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Alloy cluster expansions (CEs) provide an accurate and computationally efficient mapping of the potential
energy surface of multi-component systems that enables comprehensive sampling of the many-dimensional configuration space. Here, we introduce ICET, a flexible, extensible, and computationally efficient software package
for the construction and sampling of CEs. ICET is largely written in Python for easy integration in comprehensive workflows, including first-principles calculations for the generation of reference data and machine learning
libraries for training and validation. The package enables training using a variety of linear regression algorithms
with and without regularization, Bayesian regression, feature selection, and cross-validation. It also provides
complementary functionality for structure enumeration and mapping as well as data management and analysis.
Potential applications are illustrated by two examples, including the computation of the phase diagram of a
prototypical metallic alloy and the analysis of chemical ordering in an inorganic semiconductor.

I.

INTRODUCTION

Ordering phenomena are ubiquitous in materials science,
physics, and chemistry. They are particularly relevant in
multi-component systems, where they are associated for example with phase transitions, segregation as well as chemical
order.1 The underlying energetics can usually be assessed by
first-principles calculations, based on e.g., density functional
theory (DFT), with good accuracy. The computational cost
of such calculations, however, precludes a statistically adequate sampling of the relevant configuration space. In this
context, alloy cluster expansions (CEs) in combination with
Monte Carlo (MC) simulations provide a powerful means to
balance computational efficiency and accuracy.2,3
The CE approach has been widely and very successfully
adopted to analyze for example phase diagrams in metallic4,5
and semiconducting alloys,6–8 including surfaces9–15 as well
as nanoparticles.16–23 CEs have also been applied to study
the temperature and composition dependence of ordering
in various materials.24–28 The CE approach is not limited
to the mapping of total and mixing energies but can also
be applied to model for example activation barriers,29 vibrational properties,30,31 chemical expansion,26 or transport
properties.25
Here, we introduce the integrated cluster expansion toolkit
(ICET) to enable efficient construction and sampling of CEs.
ICET is designed to be modular, extensible, and flexible, while
maintaining high computational efficiency. This enables integration of ICET in extended workflows, reflecting the ongoing shift toward machine learning and large data initiatives
in computational material science.32,33 ICET is primarily developed in Python whereas computationally more demanding
parts are written in C++, providing performance while maintaining portability and ease-of-use. This approach enables
easy integration for example with countless first-principles
codes and analysis tools accessible via the atomic simulation environment (ASE)34 as well as state-of-the-art regression
techniques via SCIKIT- LEARN.35
ICET provides a feature set that is comparable to or extends
beyond earlier monolithic codes, such as the ATAT,36–38 the

UNCLE39 or CASM codes.40 Since ICET is written in Python,
it is, however, straightforward to add new functionality. This
enables one for example to implement advanced algorithms
for finding ground states.41,42 ICET is available under an opensource license and hosted on GITLAB to encourage community participation. Current functionality includes for example:
• support for multiple species and multiple coexisting sublattices, e.g., Ba8−x Srx Gay Ge46−y or Au1−x Pdx :Hy
• advanced linear regression techniques with regularization
(including compressive sensing43 ), cross-validation, and
ensemble optimization via SCIKIT- LEARN35
• MC simulations in various ensembles using observers and
multiple CEs in parallel via the MCHAMMER module
• supplemental functionality including e.g., structure enumeration,44,45 structure mapping, convex hull extraction,46
and ground state finding42
The remainder of this paper is organized as follows. The
next section describes the methodologies implemented in
ICET , including an overview of the CE formalism, algorithms
available for CE construction, and the MCHAMMER module
for sampling CEs via MC simulations. The components and
workflow of ICET are summarized in Sect. V. Section VI
demonstrates the potential of ICET via examples. The first example addresses the construction and sampling of CEs for the
Ag–Pd system as well as the subsequent generation of a phase
diagram from these data. The second example summarizes the
application of ICET for the simulation of chemical ordering in
a semiconducting system, specifically an inorganic clathrate.

II.

CLUSTER EXPANSION FORMALISM
A.

Clusters and orbits

The objective of a CE is to describe the variation of a property of interest, most commonly the energy, with the chemical
configuration, i.e. the distribution of different species over a
lattice. To this end, the structure is decomposed into a set of

