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FURTHER DETAIL ON TRAINING DATA GENERATION AND CLUSTER EXPANSION FITTING
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Figure 1. Probability density distributions of the atom-projected magnetic moments obtained from the training data which
were used to assign oxidation states. The majority magnetic moments are show with their upper and lower bounds as
dashed lines and labelled with their corresponding oxidation states.

Oxidation states were assigned from the atom-projected magnetic moments of the DFT-relaxed structures, with
the corresponding probability densities shown in fig. 1. For all transition metals, barring manganese, a predominant
oxidation state was identifiable and easily de-convoluted from the minority oxidation states based on the magnetic
moments alone. Structures containing atoms deviating from these oxidation states were omitted from the training
data. While a truly comprehensive model would include all possible oxidation states for each transition metal,
the added complexity and increased data required to account for minority species were deemed excessive, and
we do not believe that this potential model shortcoming impacts our ability to capture general trends in short
range order suppression in many component disordered rock salt cathode materials. For the more complex case of
manganese, we employed a Bayesian black-box optimization process to assign the variable oxidation state, using
the number of charge balanced structures (with the oxidation states of all other species preassigned) as the loss
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function [1, 2]. The magnetic moment cut offs determined via this approach are µ
Mn(IV)
B = 2.28µB to 3.53µB,

µ
Mn(III)
B = 2.53µB to 4.38µB, and µ

Mn(II)
B = 2.38µB to 4.78µB.

The DFT+U approach used in this study to correct for the inability of semi-local DFT to capture the electronic
structure of transition metal ions is subject to a few limitations. In principle, the U parameter is sensitive to
chemical environment, meaning that a universal U parameter across all species in the system is dubious. We
acknowledge that hybrid functional calculations are generally more reliable than the DFT+U for describing mixed
oxidation state transition metal systems, but the computational cost of running many thousands of hybrid-DFT
studies was deemed prohibitive. We note that this same approach has been applied in multiple studies of disordered
rocksalt cathode materials, with those results then successfully correlated to experiment [3–6].
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Figure 2. Cross validation errors, R2 score, Bayesian information criterion and number of non-zero parameters as a function
of the automatic relevance detection regression parameter λ. The dashed blue line highlights the fit with the lowest Bayesian
information criterion, and the black dashed line shows the values associated with the production fit used in this work.

We use automatic relevance detection regression (ARDR) to fit the expansion based on the determined clusters.
The cross validation errors, R2 score, Bayesian information criterion (BIC) and number of non-zero parameters in
the fit are shown as a function of the regularization hyper-parameter (λ) in Figure 2. As the cluster expansion is
very high-component (8 species on the cation site, and 2 on the anion site), to prioritise model sparsity, we select
the value of λ used in the production fit according to the “one standard error” rule, taking the most sparse fit
within one standard deviation of the lowest Bayesian information criterion calculated from the λ scan indicated
as blue dashed line on fig. 2; this fit has a cross validation error is 9.60meV. This final production fit is shown in
λ scan indicated as black dashed line on fig. 2. The overall model performance for the lowest BIC and production
models are summarised in fig. 3.
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Figure 3. Visualisation of the model performance for the lowest Bayesian information criterion fit (lowest BIC, left) and
the final model used in this work (sparse, right). The top plot in each case shows the target energies plotted against the
predicted energies, with the plot underneath showing the model residuals with a Locally Weighted Scatterplot Smoothing
(LOWESS) fit shown in blue, and the distribution of the residuals shown as a histogram.
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