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1. Introduction
1.1 Background

Crystal polymorphism, observed both in nature and
the laboratory, refers to the phenomenon where
materials undergo structural transitions without
altering their stoichiometry. These transitions are
often accompanied by significant changes in the
material’s functional properties, making polymorphs
valuable for a wide range of applications. Materials
with rapid transition kinetics are useful in phase
transition devices, while those with slower kinetics
can be stabilized for use in ambient conditions.

Traditionally, it is understood that displacive
transitions tend to occur more rapidly than
reconstructive transitions, making the stabilization of
metastable polymorphs more challenging. However,
this generalization does not always hold. For instance,
the metal-to-insulator transition in VOz occurs on a
femtosecond timescale, while austinite, despite
undergoing a displacive transition, can be stabilized
through quenching. This illustrates that there is no
straightforward rule for predicting which
polymorphs will remain stable under ambient
conditions and which will undergo further transitions.
As a result, the trial-and-error approach remains the
dominant method for discovering and utilizing
polymorphs, which limits their potential for
widespread application.

1.2 Related work

In recent years, material informatics has provided
new insights into material stability. Aykol et al. [1]
demonstrated that most materials, whether
discovered or synthesized, lie on the hull surface (Ehun
= 0), while others are only a few tens of meV/atom
above the hull. This concept has since been widely
adopted: materials with a large Enunare considered
thermodynamically difficult to synthesize, while
those with a small Enunare easier to produce. While
this approach has proven effective, achieving
approximately 70% accuracy, it does not offer
insights into whether a polymorph can be stabilized
in ambient conditions, as density functional theory
(DFT) calculations are typically performed at 0 Kelvin.

Numerous techniques have been developed to
stabilize metastable polymorphs in ambient
conditions. Methods such as quenching[2], epitaxy[3],
hydrothermal synthesis[4], precursor engineering [5],
and surface mediation[6] aim to lower kinetic
nucleation barriers and "trap” a phase in its
metastable state. While these techniques have been
successful in stabilizing metastable polymorphs
experimentally, they do not provide reliable
predictions regarding whether a polymorph can be
stabilized in ambient conditions without further
experimentation.

1.3 Hypothesis and this work

In this work, we aim to address the question: For a
given metastable polymorph that is experimentally
synthesizable, can it be stabilized under ambient
conditions?

We hypothesize that the ability to kinetically trap a
metastable polymorph is influenced by both
structural descriptors and structure-transition-
related descriptors. By combining these features in a
physics-based model, we demonstrate that it is
possible to predict at which condition a metastable
polymorph can be stabilized. Using a six-descriptor
tree-based model, we showcase the potential of this
approach in providing predictions for the
stabilization of polymorphs without the need for
extensive experimentation.

2. Result and discussions
2.1 Model Training

Around 11,000 metastable phases exhibiting
polymorphism, sourced from the Materials Project,
were used for model training. These polymorphs
were categorized into three target classes based on
their characterization temperature (T) and pressure
(P) from the ICSD database:

J Class 0: Ambient T&P;

o Class 1: Higher or lower than ambient P;

. Class 2: Ambient P and higher T.

Six structure-related descriptors were utilized,
including unit cell size (normalized per atom),
density, energy above the hull, number of elements,
percentage change in unit cell size (normalized per
atom), and percentage change in density. An 80%/20%
train/test split was applied for model training. An
XGBoost classifier was trained with a maximum
depth of 6 to prevent overfitting. The model
threshold was tuned to achieve a balanced precision
and recall.

While additional material descriptors, such as band
structure, atomic information, and global/local
symmetry, could potentially improve the model, we
chose not to incorporate them in this work. This
decision was made to ensure the model's applicability
even when a crystallographic information file (CIF) is
incomplete, which is especially useful for unexplored
material systems with limited composition or
structural data.

2.2 Model performance

The XGBoost classifier achieved an overall accuracy
of 83.58%, precision of 82.79%, and recall of 83.58%
on the test set (Fig. 1). Specifically, the recall rates for
classes 0, 1, and 2 were 85.23%, 75.52%, and 75.86%,
respectively. These results suggest that the model
performs well in predicting polymorphs, with most
predicted candidates aligning with their ground truth.
This makes the model particularly useful for
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determining whether high temperature or pressure is
necessary to stabilize a novel metastable polymorph
within unexplored material system.
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Fig. 1: Confusion matrix of the 3-class XGBoost classifier on
the test set. (Class 0: Ambient T&P; Class 1: Higher/lower
than ambient P; Class 2: Ambient P and higher than
ambient T.)

To better understand the global feature importance,
we conducted a SHAP analysis (Fig. 2), averaging
feature importance by class to mitigate the
dominance of class 0, which constitutes around 80%
of the data. Notably, two self-constructed descriptors
- percentage change in material density and
percentage change in unit cell volume (normalized
per atom) - ranked first and third in importance,
respectively. The absolute unit cell size and density
values ranked second and fourth. In contrast, the
commonly used Enun descriptor had much less
influence, a result that challenges the common
assumption that a metastable polymorph with low
Enun is easier to stabilize under ambient conditions.
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Fig. 2: Global feature importance plot from SHAP analysis.

These analysis underscores the significance of
material volume and weight metrics, often
overlooked in prior studies, in predicting the
stabilization of metastable polymorphs.

3. Summary

In this work, we introduced two novel descriptors -
percentage change in unit cell size and density -
which, along with four other features, were used to
train a machine learning classifier that predicts the
conditions under which a metastable polymorph can
be stabilized. The model achieved an accuracy of over
80%, demonstrating strong predictive performance.
Feature importance analysis revealed that volume
and weight metrics - often overlooked in previous
studies - are key drivers in determining stabilization
conditions. Due to the physics-based nature of the
descriptors, the model does not require high-level
symmetry or coordination information, making it
useful for predicting the stabilization conditions of
novel metastable polymorphs with incomplete
structural or compositional data. This approach
provides a guideline for metastable polymorph
synthesis beyond conventional approaches.
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