along the H00 direction for a SrFeO, 5 sample
grown on LSAT substrate, while these peaks are absent for SrCoO»s on LSAT. Scanning
transmission electron microscopy provides real space imaging of the vacancy planes, in agreement
with the x-ray diffraction results. Perpendicular ordering is apparent in the StFeO» 5 on LSAT [Fig.

3(b)] while parallel ordering of vacancy planes is clearly visible in SrFeO.5s on GdScOs3 [Fig. 3(c)].

3.3. Octahedral and tetrahedral coordination influences the ordering of OVCs in
SrCoO:25 and SrFeO:s thin films
Here we suggest that the key to understanding the orientation of OVC in brownmillerite

thin films lies in examining the relative stiffness of the metal-oxygen tetrahedral and octahedral

11



bonds within these materials. In brownmillerite thin films like SrFeO» 5 and SrCoQOz s, there are
multiple coordination environments (more than one type of bonding geometry between the
transition metal-oxygen). Our hypothesis is that when a given amount of strain is applied the stiffer
bond results in a larger energy change as compared to a softer bond (Figure 4a), and therefore, the
stiffer bond type in a brownmillerite thin films determines the preferred orientation of its OVC.

Specifically, our hypothesis suggests that in brownmillerites with either parallel or
perpendicular OVCs, the energy changes due to applied strain should be similar for both OVCs
orientation if these changes are driven mainly by sites with tetrahedral coordination (7%), where
oxygen atoms form a tetrahedral geometry around the metal center (if bonds in 7} sites are stiffer
than other). As shown schematically in Figure 4b, bonding in tetrahedral coordination 7} sites in
brownmillerites lies between axes, allowing 7;-site bonding to adjust similarly to the applied strain
in both OVCs orientation (Figure 4d,f), resulting in similar energy changes for both OVCs
orientation.

Conversely, if energy changes due to applied strain are driven mainly by sites in octahedral
coordination (O;), where oxygen atoms form an octahedral geometry around the metal center (if
bonds in Oy sites are stiffer than other), which are axis-aligned bonding, the energy changes should
be different for parallel and perpendicular OVCs. This is because Oj sites in brownmillerite thin
films like SrFeO» 5 and SrCoO- 5 are not symmetric due to octahedral distortion, with two different
types of bonds, one elongated along one direction and two similar along the two other directions.
As a result, the geometry (Figure 4c,e) and energy changes driven by O; sites depend on OVCs

orientation.

12
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Figure 4. Panel (a) shows a schematic of a hypothetical system with soft and stiff bonding, where
stiff bonding contributes more to energy changes due to imposed strain. Panel (b) shows a
schematic of the octahedral and tetrahedral coordination: O, bonding are along the axis, and 7}
bonding are in the planes. Panels ¢, d, e and f show the DFT calculated (c, e) distortion Aon of the
octahedra and (d, f) distortion Arh of the tetrahedra in (¢, d) SrFeO s and (e, f) SrCoO- 5; filled and
empty symbols are parallel and perpendicular OVCs, respectively.

In the case of SrCoOz s, our calculations suggest that there is no transition from parallel to
perpendicular ordering because the energy change due to applied strain is driven mainly by Co in
tetrahedral coordination (Coz) (stiffer bonds in SrCo0O2.5). As shown schematically in Figure 4b,
bonding in 7} sites lies between the axes, allowing Cor, bonding to adjust to the applied strain,
resulting in small geometry changes (Figure 4d). In other words, when strain is applied to SrCoOx s
with either parallel or perpendicular OVCs, the energy changes driven by Coz, is similar for both
orientations. In the case of SrFeO. s, our model suggests that the energy change due to applied
strain is larger in the Fe in octahedral coordination (Feos), which are axis-aligned bonding,
compared to the tetrahedral Fe (Fer). This results in different geometry (Figure 4c) and energy

changes for parallel and perpendicular OVCs.

13
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Figure 5. DFT calculated partial density of states (PDOS) for (a) Fe ions in octahedral coordination
(Feon), and (b) tetrahedral coordination (Fer;) in SrFeOa s, (¢) Co ions in octahedral coordination
(Coor) and (d) tetrahedral coordination (Coz) in SrCoQO».s with parallel OVC and asubstrate = 3.96
A. Phonon PDOS are presented for (e) Feon and Coos and (f) Fer, and Cozy.

To provide computational support for our model, we analyzed both the electronic and
phonon PDOS to explore the bonding characteristics in StFeO- s and StCoO. 5. The phonon PDOS
directly reflects bond stiffness through vibrational frequencies, with stiffer bonds exhibiting higher
phonon frequencies. The electronic PDOS, on the other hand, offers complementary insights into
bonding by revealing the contributions of various atomic orbitals to the electronic structure,
particularly near the valence band maximum (VBM). This helps identify which atomic sites and
bonding environments influence the states near the VBM, offering a deeper understanding of the
electronic behavior of the material in conjunction with the mechanical insights from the phonon

analysis.
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Our DFT calculations indicate that the VBM is associated with Fe in octahedral
coordination (Feos) in SrFeOy s (Figure 5a). The corresponding PDOS for Fe in the tetrahedral
coordination (Fez,) does not show similar features near the VBM (Figure 5b), but instead these
Fer, derived states appear ~0.5 eV below the VBM. On the other hand, calculations show that the
VBM of SrCoQOx s is highly associated with Co ions in tetrahedral coordination (Corz) (see Figure
5c¢,d). These results suggest that the electronic properties of SrFeO, s and SrCoO, 5 are strongly
influenced by the coordination geometry of the metal ions (Fe and Co). The coordination
environment (octahedral vs. tetrahedral) significantly affects where the electronic states appear in
the band structure.

Figure 5e presents our DFT results for the phonon PDOS of Feo, and Coor, in SrFeO; s and
SrCo0y 5. The results show that Feo, in SrFeO».s has higher phonon frequencies than Coos in
SrCo0; 5. In the case of Fer, and Corz, phonon frequencies are rather similar, with Cor, having a
slightly higher PDOS at high frequencies. These results for phonon PDOS indicate that the bonding

for Feon in SrFeOs 5 is stiffer than Coor in SrCoQO3s.
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Figure 6. DFT calculated energy vs. imposed pseudocubic in-plane lattice parameter for unit cells
of (a) SroFeonCornOs and (b) SroFernCoonO2.5 with (filled symbols) parallel and (empty symbols)
perpendicular OVCs.
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Another computational alternative to show the effect of coordination in the orientation of
OVCs is to consider the fact that the chemical bond in dimer Fe-O* is stronger and stiffer**-° than
in Co-0.>! In calculations performed for Sr2FeCoOs (or StFeo sCo00.502.5) we can computationally
specify the location of Fe and Co in either octahedral or tetrahedral coordination. Since Fe-O in
this material is expected to be the stronger and stiffer bond, we can explore the effects of
coordination on the orientation of OVCs directly. We show in Figure 6 results for such
simulations. As expected from our model, when the stiffer bond is on the octahedral coordination
sites, as is the case for Sr2FeonComOs, a strain-driven transition between two orientations is
observed. If the stiffer bond is on the tetrahedral coordination sites, as is the case of Sr2FerCo00r0Os,
the parallel OVC orientation is dominant for all lattice constants, consistent with what we observe

experimentally in SrCoQOx 5 films.
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4. Conclusion

Our investigation into the orientation of oxygen vacancy channels (OVCs) in SrFeOs and
SrCo0y5 thin films reveals critical insights into the role of metal-oxygen coordination
environments. By combining density-functional theory (DFT) calculations with experimental
techniques, we have demonstrated that the octahedral and tetrahedral coordination environments
significantly influence the ordering of OVCs under strain. The distinct responses of SrFeO» 5 and
SrCo0: 5 to applied strain suggest that tuning metal-oxygen bond characteristics is an effective
strategy for controlling OVC orientation in various brownmillerites, including alloy variants. By
systematically varying metal cation ratios and strained states, researchers can tailor brownmillerite
properties to meet specific application requirements, such as enhanced ionic conductivity, tailored
magnetic properties, or controlled memristive behavior. Our research underscores the importance
of understanding coordination chemistry in brownmillerite structures and provides a robust
framework for designing advanced materials with controlled ion migration pathways, contributing

to the development of next-generation functional materials for diverse technological applications.
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Figure S1. Sketch of the Pnma phase of brownmillerite with oxygen vacancy order (a, c) parallel
and (b, d) perpendicular to a substrate. Panels ¢ and d show the 72-atom simulation cell used in
our DFT calculations, which is a 45° rotation of the cell in panel a.
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Figure S2: DFT calculated energy vs. imposed pseudocubic in-plane lattice parameter for unit
cells of (upper panels) SrFeO»s and (lower panels) SrCoO,.5s with OVC in the (filled symbols)
parallel and (empty symbols) perpendicular orientations. All calculations correspond to the AFM-
G magnetic state. We can see that various DFT methods show a similar trend: different stable
structures for each OVC ordering in SrFeO» s, but only one for SrCoQ» s.
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Figure S3: DFT calculated energy vs. imposed pseudocubic in-plane lattice parameter for unit
cells of (a) SrFeOzs and (b) SrCoO2s5 with OVC in the (filled symbols) parallel and (empty
symbols) perpendicular orientations. Panel ¢ shows the results of single-point calculations for
SrFeOz.s with the SrCoOz s structure. Panels d, e, and f display the average chain separation R in
the brownmillerite structure. Panels g, h, and 1 show the distortion Aon of the octahedra, and panels
J, k and 1 the distortion Aty of the tetrahedral. All calculations correspond to the AFM-G magnetic
states. See below for the definition of A. The results suggest that electrostatic and elastic
interactions are not the main drivers for the differences between SrFeO..5s and SrCoO2 s.

Following Young and Rondinelli (Phys. Rev. B 2015, 92 (17), 174111), we define the distortions
Aon of the octahedra and Arn of the tetrahedral using the averaged sum-of-squares difference
between the calculated bond lengths (d,) and the average bond length (davg):

A_ij(dn—da@,)z
N i=1 d‘“’g
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