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ABSTRACT: We provide an introduction to Gaussian process regression (GPR) machine- A
learning methods in computational materials science and chemistry. The focus of the present

review is on the regression of atomistic properties: in particular, on the construction of interatomic
potentials, or force fields, in the Gaussian Approximation Potential (GAP) framework; beyond
this, we also discuss the fitting of arbitrary scalar, vectorial, and tensorial quantities.
Methodological aspects of reference data generation, representation, and regression, as well as
the question of how a data-driven model may be validated, are reviewed and critically discussed. A
survey of applications to a variety of research questions in chemistry and materials science
illustrates the rapid growth in the field. A vision is outlined for the development of the
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1. INTRODUCTION

At the heart of chemistry is the need to understand the nature,
transformations, and macroscopic effects of atomistic structure.
This is true for materials—crystals, glasses, nanostructures,
composites—as well as for molecules, from the simplest
industrial feedstocks to entire proteins. And with the often-
quoted role of chemistry as the “central science”,"” its emphasis
on atomistic understanding has a bearing on many neighboring
disciplines: candidate drug molecules are made by synthetic
chemists based on an atomic-level knowledge of reaction
mechanisms; functional materials for technological applications
are characterized on a range of length scales, which begins with
increasingly accurate information about where exactly the atoms
are located relative to one another in three-dimensional space.

Research progress in structural chemistry has largely been
driven by advances in experimental characterization techniques,
from landmark studies in X-ray and neutron crystallography to
novel electron microscopy techniques which make it possible to
visualize individual atoms directly. Complementing these new
developments, detailed and realistic structural insight is also
increasingly gained from computer simulations. Today, chemists
(together with materials scientists) are heavy users of large-scale
supercomputing facilities, and the computationally guided
discovery of previously unknown molecules and materials has
come within reach.*™®

Computations based on the quantum mechanics of electronic
structure, currently most commonly within the framework of
density-functional theory (DFT), are widely used to study
structures of molecules and materials and to predict a range of
atomic-scale properties.” "' Two approaches are of note here.
One is the prediction of atomically resolved physical quantities,
e.g., isotropic chemical shifts, &, that can be used to simulate
NMR spectra with a large degree of realism'*—thereby making
it possible to corroborate or falsify a candidate structural model
or to deconvolute experimentally measured spectra. The other
central task is the determination of atomistic structure itself,
achieved through molecular dynamics (MD), structural
optimization, and other quantum-mechanically driven techni-
ques. Many implementations of DFT exist and are widely used,
and their consistency has been demonstrated in a comprehen-
sive community-wide exercise.'”

Electronic-structure computations are expensive, in terms of
both their absolute resource requirements and their scaling
behavior with the number of atoms, N. For DFT, the scaling is
typically O(N?) in the most common implementations; see ref
14 for the current status of a linear-scaling implementation.
Routine use is therefore limited to a few thousand atoms at most
for DFT single-point evaluations, to a few hundred atoms for
DFT-driven “ab initio” MD, and to even fewer for high-level

theory or quantum Monte Carlo (QMC). The latter techniques
offer an accuracy far beyond standard DFT, and they are
beginning to become accessible not only for isolated molecules
but also for condensed phases. However, running MD with these
methods requires substantial effort and is currently largely
limited to proof-of-principle simulations.">~"” For studies that
predict atomistic properties, such as NMR shifts, derived from
the wave function, a new electronic-structure computation has
to be carried out every time a new structure is considered, again
incurring large computational expense.

In the past decade, machine learning (ML) techniques have
become a popular alternative, aiming to make the same type of
predictions using an approximate or surrogate model, while
requiring only a small fraction of the computational costs. There
is practical interest in being able to access much more realistic
descriptions of structurally complex systems (e.g., disordered
and amorphous phases) than currently feasible, as well as a wider
chemical space (e.g, scanning large databases of candidate
materials rather than just a few selected ones). There is also a
fundamental interest in the question of how one might “teach”
chemical and physical properties to a computer algorithm which
is inherently chemically agnostic and in the relationship of
established chemical rules with the outcome of purely data-
driven techniques."” We may direct the reader to high-level
overviews of ML methods in the physical sciences by Butler et
al,”® Himanen et al,”' and Batra et al,>* to more detailed
discussions of various technical aspects,”” > and to a physics-
oriented review that places materials science in the context of
many other topics for which ML is currently being used.”’

The use of ML in computational chemistry, materials science,
and also condensed-matter physics is often focused on the
regression (fitting) of atomic properties, that is, the functional
dependence of a given quantity on the local structural
environment. For the case of force fields and interatomic
potentials, there are a number of general overview articles” ™'
and examples of recent benchmark studies.*>** There are also
specialized articles that offer more detailed introductions.**~>*

In the present work, we review the application of Gaussian
process regression (GPR) to computational chemistry, with an
emphasis on the development of the methodology over the past
decade. Figure 1 provides an overview of the central concepts.
Given early successes, there is significant emphasis on the
construction of accurate, linear-scaling force-field models and
the new chemical and physical insights that can be gained by
using them. We also survey, more broadly, methodology and
emerging applications concerning the “learning” of general
atomistic properties that are of interest for chemical and
materials research. Quantum-mechanical properties, including
the eletronic energy, are inherently nonlocal, but the degree to
which local approximations, taking account of the immediate
neighborhood of an atom, can be used will be of central
importance. It is hoped that the present work—indeed the entire
thematic issue in which it appears—will provide guidance and
inspiration for research in this quickly evolving field and that it
will help advance the transition of the methodology from
relatively specialized to much more widely used.

2. GAUSSIAN PROCESS REGRESSION

We begin this review article with a brief general introduction to
the basic principles of GPR. The present section is not yet
concerned with applications, but rather provides a discussion of
the underlying mathematical concepts and motivates them for
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Figure 1. Overview of central concepts in Gaussian process regression (GPR) machine-learning models of atomistic properties. Left: The models
discussed in the present review are based on atomistic structure, and therefore, they require a suitable representation of atomic environments up to a
cutoff. The neighborhood is “encoded” using a descriptor vector, & and a kernel function, k, which is used to evaluate the similarity of two atomic
environments. Center: In the regression task, the goal is to infer an unknown function from a limited number of observations or input data (section 2).
The result, in GPR, is a function with quantifiable uncertainty. Right: Applications of GPR. There are two main classes within the scope of the present
review. The first class of applications is the fitting of atomic properties (section 3): these can be scalar, such as the isotropic chemical shift in NMR, &,
or vectors or higher-order tensors, such as the polarizability, &. The second class of applications is the construction of interatomic potentials or force
fields (section 4), which describe atomic energies, ¢;, as well as interatomic forces, F;. All these properties are fitted as functions of the descriptor, & The
drawings on the left are adapted from ref 18. Adapted by permission of The Royal Society of Chemistry. Copyright 2020 The Royal Society of

Chemistry.

modeling functions in the context of chemistry and physics, as a
preparation for subsequent sections of this review. A glossary of
the most important terms is provided in Table 1.

Inferring a continuous function from a set of individual
(observed or computed) data points is a common task in
scientific research. Depending on the prior knowledge of the
process that underlies the observations, a wide range of
approaches are available. If there exists a plausible model that
can be translated to a closed functional formula, parametric
fitting is most suitable, as limited data are often sufficient to
estimate the unknown parameters. Examples include the
interaction of real (nonideal) gas particles, the Arrhenius
equation, or, closer to the topic of the present review, the Fo
decay of the long-range tail of the van der Waals dispersion
interaction.

In practice, not all processes can be modeled well by simple
expressions. Structure—property relations, kinetics of biomo-
lecular reactions, and quantum many-body interactions are
examples of observable outcomes that depend on input variables
in a complex, not easily separable way, because of the presence of
hidden variables. Instead of trying to understand this depend-
ence analytically, one may set out to describe it purely based on
existing data and observations. Interpolation and regression
techniques provide tools to fill in the space between data points,
resulting in a continuous function representation which, once
established, can be used in further work. Linear interpolation
and cubic splines are widely used examples of these methods, but
they are limited to low-dimensional data and cases where there is
little noise in the observations. With more than a few variables, it
becomes exponentially more difficult to collect sufficient data for
the uniform coverage that is required by these methods. As
interpolation techniques are inherently local, noise in observa-
tions is not averaged out over a larger domain, meaning that
these approaches tend to be less tolerant to uncertainty in the
data.

From the practitioner’s point of view, GPR is a nonlinear,
nonparametric regression tool, useful for interpolating between

data points scattered in a high-dimensional input space. It is
based on Bayesian probability theory and has very close
connections to other regression techniques, such as kernel
ridge regression (KRR) and linear regression with radial basis
functions. In the following, we will discuss how these methods
are related.

Nonparametric regression does not assume an ansatz or a
closed functional form, nor does it try to explain the process
underlying the data using theoretical considerations. Instead, we
rely on a large amount of data to fit a flexible function with which
predictions can be made; this is what we call “machine learning”.

GPR provides a solution to the modeling problem such that
the locality of the interpolation may be explicitly and
quantitatively controlled, by encoding it in the a priori
assumption of smoothness of the underlying function. To
introduce GPR, we consider a smooth, regular function, y(x),
which takes a d-dimensional vector as input and maps it onto a
single scalar value:

y:[Rd—>[R (1)

We do not know the functional form of y, but we have made N
independent observations, y,, of its value at the locations x,,,
resulting in a dataset,

D = {x,; 3, hes @)

We can consider the observations, y, to be samples of y(x) at the
given location, which may contain observation noise. The goal is
now to use these data values to create an estimator that can
predict the continuous function y(x) at arbitrary locations x and
also to quantify the uncertainty (“expected error”) of this
prediction.

There are two equivalent approaches to deriving the GPR
framework: the weight-space and the function-space views, each
highlighting somewhat different aspects of the fitting process.””
We provide both derivations in the following.
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Table 1. Glossary of Technical Terms and Concepts Relevant to GPR”

Covariance A measure for the strength of statistical correlation between two data values, y(x) and y(x”), usually expressed as a function of the distance between
x and x". Uncorrelated data lead to zero covariance.

Descriptor In the context of regression, descriptors (sometimes called “features”) encode the independent variables into a vector, x, on which the modeled
variable, y, depends.

Hyperparameter A global parameter of an ML model that controls the behavior of the fit. Distinct from the potentially very large number of “free parameters” that
are determined when the model is fitted to the data. Hyperparameters are estimated from experience or iteratively optimized using data.

Kernel A similarity measure between two data points, normally denoted k(x, x'). Used to construct models of covariance.

Overfitting A fit that is accurate for the input data but has uncontrolled errors elsewhere (typically because it has not been regularized appropriately).

Prior A formal quantification, as a probability distribution, of our initial knowledge or assumption about the behavior of the model, before the model is
fitted to any data.

Regularity Here, we take a function to be regular if all of its derivatives are bounded by moderate bounds. Loosely interchangeable with “degree of
smoothness”.

Regularization Techniques to enforce the regularity of fitted functions. In the context of GPR, this is achieved by penalizing solutions which have large basis
coefficient values. The magnitude of the regularization may be taken to correspond to the “expected error” of the fit.

Sparsity In the context of GPR, a sparse model is one in which there are far fewer kernel basis functions than input data points, and the locations of these
basis functions (which we call the representative set) need not coincide with the input data locations.

Underfitting A fit that does not reach the accuracy, on neither the training nor the test data, that would be possible to achieve by a better choice of

hyperparameters.

“These definitions do not yet refer to physical properties, but they will be used in subsequent sections. For a comprehensive introduction to GPR,

we refer the reader to ref 39.

2.1. Weight-Space View of GPR

In the weight-space view of GPR, which is also the one most
closely aligned with the usual exposition of kernel ridge
regression, we approximate y(x) by 7(x), defined as a linear
combination of M basis functions (Figure 2):

M

FE = ) kx x,)

m=1 (3)

. True function (y)
i , (unknown) *

Observations

(X Yn)
at specific
locations (e) — .
W e o
by -
9 Basis function \ 4
2
|X - Xm|
k(x,xm) = exp 2 _/\
length Ule_ngth

9 Estimation (fit)

\ 4
— N\
Z ka X, X,,, - u

Figure 2. Basic elements of GPR as discussed in the present section: (1)
observations of an unknown function at a number of locations; (2) basis
functions (only one of them shown for clarity), centered at the data
locations; (3) an estimation, 7, defined by the set of coefficients, c,,, and
the corresponding basis functions; this is the prediction of the GPR
model.

where the basis functions, k, are placed at arbitrary locations in
the input space, x,, comprising what we refer to as the
representative set, {x,,}'L, (sometimes also called the “active” or
“sparse” set), and c,, are coefficients or weights. At this stage, we
do not need to specify the actual functional form of k; we only

need to know that k : RY x R? - R describes the similarity
between the function at two arbitrary locations, x, x’ € [Rd, that

the function is symmetric to swapping its arguments, viz.
k(x,x") = k(x’, x), and that it is positive semidefinite. The kernel
function is positive semidefinite when, given an arbitrary set of
inputs {x,}, the matrix built from k(x, x,) is positive
semidefinite.

Although the form of the kernel function does not matter in
principle, the practical success or failure of a GPR model will
depend to a large extent on choosing the appropriate kernel.
Figure 3a demonstrates this using the example of the Gaussian
kernel which includes a length scale hyperparameter, 6icy,
(defined in Figure 2). In fact, this kernel is a universal
approximator for any setting of the length scale, but choosing
an inappropriate length scale will result in very slow convergence
as a function of the number of training data points.

The fitting of the GPR model to the data is accomplished by
finding the coefficients ¢ = (cy, ..., ¢y) that minimize the loss
function,

N [y ~ 2
Iy, = 7Gx
L=) 1" 4R
n=1 O- (4)
where R is a regularization term and the relative importance of

individual data points is controlled by the parameters o,. In
GPR, the Tikhonov regularization is used, defined as

M

R= Z k(X X, )G

m,m’ (5)

Two objectives are included in the loss function that is defined in
eq 4. The first term is designed to achieve a close fit to the data
points. However, this term alone would lead to overfitting
because of the large flexibility of the functional form, and it is
therefore controlled by the second term, the regularization,
which forces the coefficients to remain small. The collection of
parameters {c,}); (together with the length scale hyper-
parameter) ad]usts the balance between accurately reproducing
the fitting data points and the overall smoothness of the
estimator.

Crucially, the coefficients in this regularization term are also
weighted by the corresponding kernel elements, a relation that
can be understood when formally deriving GPR from the
properties of the reproducmg kernel Hilbert space (RKHS),
which we discuss below.””*’ Equation 4 is often written as

10076 https://doi.org/10.1021/acs.chemrev.1c00022
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Figure 3. Effect of the kernel length scale on the GPR fit for different
types of input data. (a) Learning from function value observations. We
illustrate the effect of using a small (left) or larger (right)
hyperparameter associated with the correlation length scale (repre-
sented by a solid bar in each panel) on the GPR models (solid black
line). Basis functions (teal dashed lines—one is highlighted as solid for
clarity), centered on data points (red circles) sampled from the target
function (black dashed line), are also shown. (b) Learning from
derivative values (section 2.4). Data points are represented by red
points and derivatives by red sticks: in this example, the data values
themselves, i.e. the {y,}, are not included in the fits. For all fits in this
figure, the regularizer was very small, just large enough to ensure that a
stable numerical solution to the linear least-squares problem can be
obtained.

N M
L=y - &) +0> Y kx, x,)6,
n=1 m,m’'=1 (6)

using a uniform 6, = ¢ parameter for all data points, but we later
exploit the ability to express the reliability of each data point
individually. Because in this form, ¢ multiplies the Tikhonov
regularizer, most practitioners identify ¢ with the regularization
“strength” or “magnitude”. Using this definition, we can rewrite
the loss function in matrix form:

L= (y - Ky©) Ty — Kyye) + ¢ Kype (7)
where the matrix elements are defined as
[KNM]nm = k(xn) Xm) (8)

and y = (yy, ..., yn)- Recall that N indicates the number of data
points in O and M indicates the number of representative
points, respectively. Our notation emphasizes the dimensions of
the various kernel matrices in the subscript and implies that
K = Ky because the kernel function is symmetric. In eq 7, £
is a diagonal matrix of size N, collecting all the o, values, with

¥, = 0. To minimize /, we differentiate eq 7 with respect to c,,
for all m and then search for solutions that satisfy

Vil =0 ©)
and we obtain

“KynZ7y + Ky I Kyye + Kype = 0 (10)

Rearranging gives an analytical expression for the coefficients,

¢ = (Kyar + Ky Ky Ky =7y (11)

and once these coefficients have been determined, the
prediction at a new location x is evaluated using eq 3, which
in matrix notation is

F(x) = cTk(x) (12)

where a shorthand notation k(x) is introduced for the vector of
kernel values at the prediction location (x) and the set of
representative points ({x,,}),

k(x)], = k(x, x,,) (13)

When the number and locations of the representative points are
set to coincide with the input data points, a case to which we
refer as “full GPR”, we have M = N, and the expression for the
coeflicients simplifies to

c=(Kyy + X'y (14)

We note that the expression in eq 14, together with eq 3, is
formally equivalent to kernel ridge regression (KRR), which is
also based on the solution of the least-squares problem using
Tikhonov regularization."' Full GPR becomes expensive for
large datasets, because the computational time required to
generate the approximation scales with the cube of the dataset

size, O(N®), and the memory requirement scales as O(N?), at
least when direct dense linear algebra is used to solve eq 14.
While iterative solvers, which are ubiquitous in ML generally,
might reduce this scaling, they are not widely employed in the
context of GPR/KRR. In our applications, detailed in the rest of
this review, we use relatively few representative points, i.e. M <
N, and we refer to this regime as “sparse GPR”, following the
Gaussian process literature.””*> The matrix equations that
specify both the full and the sparse GPR fits are visualized in
Figure 4. More details on how we select representative points in
practice will be given in section 4.3.

2.2. Function-Space View of GPR

The function-space view is an alternative way of deriving,
defining, and understanding GPR/KRR. Again, we aim to
estimate an unknown function which we can sample at specified
locations, resulting in the dataset 9, and we consider estimators
of the form

F@x) =) we,(®)
h (15)

where ¢ are fixed, and for-now unspecified, basis functions. It is
important to emphasize that even though eqs 3 and 15 are
formally similar, the basis functions ¢, are not equivalent to the
kernel function k (their relationship is shown below), nor are the
coefficients ¢ equivalent to w. Whereas in the weight-space view,
the kernel basis functions are placed on the representative set of
points x,,, which typically (but not necessarily) coincide with
data points, the fixed basis functions here are independent of the
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Figure 4. Visualization of the matrix equations that define the fitting of full (eq 14) and sparse (eq 11) GPR models, and the way they are used for
prediction. (a) The reference database consists of entries {x,; y,}; the data labels y; to y, are collected in the vector y (light green); the data locations x,
to x are used to construct the kernel matrix, K, of size N X N (teal). The regularizer, X, is shown as a light gray diagonal matrix. By solving the linear
problem, the coefficient vector c (blue) is computed, and this can be used to make a prediction at a new location, 7(x) (eq 12), the cost of which scales
with the number of data locations, N. (b) In sparse GPR, the full data vector y is used as well, but now M representative (“sparse”) locations are chosen,
with M << N. The coefficient vector is therefore of length M, and the cost of prediction is now independent of N.

data and serve purely as a framework to define a probability
distribution of functions.

The function j is determined by the coeflicients,
w = (wy, W, ...), which are drawn from independent, identically
distributed Gaussian probability distributions,

P(w,) ~ N(0, o) (16)

leading not to a single estimate of 7 but to a distribution of
estimators, which corresponds to a Gaussian prior and is
commonly called a Gaussian process (GP). For these
generalized estimators, the covariance of two estimator values
at the locations x and x’ is

)7 (x))

H H
aw Pw) Y w0 Y b, ()
h n

3 4000, () [ dw Py,

b
(17)

With the information from eq 16, the integral evaluates to 62,5,
and then we have

Z Ujéhh’¢h(x)¢h/(xl) = 613 Z ¢h(x)¢h(x/)

hh h (18)

The sum over the basis functions in the last expression is used to
define a kernel function, k, as

kx x) = 0) ) §,®)¢,x)
h (19)

This definition makes it clear why the kernel function needs to
be positive semidefinite: it has the structure of a Gram matrix; i.e.
a matrix of scalar products. For coinciding arguments (x = x'),
the value of the kernel function corresponds to a variance.
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Each function value in the dataset is taken to incorporate
observation noise, y, = y(x,) + €, where € is a random variable,
independent for each data point and identically distributed,
drawn from a Gaussian distribution with zero mean and variance
o’ Tt follows that the covariance of any two actual function
observations in the dataset is given by

<yn yn/> = k(xn’ xn’) + O-zénn' (20)

The probability distribution of all the observations y = (yy, ..., yx)
is therefore a multivariate Gaussian with zero mean and
covariance of Kyy + 671, written as

LT 201

P(y) o< exp ZY (Kyy + 0Dy 1)
Note that, for convenience in the derivation, we assume that the
mean of the prior distribution of functions is zero, but very often
there is a good prior guess for the mean of the function, in which
case it is straightforward to modify the distribution—or simply
to subtract the prior mean from the observed function values
before fitting, to be added back on after prediction.

Function estimation based on the data now proceeds by fixing
the N data locations and values and considering the probability
distribution of a new function value, yy,;, observed at a new
location, xy, ;. Bayes’ rule gives this distribution as a conditional
probability in terms of the old (previous) observations and the
joint distribution of the old and new observations,

_ P(yl’ Yyr o Iy yN+l)
PO l7) = P(y) (22)

After substituting eq 21 into eq 22 (using it for both the
numerator and denominator appropriately), and some algebraic
manipulation,* we find that the distribution of ¥ (Xnz1) is also
Gaussian, and we can express its mean and variance as
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T = K'(Kyy + 6’1 'y and (23)
Var(yN+1) = k(xy, 1) Xy + e kT(KNN + 61 'k
(24)

where we again use k for the vector of covariances (kernel
values) evaluated between the new data location and the set of N
previous ones,

(K], = k(xy11) x,) (25)

It is interesting to note that the GP variance estimate is formally
independent of the training function values: the expression in eq
24 depends solely on the location of data points but not on the
data values y. However, if the model hyperparameters are
optimized either by maximizing the marginal likelihood or by
cross-validation (see below), then the variance estimates do
implicitly depend on training function values through this
optimization.

The fact that both the estimators in eqs 23 and 24 only depend
explicitly on the kernel function, k, and not on the basis
functions, ¢;, shows that a GP may be defined by its kernel,
without ever specifying the underlying basis set (although it is
possible to determine the corresponding basis set from any given
kernel). Recall that the meaning of the kernel function is the
covariance of data values (eq 19) and is thus regarded as a
measure of similarity between data points. This route to
specifying a basis for modeling nonlinear functions is often
referred to as the “kernel trick”.

Note that the combination of eqs 3 and 14 defining GPR in
the weight-space view is equivalent to the result of the function-
space view in eq 23. This equivalence reveals that the magnitude
of the regularization term in the weight-space view, % in eq 6, is
the same as the variance of the Gaussian noise model on the
function observations (cf. eq 20). We can use this to understand
regularization from a new perspective: it is the expression of
uncertainty of our observations and naturally leads to a model
with an imperfect fit to the data.

Notable kernels include the Gaussian, or squared exponential,
kernel (the latter name is in common use to emphasize the
distinction between the form of the kernel function and the
multivariate Gaussian distributions that underlie the entire GPR
framework),

2‘aleng’th ( 26)

parametrized by the spatial length scale, alength.M The linear, or
dot-product, kernel is defined as

d
k(x, x') = xx' = Z x, %,
a=1 (27)

where x, = [x], are the elements of the d-dimensional input
vector x. Substituting this kernel definition into eq 3 gives the
prediction formula,

M d

d
FE =Y 6 Y alx,l = 2 B,
m=1 a=1 a=1 (28)

which shows that using the linear kernel in GPR is equivalent to
performing regularized linear regression, with coeflicients given

by

M
B= clx,l,
m=1 (29)

It follows that the basis functions corresponding to the dot-
product kernel are simply M functions that each pick out one
element of the data vector {x,})_,. Finally, the polynomial
kernel is

k(x, x') = (xx')° (30)

and expressing the prediction formula explicitly reveals that the
basis functions are outer products of the elements of the data
vectors. For { = 2, for example, we obtain the expression

M d d
F(x) = Z o 2 %, % [x,],[x,,], = 2 B, %%,

m=1 a,b=1 a,b=1 (31)

that corresponds to a polynomial basis with a degree of { = 2.%

2.3. Explicit Construction of the Reproducing Kernel Hilbert
Space

It is instructive to see how the function-space view of GPR arises
from an explicit construction of an approximation of the
RKHS.*® Consider the kernel matrix that is computed for the
representative set of data points, Ky, and its eigenvalue
decomposition which is given by

Ky = UMMAMUTA;IM (32)

Because the kernel is positive semidefinite, the eigenvalues, A,
are greater than or equal to zero, and it is possible to compute the
feature matrix,

1/2 -1/2
D@, = UynAyt™ = KypyUyieA (33)
such that
T —14T
Dy Pyt = Kyt Unine At UnindKvi
= Ky (34)

The definition in eq 33 corresponds to performing a kernel
principal component analysis (KPCA)*” without discarding any
of the resulting components and is consistent with the
introduction of an explicit function-space model, as follows.
The elements of a feature vector, @, associated with an arbitrary
input point, x, are given by

M
[¢)]](x) = g{)](x) = z k(x, xm)UmjAjfl/z

m=1 (35)

where the sum runs over all M representative points and the
number of features is the same; that is, the index j takes values
from 1 to M. For any pair of locations within the representative set,
we have

¢(,) d(x,) = k(x,, x,,) (36)

which corresponds to the definition of the kernel in terms of a
scalar product in the RKHS, as given in eq 19. For arbitrary pairs
of locations that are not included in the representative set, the
above expression is only an approximation of the kernel, which
can be improved by enlarging M.

This point of view also makes it possible to directly derive the
Nystrom form of sparse GPR," by considering it as ridge
regression in the RKHS defined by the representative points.
The feature matrix associated with a set of N points is
@y = KypUyiiAy/% This expression may be regarded as an
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approximate decomposition of the full kernel matrix
Kyy ® @y @y’ The resulting regularized linear regression
weights are

Wy = ((I)EIME_I(I)NM + 1)_1(I)£ME_IYN 37)

and the predictions are given by ¢ (x)-w,. By substituting for the
features, @, the definition in terms of the eigendecomposition of
K, (eq 35), we obtain the model predictions,

P (x)wy = kTUMMAX/II/2
X (Uit K Z Ky UppAyt > + 17
T A-1/20,T -1
X Uy K2 ¥y
TiT v 1T =
=k (KyyX 1KNM + Kypp) lKNM2 1YN
(38)
This is the same as eq 11, revealing how the abstract function-
space derivation can be formulated as a matrix approximation
problem and more generally how kernel methods can be seen as

simultaneously addressing the problem of building a data-
adapted feature space and performing linear regression in it.

2.4. GPR Based on Linear Functional Observations

In later sections, we will need to use the GPR formalism to
estimate functions whose value cannot be directly observed.
This is the case for fitting an atomic energy function (using the
neighbor environment of an atom as the input) to data from
quantum-mechanical electronic-structure computations, which
yield the system’s total energy, not individual atomic energies,
and atomic forces and stresses, which are derivatives of this total
energy with respect to the atomic positions and the lattice
deformation, respectively. It is therefore useful to consider this
problem in the abstract: estimating a function when it is not
possible to directly observe values of a function, but we have
access to derived properties. The formalism that follows was
introduced in ref 49 for modeling materials, which itself builds
on ref 50 that discusses learning a function from its derivatives
using GPR.

As a simple example, assume that we observe data values Y at
data locations X, but we wish to model the estimator as a sum of
values of the elementary estimator function 7,

Y(X) =7(x) +j(x) (39)
where x and x’ are subsets of the degrees of freedom in X,
X=x®x =[x, x] (40)

using a kernel function that is defined between points in the
smaller space, k(x, x'). In the spirit of the function-space view of
GPR, it follows that the covariance of two such observations Y;
and Y, (taken at X; = x; @ x;" and X, =x, @ x,’, respectively) is
given by the sum of kernels,

(Y(X1)Y(X2)> = k(xp xz)
= k(xlr Xz) + k(xv X/z) + k(xil Xz) + k(Xi, Xlz)

and the rest of the regularized kernel regression formalism
follows using this definition of the kernel. When building a
sparse GPR model, we have the choice of picking representative
points such as x from the smaller space or X from the larger
space. In either case, kernels can be computed between the
observed data locations and representative points, e.g.

k(X x) = k(xy, x) + k(xj, x).

It is straightforward to generalize this construction to any
linear functional observation, and the resulting kernel model
becomes a linear functional of the corresponding kernel
functions. To formalize this, we model the observations as

=Y (@ xi) = Z Liy(x;) (41)

where L, is a linear operator applied on the elementary model
function y. In the previous example, L was simply the identity
operator, but it can also include differentiation, scaling, or any
other linear operation. To illustrate how fitting based on
derivative observations can be performed, we consider the
derivative of the estimator function defined in eq 15 with respect
to the @ component of the input vector, x, viz.

V() = 3w Vb, ()
h

(42)

We obtain the covariance of two such derivative observations as

VIV(x)) = [awpw) 3wV, ()
h,h

H

X Y wy Vyeh, (x)
"

= Z Va(ﬁh(x)vﬂdih,(x’) / dwP(w)w,w,
I

z 6.0, 1V, (X) Vyh, (x)

h,h'

o0 3 Vuth, (X Vyh, (x)
h

(43)

from which it follows, using eq 19, that the kernel for derivative
observations is the double derivative of the original kernel:

99 i x)

O, Z V, ¢h(x)vﬁ¢h(x) = ax axﬁ (44)

In a similar manner, the covariance between a function value
and a derivative observation can be found as

(Vg (x)y (x)) = —ak(x, x') (45)

allowing a covariance matrix to be built for arbitrary
observations that are linear functionals of an underlying
function. For example, the block of the covariance matrix
corresponding to the data vector [y, V], collected at the points
[x, x'], is given by

k(x, x) i/k(x, x')
X1
Py
—k —k(x,
Ox/ &' x) 0x,0x, G x)

x=x' (46)

For a general linear operator, L, the coefficients in eq 11 that
constitute the regularized solution of the regression problem
then become
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Figure 5. Sparse GPR fitting based on different types of input data (eq 47). In this example, two types of data are present in the reference database:

function values (corresponding to the identity operator, I) and derivatives (corresponding to the differential operator, V). All these observations are

combined into a single vector, y, which has D entries. The fit itself proceeds as shown in Figure 4b but now includes the use of a matrix of operators, L.
Some sizes of vectors and matrices (M, N, or D) are indicated. The regularization, X, is indicated as a block diagonal matrix (one block corresponding
to function values, one to derivatives); more individual settings are also possible. Once c is determined, it is used for sparse GPR prediction in the same

way as shown in Figure 4.

¢ = [Kypy + (EKy) 2T LK g 17 (LK) E 7Yy (47)

where y, of length D, contains all the training data. This matrix
equation is visualized in Figure 5. When implementing this in
code, the operator L is applied to the kernel matrix Ky, which
results in a matrix of size M X D, that we label (LK) or
alternatively 1x.

Figure 3 illustrates these concepts for a simple one-
dimensional function (dashed lines) for which GPR estimates
are made (solid lines). The examples presented here show “full
GPR” fits (i.e., when the set of representative points associated
with the basis functions is exactly the same as the set of input
data points) in the two cases when either function values (Figure
3a) or derivative values (Figure 3b) are used in the regression. In
each case, we show two choices for the length scale of the
squared exponential kernel, 6ic,yy, namely a value that is too
small, and also a larger (near optimal) value. If the length scale is
chosen too small (left panels in Figure 3), the result is a terrible
overfit in both cases, but showing different behavior. When
fitting to function observations, the fit matches the data exactly
near the data points (red points) and reverts to near zero away
from the data points. When fitting to derivatives, the estimate
has the correct derivatives locally but overall is nearly zero
everywhere. For the near optimal value of the length scale (right
panels in Figure 3), fitting to function observations results in an
excellent fit near the right-hand side minimum where there are a
lot of data and a rather poor fit elsewhere. Fitting to derivatives
reproduces the shape of both minima, and the maximum in
between qualitatively too, despite there being no data points
there. However, the relative depths of the two minima are not
well captured.

In Figure 6, we show the fit quality for the same simple one-
dimensional function, but this time using sparse GPR and
exploring different ways of constructing the representative set
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and the corresponding basis set. In the first row, only function
values are used in the fit, in the second row, only derivatives are
used, and in the third row, function values and derivatives are
combined to form the dataset. The first column shows full GPR
(as in Figure 2), using square kernel matrices and placing a basis
function on each data point, with the basis function type
corresponding to the data type: function value observations
induce Gaussian basis functions, and derivative value observa-
tions induce Gaussian-derivative basis functions (cf. eq 45).
Therefore, in the first column of Figure 6, the top panel shows a
fit to the function values and uses eight Gaussian basis functions,
the middle panel shows a fit to only derivative values and uses
eight Gaussian-derivatives, and the bottom panel shows a fit to
all the available data and uses both types of basis functions (16
altogether). The improvement in the fit from top to bottom is
steep, with the bottom panel showing an almost perfect fit.
The second, third, and fourth columns of Figure 6 all use
sparse GPR fits, but with Gaussian basis functions irrespective of
what the type of the data is (that is, even if only derivative values
are used). In the second column, the eight basis functions are
simply placed at the input data locations (and thus the first two
panels of the first row are identical!). In the third column, again
we use eight Gaussian basis functions but they are centered on a
regular grid. This has little effect when the fitting data consist of
function values, but it shows a considerable improvement in
rows two and three, when derivative data are used. In the fourth
column, the locations of the representative set are optimized (by
maximizing the marginal likelihood; see below). Note that fewer
than eight basis functions are used, because some of the basis
function centers have merged during the optimization. We
observe some improvement in the first row and an improved
estimation of the maximum in the second row, albeit with a poor
description of the relative depths of the minima. In the last row,
when both the function value and derivative information are
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Figure 6. Effects of different types of data and basis functions on GPR fits. These are illustrated using the same example function as in Figure 2 (black
dashed lines), showing the predicted mean (black solid lines) and variance (light blue shaded area) of the fit. Observations are indicated by the red
points for values and short red line segments for derivatives. The fitting data included only function values in the first row, only derivative values in the
second row, and both function and derivative values in the bottom row. Full GPR was used for the data shown in the first column, and sparse GPR for
those in the others. Representative point locations (vertical dotted lines) coincide with the data point locations for the first and second columns,
whereas they were placed at regular intervals for the third column. In the fourth column, the number and location of representative points were
optimized to maximize the marginal likelihood. The regularization hyperparameter o as well as the length-scale hyperparameter 0jng, were
independently optimized for each panel to maximize the marginal likelihood. Insets show the kernel basis functions used in the fit (solid for Gaussians;
dashed for Gaussian derivatives); scale bars represent the optimized values of Olength-

provided, the fit is as good as using a regular grid and almost as
good as with full GPR (first column).

Studying such simple toy models can be very instructive in
understanding GPR, but of course one has to be careful in
drawing conclusions and applying them to the high-dimensional
problems of materials and molecular data. Nevertheless, it is
clear that full GPR does not scale to large datasets and that high
dimensionality precludes the use of regular grids when setting up
basis sets—indeed the fundamental reason why GPR is eflicient
even in many dimensions is because the basis set can adapt to the
data locations. In the Gaussian approximation potential (GAP)
scheme, detailed in section 4, the construction is most similar to
column-four-row-three of Figure 6, because both total energy
and derivative data are used, and the representative set is
selected as the optimized subset of the very large number of
atomic environments that are present in the input dataset.

The general formulation in eq 41 for modeling arbitrary linear
observations in the framework of sparse GPR allows for the
complete separation of the basis functions of the representative
set and the training data. This greatly simplifies the application
of GPR for force-field development, where a large proportion of
the training data are in the form of atomic forces. This is because
each structure contributes three times the number of atoms as
Cartesian force components and just one total energy value.
Attempting to use full GPR would result in square kernel
matrices with row and column sizes equal to the number of input
data values, which in turn would limit the models to rather small
datasets. Therefore, in the context of interatomic potentials,
where the fitting data correspond to total energies (sums of
many atomic energies), forces, and stresses (sums of partial
derivatives of many atomic energies), we model the atomic
energy as the elementary function and use representative points
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that are individual atomic environments and corresponding to
kernel (rather than kernel derivative) basis functions.

2.5. Regularization

Regularization can be regarded as a mechanism to deal with
noisy and incomplete data, which balances the requirements of a
smooth estimator and a close fit to the data. We introduced the
Tikhonov regularization term when we described the weight-
space view of GPR in section 2.1 and made the connection with
the noise model assumed for function observations in section 2.2
in the function-space view of GPR. From a Bayesian point of
view, a noise parameter that is significantly larger than the
covariance of function values, 6> > k(x, x'), favors the prior
assumption on the function space, which is smoothness, and
ultimately leads to the trivial solution of the constant function
y(x) =0 as 6 — oo (assuming that the mean of the GP prior is
zero). Equivalently, the loss function in eq 4 is dominated by the
regularization term for the choice of large o and leads to the
trivial solution of ¢ = 0 in the ¢ — oo limit. Conversely, small o
values force the estimator to follow the data points as closely as
possible, at the price of potentially significant overfitting. The
extreme case of 6 = 0 reduces eq 4 to the unregularized least-
squares fit.

Apart from these considerations, regularization is of practical
relevance from the point of view of numerical stability: it
conditions the kernel matrix by adding a diagonal matrix with
positive values. In the case of the location of some data points
coinciding, the determinant of the kernel matrix Kyy would
otherwise become zero, and the inverse Kyy would become
undefined without conditioning the diagonal values. Of course,
it would be possible to remove exactly duplicate data points, but
even close data points would cause numerical instabilities in
practice, which are less trivial to eliminate. Furthermore, it may
actually be desirable to have multiple data points at the same or
similar locations if the observations do genuinely contain noise,
as the observed function values would sample the function, and
GPR would effectively and automatically perform averaging.
Note that noise in the observations does not have to be of
stochastic nature: even in the case of deterministic observations,
model error can give rise to deviations that appear as noise, as we
will discuss in section 4.

2.6. Hyperparameters

A particularly appealing feature of GPR is that it is parameter-
free, in the sense that once the prior assumptions (i.e., the kernel
and the observation noise) are specified, the function estimator
follows. In some cases (particularly when working in the well-
established field of atomic-scale modeling), the appropriate
kernel and the observation noise might be known. For example,
we might have a very good idea of how smoothly the atomic
forces vary with atomic position (corresponding to the length
scale hyperparameter, 6y, introduced above), or how much
error we expect in observed values (corresponding to &) due to a
lack of convergence in the electronic-structure computations
that provide the fitting data. But often, the hyperparameters
describing the problem are not available. In section 6 below, we
will describe strategies to set these for material models that we
found effective. Formally, when using sparse GPR, the locations
of the basis functions are also hyperparameters, and their choice
can dramatically influence the accuracy of the fit (cf. Figure 6).

In the Bayesian interpretation of GPR, we have already made
use of the marginal likelihood™* (or evidence; eq 21), which can
also be understood as a conditional probability over the
hyperparameters,

P(Y| {Xm}) Glength’ 2) =

1 1 _
= exp —EyT(KNN +X) 1y
J @)V det(Kyy + E) (48)

This provides a route to eliminating all of the unknown
hyperparameters, because Bayes’ formula allows one to integrate
the likelihood over all possible hyperparameter values when
making a prediction. This is essentially an encapsulation of the
Bayesian principle of “Occam’s razor”: we are not just interested
in hyperparameter settings that lead to small fitting error, but in
solutions that are also robust, in the sense that parameters in a
large volume of parameter space near the optimum all lead to
small fitting error. This turns out to be a good predictor of
performance on any future test set, without having to explicitly
do the test.

However, integrating the likelihood is often not a practical
proposition for large models, because the integral cannot be
evaluated analytically. Instead, the hyperparameters correspond-
ing to the highest marginal likelihood are often selected, and
these can be obtained in a straightforward way by maximizing
the logarithm of the marginal likelihood,

1 _
log P = _EYT(KNN +Z)ly

1 N
— —log det(Kyy + X) — — log 27
208 e(NN ) > og (49)

for which the derivatives with respect to hyperparameters may
also be computed.

Another route for hyperparameter optimization, more often
used in the context of KRR, is cross-validation. There are many
variations to this approach, but commonly the available data are
divided into a “training” and a “test” set. The training set is used
for the regression, with the predictions evaluated on the test set.
The hyperparameters are then adjusted to achieve the lowest
possible error on the test set. There are more sophisticated
versions, where multiple splits are created (so-called “k-fold
cross-validation”).

3. LEARNING ATOMISTIC PROPERTIES

Let us now show how the general GPR framework translates into
a scheme to model the atomic-scale properties of molecules and
materials. First, we discuss how the Cartesian coordinates and
the atomic numbers that determine the specific configuration of
the system should be represented to obtain a description that is
suitable for atomistic ML. This is one of the central problems in
the field, and we refer the reader to a dedicated review"' in the
present thematic issue for a more detailed discussion. Here, we
limit ourselves to a family of approaches which covers most of
the example applications that are discussed in what follows. We
then present a “hands-on” example: the construction of a GPR
model of the energy and dipole moment of an isolated water
molecule. We use this example to introduce the relevant
concepts and show them “in action”; for more details, the reader
is referred to subsequent sections. We provide Python (Jupyter)
notebooks that reproduce the results shown in the present
section, and we report code snippets to show the connection
between general expressions and the practical implementation
for an atomistic problem.
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3.1. Representing Atomic Structures

The chemical structure of molecules and materials is defined
most directly by the Cartesian positions, {r;}, of the constituent
atoms. Interatomic potential models do not typically use these
positions as input directly but rather transform them into a
different mathematical representation. This way, the resulting
potential can automatically gain some desirable properties,
particularly symmetries of the potential energy with respect to
translation, rotation, and permutation (swapping) of atoms of
the same element. Furthermore, the representation should
reflect other physical requirements, such as smoothness of the
mapping, additivity when applied to the learning of extensive
properties, as well as correct limiting behaviors, e.g., that the
atomization energy is zero (by definition) when atoms are at
infinite separation.

The classic example of such a transformation is to represent
the relative positions of two atoms i and j by their mutual
distance (Figure 7a),

r = Ir, — rl (50)

If, in addition, the potential energy is written as a separable sum
of functions of these distances, the result is a pair potential,

E= Z Vz(”ij)
ij (51)

where V, is a one-dimensional function. The simplicity of the
above form obscures its implications as the basis of a regression
model for atomic-scale properties. The fact that the interatomic
distances are independent of an absolute coordinate reference
frame guarantees that the potential is invariant with respect to
translation and rotation. Since the true potential energy obeys
these invariances exactly, this is universally agreed to be a good
thing. The true potential is also invariant to permutation of like
atoms, and the separable form and the sum over each pair of
atoms guarantees this invariance but at the cost of a drastic
approximation: the true quantum-mechanical energy is not
separable into a sum of pairwise terms. Whether this
approximation still results in a usable potential depends on the
system: the Lennard—Jones pair potential is an excellent
approximation for noble gases, and similar models give
qualitatively decent models of sunple fcc metals® and simple
ionic halides®® and some oxides.”® For covalently bonded
systems, pair potentials that reflect the connectivity of the
system can provide reasonably accurate descriptions of small
displacements, e.g., vibrational dynamics, but fail to give a
natural description of chemical reactivity and are basically
unusable as general-purpose models.

The traditional route to improving the potential is to add a
correction in the same spirit, but at a higher body order, i.e. a
term that explicitly depends on the positions of three atoms
(Figure 7b) and is summed up over all atom triplets in the
system to preserve permutational symmetry:

E= Z‘/Z()-l-z‘/?'(t}’ k’rk}

rll (52)

The three-body term is sometimes approximated to explicitly
depend only on the angle between the three atoms (cf. Figure
7a), rather than their individual distances, thereby reducing the
number of adjustable parameters. Interestingly, as a result of
recent developments in high-dimensional fitting using many
parameters, it has become apparent that a lot can be

accomplished with just three-body but fully flexible poten-
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Figure 7. Descriptors for atomistic structure. (a) Conventional 2-body
and 3-body terms, viz. distances and angles between atoms, as typically
used in empirical force fields. Adapted from ref 29 with permission.
Copyright 2019 Wiley-VCH. (b) General descriptor for 3-body terms:
the three distances, d, between the atoms, specify the relative geometry
of the three atoms completely. (c) Schematic of the smooth overlap of
atomic positions (SOAP) descriptor.*” The neighbor density p is
permutationally invariant; expanding it in a local basis of radial
functions and spherical harmonics, Y7", and then summing up the square
modulus of the expansion coefficients c,,, over the index m ensures
rotational invariance of the power spectrum p (eq 56). Adapted from ref
53. Original figure published under the CC BY 4.0 license (https://
creativecommons.0rg/licenses/by/4.0/). (d) Tlustration why the
power-spectrum vector, p, is a 3-body descriptor (here shown without
element indices for clarity); the consequences of this are discussed in
the text.

tials.”” = In principle, one could continue along this direction
and add even higher-order, viz. general four-body, terms.
Because of the complexity of managing the increasing number of
parameters while still maintaining the permutation symmetry
exactly (which involves summing over all atom tuples of
mcreasmg s1ze) , this has only been done systematically for small
molecules ® and is only now beginning to be explored for larger
systems®* and materials.®*
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An alternative approach is to not make the approximation of
separability in body order in the first place but instead to write
the total energy of the system as a sum of atomic (“local” or
“site”) energies that depend on many-body descriptions of
atomic environments. This, however, requires a representation
that itself is invariant to permutation of like atoms and also
incorporates the approximation that interactions are of finite
range. The foundational works of Behler and Parrinello® and
Bartok et al.*” precisely hinged on such innovations: the former,
on atom-centered symmetry functions; the latter, on spherical
harmonic sgectra, originally the bispectrum and later the power
spectrum,”” also called the smooth overlap of atomic positions
(SOAP; Figure 7c). Coupled with nonlinear regression models,
the remaining significant approximations are controlled by the
number of training data points and the interaction range. All of
our examples in sections 6 and 7 will use the SOAP
representation, and so we give a brief definition here for
completeness.

To obtain the SOAP representation of the neighborhood of a
given atom i, we first build a set of neighbor densities, one for
each cshzemical element in the set that is relevant for the system at
hand:

2
[r — 1'ijl

P =) 8, &Pl 5 | £ ()
j

2
2611 (53)

where the sum is over neighbors j of element a that are within the
cutoff r., and f.,(r) is a cutoff function that smoothly goes to
zero at r.,. The hyperparameter o, has units of length and
determines the regularity (smoothness) of the representation.
The above neighbor density is thus a mollified version of a
neighbor distribution where each atom would be represented by
a Dirac delta function. It is tempting to associate the Gaussian
mollifier with an atomic electron density or a smeared nuclear
charge, but the correspondence is not so direct. The direct effect
of the mollification in the density is only to ensure that the
interatomic potential constructed using the SOAP representa-
tion is regular, and it would be reasonable to construct a SOAP
representation from Dirac delta densities, given that the
regularity of the potential is ensured in some other way. For
example, the moment tensor potentials (MTP)®” and the atomic
cluster expansion (ACE)®® do exactly that.

In the following, for each expression, we will give both the
notation that was introduced in ref 52 and (highlighted in blue)
a recently proposed® bra-ket notation of the form (g|A) that
uses q to describe the indices enumerating the entries of a feature
vector and A to indicate the nature of the representation. Note
that the expressions typeset in blue are here to make the
connection to ref 51 explicit and are not needed to follow most
of the exposition in the present review. Using this notation, for
example, the equivalent expression corresponding to eq 53
reads:

pH(x) = (ar|ps) (54)

It is important to emphasize that for each atom i, irrespective of
what element it is, the full set of elemental neighbor densities is
constructed. Each elemental neighbor density is invariant to
permutations of that element. To achieve rotational invariance,
we first expand the neighbor density in a basis of orthogonal
radial functions, R, (r) = (r|n), and spherical harmonics,

Y(8) = (efim),

p(r) = D iR (Y] (®)

nlm

= [ar RGP 55

or equivalently,

et = (anlmlp;) = /dr (n|r) (Im|t) (ar|p;)

where the expansion coefficients are labeled ¢, for consistency
with earlier publications®*** and are not to be confused with the
coefficients of the kernel regression model that have been
introduced in section 2. Note the similarity with how atom-
centered orbitals, containing radial and angular parts, are
constructed in quantum chemistry. As emphasized by the bra-
ket notation, the expansion in spherical harmonics just amounts
to a change of basis, and these coefficients are not rotationally
invariant. A symmetrized combination of these coeflicients
yields the power spectrum,

. 7 1 . . !
P:{thll = 21 ¥ 1 ;(C:{?m)*c:ﬁlm =

(an; a'n';1|pP2) = (a'n'lm|p;)

1
= 5 2 {pilanim)
(56)

where the notation /)t.®2 hints at the fact that the SOAP power

spectrum is obtained by averaging a two-point tensor product of
the atom density over rotations—which, in the spherical
harmonic basis, is equivalent to summing over m. The I-
dependent prefactor in the definition of the power spectrum is
necessary to make a connection to the overlap of densities (see
below). Note that various other constant numerical factors have
appeared in the definition in the past,””>” but none of them are
consequential, because the power spectrum is typically
normalized to yield a unit length vector. The descriptor for
each atomic environment now has five indices: two for the
neighbor-element channels (g, a’), two radial channels (n, n'),
and an angular channel (I). This power spectrum, also
commonly referred to as the SOAP descriptor, or SOAP vector,
is a concise representation of atomic neighbor environments. It
is smooth and continuous with respect to atomic displacements
and invariant with respect to physical symmetries, and its only
free parameters, the cutoff and the length scale, 6,, are physically
intuitive.

An important question in the context of building atomistic
regression models based on any structural descriptor is whether
the descriptor is complete, in the sense that two atomic
environments that are not related by symmetry should map to
different descriptors (that is, whether the functional definition of
the descriptor is injective). If this were not the case, the accuracy
of any ML model based on the descriptor would be ultimately
limited by the corresponding loss of information. Since their
introduction, it was believed or implied”® that SOAP and all
related descriptors (i.e., those that are based on three-body
correlations, such as the atom centered symmetry functions of
Behler and Parrinello®®) are complete. Recently, however, it was
discovered that neither SOAP nor the other equivalent
descriptors are complete, and counter-examples were shown
also for the higher-order bispectrum (which corresponds to
four-body correlations).”" Therefore, SOAP-based models
cannot describe an atomic energy function of its neighborhood
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to arbitrary precision, although practical successes suggest that
the corresponding errors are on the same order or smaller than
other systematic errors that are due to locality and k-point
sampling (see below for a more detailed discussion of these).
Yet, it may well be possible that complete descriptors can lead to
more efficient learning; see ref 51 for more details.

The full SOAP descriptor for each atom i contains all entries
of p* resulting in a vector whose length scales with the square
of the number of elements (due to the presence of the two
element indices, a and a’), with the square of the radial basis
expansion limit (due to the two indices n and n’), and linearly
with the angular basis expansion limit (due to the index [). This
vector has hundreds of components (thousands, for systems
with several elements) when the basis expansion of the neighbor
density is truncated in n and I such that these truncations do not
give rise to noticeable inaccuracy. It is therefore natural to think
about suitable subsets of the SOAP vector components that
could be used without compromising accuracy. There is a highly
abstract question here: given the dimensionality of the Cartesian
positions, most of the SOAP components must be algebraically
related to one another. Knowing such relationships would be
useful in reducing the number of components to the
independent ones, although it is quite likely that a regression
model might work significantly better with more inputs, even if
many of those are not independent, because the functional
relationship being modeled might be simpler. We are not aware
of any theoretical results in this area. On the practical side,
however, given datasets and specific regression models, one can
numerically experiment with choosing subsets of the SOAP
components, and considerable compression is possible.”*"*

While such atomic environment descriptors can be used as the
basis of any kind of regression scheme, to use them in GPR
(which is the focus of the present review), we need to define a
kernel that allows us to compare two atomic environments,
denoted A and A’. While a standard Gaussian kernel is certainly
an option, applications to date have used low-order polynomial
kernels, viz.

k(A, A') = (EE) (57)

where & and €' indicate the feature vectors corresponding to the
normalized power spectrum vectors, & = p/Ipl, associated with
the two environments—with the power spectrum vector
associated with an atom i being built from the components
that are defined in eq 56, viz.

i,aa’
B = p (s8)
Considering the linear kernel ({ = 1) explains the origin of the
SOAP name (cf. “smooth overlap of atomic positions”), because
the dot product of the power spectra is equivalent to the
rotationally integrated squared overlap of the corresponding
neighbor densities of two atoms,™”

2
pp Y [ dR| farp e’ @)
aa’ 3

(59)

where R is a 3D rotation. A kernel model made using this linear
kernel results in a three-body model, i.e. one in which the model
can be written as a sum, over triplets of atoms, of a function
which only depends on the Cartesian coordinates of the triplet.>”
This is not obvious, but it follows from the fact that the SOAP
vector itself is a three-body representation of the atomic

environment, which is not obvious either, but which we show as
follows (and have illustrated in Figure 7d).

Let us separate out the contribution of each neighbor j to the
neighborhood density of atom i,

r — r |2
d f (1’ )
cut i

p.i (r) = exp| ———— —
J 26a (60)

so that the neighbor density for element 4 is simply

P = D36, pl(x)
j (61)

We then form the two-point correlation of this density,

P (1) = ) 8,00, P (0P
i ()

and compute the SOAP vector by transforming it into the
spherical harmonic basis in both arguments and then summing
over m to ensure rotational invariance:

p & Y [arde R (V@R (OYEH (6 )
(63)
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(65)

where P, are the Legendre polynomials. Thus, the SOAP vector
elements can be written explicitly as sums over pairs of
neighbors. In all software implementations, eq 56 is used to
compute the SOAP vectors, because that makes the calculation
independent of the number of neighbors—this is commonly
referred to as the “density trick” and is essentially the swapping
of the sum and the integral in the last expression.

Using { = 2, i.e. raising the scalar product to the power of 2,
results in dependence on four neighbors and together with the
central atom yields 5-body terms; in general, the body order of
the model is 2¢ + 1. Quantum mechanics is a fundamentally
many-body theory, and although it is clear that for many
properties an expansion in atomic body order is a good idea,
formally all body orders are necessary for convergence. In the
kernel framework, there is no extra computational cost to
increasing the body order in this way, because there is no explicit
sum over atom tuples: the SOAP components are computed just
once, and the body order is set when the kernel is evaluated
between environments. Yet, it is likely a good idea to not choose
the body order higher than necessary for achieving the target
accuracy: a model with lower body order, and therefore with
lower dimensionality, will converge more quickly to its ultimate
accuracy as the amount of input data is increased. Many
successful SOAP-GAP interatomic potentials for materials have
been built with { = 2 and { = 4, and such potentials and their
applications are discussed in section 6.

We note that this link between the body order of the model
and the quadratic nature of the power spectrum features (and
the fact that the bispectrum features correspond to the next body
order) leads naturally to body ordered linear models, that are
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three-body potentials if they use the power spectrum and D*(R) is the Wigner D matrix of order A. These kernel matrices

four-body when using the bispectrum (because its terms are

cubic in the neighbor density coefficients), as is the case for the

spectral neighbor analysis potential (SNAP).”® One can go

further in body order explicitly while continuing to keep the
I 64,65,67,68,73,79

regression linear.

3.2. Symmetry-Adapted Representation

In contrast to scalar properties such as the potential energy,
which are invariant under rotations of a system, tensorial
properties such as molecular dipole moments and material
polarizations transform covariantly when the system is rotated. A
natural way to account for this covariance is to build it into the
training and prediction processes. The procedure for doing so
was first discussed by Glielmo et al. in the context of learning
Cartesian vectors.” They noted that the GPR interpretation of a
kernel function as a covariance naturally dictates the symmetry
properties of kernels for predicting vectors, requiring the kernel
function k(€, &) to be replaced by a matrix-valued function
k(€, &/). In this function, the block k,, (€, E/) represents the
coupling between the Cartesian component a of a coordinate
system centered on the i-th atom and the coordinate @’ of a
reference system centered on the i’-th atom. A number of
symmetry-adapted methods for predicting tensors have
appeared in recent years, generally relying on the use of
reference frames based on the internal molecular coordinates.
These have been successfully applied to generate ML models for
the multipole moments of small organic molecules®"** and the
hyperpolarizability of water,*” as well as being used to predict
vibrational spectra, including infrared spectra of organic
molecules®”® and the Raman spectrum of liquid water.* It
has become clear in the past few years that both linear’>””"*” and
fully nonlinear®™ " models can be built using covariant
representations.

It is possible to generalize the approach of ref 80 to arbitrary
orders of tensor by applying analogous symmetry argu-
ments,””” and we refer to the resulting method as symmetry-
adapted GPR (SA-GPR). Rather than working with Cartesian
tensors, it is more convenient to decompose them into their
irreducible spherical components,”> which are more naturally
related to the transformation properties of the rotation group
and afford a more concise description of the problem. For
instance, the polarizability (a symmetric 3 X 3 tensor with six
independent components) can be decomposed into its trace,
which transforms as a scalar, and a 5-vector that transforms asa 4
= 2 spherical harmonic. (Note that we use 1 to indicate the
angular momentum symmetry of the fitting target, rather than [,
to distinguish it from the analogous angular momentum index
that appears in the density expansion.) Given that a covariant
kernel must describe the correlations between the entries of the
tensors associated with two environments, this transformation
allows us to work with a 1 X 1 and a 5 X 5 kernel, rather than one
with 6 X 6 entries. The transformation between Cartesian and
spherical tensors is not entirely trivial for 4 > 1, but it is well-
established” and necessary for separating the Cartesian tensor
into components according to how they transform under
rotation. The basic form of a kernel that is suitable for fitting
spherical tensors of order A is a generalization of the SOAP
kernel of eq 59:

2
KA, A) = Y / Dﬁ(ﬁ)‘ f 5 (e)p " (Re)dr| dR

(66)

encode information on the relative orientation of the two
environments, as well as their similarity, and are referred to as 4-
SOAP kernels. A kernel built using eq 66 satisfies the two
properties that are necessary for learning a tensorial quantity:
namely, that the predictions of a SA-GPR model are invariant to
a rotation of any member of the training set and that when a
rotation is applied to a test structure, the predictions of the
model transform covariantly with this rotation.

For 4 = 0, which has DO(IAZ) x 1, eq 66 reduces to the
expression for the scalar SOAP kernel. For the general spherical
case, the integral of eq 66 can be carried out analytically.”' In
practice, the kernel can be computed from an equivariant
generalization of the power spectrum,

(arnaly; agnala| A; pP%5 M) = (analy (=) i)

m

(agnala(p —m)|pi) (lam;la(p—m)|Ap) — (67)

where (Iymy; bm, | Au) is a Clebsch—Gordan coefficient,
(anlm|p;) is a density expansion coefficient (eq S5), and the
notation | A; Pz®2? ) alludes to the fact that these are features
obtained from the symmetrized average of a two-point density
correlation (akin to SOAP) that transforms under rotation as a
spherical harmonic Y4. The A-SOAP kernel (eq 66) can be
obtained by summing over the feature indices,

b (Ais ALy =7 (A5 p2% Aplg) (qlA'; p5%5 /) (68)
q

where we use (g as a shorthand notation for the full set of indices
(ayml; aynyly|.
3.3. H,0 Potential Energy: A Hands-On Example

The Dataset. We consider as a toy model the prediction of
the energy of a water molecule, deformed along the bending
coordinate @ and the asymmetric stretch coordinate
V' = doy® — doy®, with fixed symmetric stretch coordinate

%(dOHm + dog®) = 095 A (Figure 8). The dataset is a

collection of 121 configurations, equally spaced along the two
directions in an 11 X 11 grid, which we use below to select
training and representative set configurations. For each
configuration we evaluate the energy, E, and the dipole moment,
M, using the Partridge—Schwenke model,”* which constitute the
targets for regression. These structures are highly distorted, with
energies in the electronvolt range relative to the most stable
configuration. Note that we choose one of the coordinates to be
the asymmetric stretching coordinate, 2, so that the manifold is
symmetric with respect to reflection relative to v/ = 0,
corresponding to a swap of the labels of the two hydrogen atoms.

Computing Features. The structure of the molecule is
uniquely determined by just the two O—H distances and the H—
O—H angle. However, for the purposes of this example, we
parametrize the GPR model in terms of the SOAP power
spectrum features p,,,; (equivalently (17,1 pl®2>) centered on
the O atom with 6, = 0.5 A.

Using the SOAP implementation of the librascal package,
as illustrated in the Python notebook that is provided to
accompany the present paper, we compute the feature matrix
using the following code:

95,96
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Figure 8. Hands-on example for atomistic GPR: learning the potential-
energy surface of a single water molecule. (a) Structures in the dataset
are defined by two coordinates: the asymmetric stretch coordinate v’
and the bending coordinate w; the sum of both bond lengths is fixed to
2 X 095 A. (b) Target property to be represented by the model,
spanning several eV because a very large range of distortions has been
chosen for this toy example. (c) Error in the GPR-predicted molecular
energy as a function of (¢, ®). Stars indicate structures used for
training; crosses indicate structures used as representative points of the
sparse GPR model.

from rascal.representations import
Sphericallnvariants

# hypers is a dictionary describing the parameters

# of the representation calculation

soap = Sphericallnvariants (**hypers)

# returns a n_environments*n_features numpy array

X = soap.transform(structures).get_features(soap)

In this code extract, the structures are loaded and stored in the
variable structures (in the Atoms format of the Atomic
Simulation Environment, ASE,”” to which librascal,%’%
QUIP,” and some other SOAP implementations are coupled).
The hyperparameters (hypers) describe the extent and shape

of the cutoff function delimiting the atomic environment, the

spread of the atom density, the parameters of the radial and
angular expansion, and how the feature vectors should be treated
after being calculated. These parameters could be optimized by
cross-validation but often can be chosen by hand, taking into
account the specifics of the modeling problem.

Data Splitting. We split the dataset into a training set
(which we indicate with the letter N and which is used to
determine the model parameters) and test points, which we
indicate as T, that are used to assess the accuracy of the
predictions. This is common practice, as discussed in section 2.
The corresponding indices within the overall dataset are stored
in the variables itrain and itest. We also select
representative points that are used as basis functions to expand
the sparse GPR ansatz. We indicate the representative set as M
and store the indices in the variable i rep. It is worth stressing
that, even though it is customary to take the representative
points to be a subset of the training set, this need not be the case,
and methods exist that optimize the feature vectors of the
representative points so that they do not even correspond to an
actual structure.

Kernel Matrices and Regression. As discussed in section
2, the kernel matrix can be built by evaluating a positive-definite
kernel function, k(&, §}) , over all pairs of training configurations.
The elements of the power spectrum feature vectors for all the
structures in the dataset and are collected into a feature matrix E,
in which each row is associated with one O-centered
environment. The linear kernel matrix is obtained as

Kyy = EnEy (69)
where each element is a scalar product between the
corresponding feature vectors, leading to a model which is
equivalent to linear regression. The true advantage of GPR,
however, comes when we use the kernel to incorporate an
element of nonlinearity into the model. This could take the form
of a polynomial kernel (e.g., taking k(f,-/fj) = (§1§])¢) or of a
Gaussian kernel, k(€, EJ) = exp(—I€ — Ejlz/ 20%). The latter allows
for the approximation of any sufficiently regular function defined
on the chosen feature space.”” Here we implement a sparse GPR
model, which corresponds to the minimization of a loss
analogous to eq 7, and so we compute kernel matrices within
the representative set (K,,,) and between training and
representative set (Kyy,), using a polynomial kernel with
exponent { = 2, as follows:

KNM = (X[itrain] @ X[irep].T)**2
KMM = (X[irep] @ X[irep].T)**2

The GPR weights are determined by eq 11 which, using a
single value o for the regularizer, takes the form

T 2 —1,T
¢ = [KyKyy + 0 Kyl Ky (70)

and can be easily implemented using linear algebra library
functions, for example, with a least-squares solver:

¢ = np.linalg.lstsq( KNM.T @ KNM + 1e-8%KMM,
KNM.T @ targets[itrain], rcond=None) [0]

The predictions for the test set, or indeed for any new
structure, can be easily computed as y; = Ky, i.e.
KTM = (X[itest] @ X[irep].T)**2
ytest = KTM @ ¢

As shown in Figure 8, using only 12 training points and 8
representative points, the model achieves an error below 15
meV, which is less than 2% of the intrinsic spread of energies in
the dataset. An important observation is that the errors are
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exactly symmetric with respect to 2’ = 0: the use of an invariant
representation guarantees that molecular symmetries are
automatically enforced, which improves the accuracy of
predictions even if we do not exploit them explicitly in the
selection of the training set.

Even for this simple problem, the performance of a GPR
model depends on the choice of the structure and hyper-
parameters of the model. The choice of the kernel itself can have
avery substantial effect on the accuracy of the predictions and on
its ability to fit (and overfit!) the targets. Figure 9a compares the
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Figure 9. Effect of different kernels and hyperparameters for the H,O
example. (a) Error in predicting the energy for the distorted H,O
molecule using different kernels as noted in the legends. Stars denote
the training point locations. For all kernels, the features, €, are the SOAP
power spectrum components, centered on the oxygen atom, with o, =
0.5 A and regularization 6* = 107%. (b) Test-set RMSE for the H,0
energy model based on a Gaussian kernel, as a function of the
regularization ¢ and the kernel length scale 6. The two blue crosses
correspond to the hyperparameters used in the lower two graphs in
panel a.

error one incurs when using four different kernels. For
simplicity, and to avoid confounding effects, for this figure we
use a full (ie, not sparse) kernel model, even though this is
rarely the most effective choice in computational practice. For
this simple system, linear regression based on SOAP features has
an accuracy comparable to that of the nonlinear, square kernel.

The Gaussian kernel, instead, leads to clear overfitting for a small
length scale hyperparameter: the training points have zero error,
but structures away from the data points in the (@, v") space of
Figure 9a exhibit a very large discrepancy (up to 1 eV) between
reference values and model predictions. With a larger length
scale hyperparameter, the fit accuracy is similar to those with the

linear and quadratic kernels.
The effect of changing the hyperparameters for this dataset is

shown in Figure 9b. The strongest dependence is on the width
parameter of the kernel function used to define the GPR model
covariance (here denoted by 6, to distinguish it from a spatial
length scale, since the descriptors are the SOAP features). The
optimal value is around 1, which is large compared to the typical
distance between data points in the space of SOAP features,
which is approximately 0.03 for this dataset. In this example, the
Gaussian kernel performs well using a hyperparameter for which
it is dominated by the first term in the Taylor expansion of the
exponential and therefore in effect becomes very close to a linear
kernel.

For this simple dataset, which has a low intrinsic
dimensionality, the effect of regularization is minor, but one
can still see that if the basis functions are wide enough (6 > 1),
there is an improvement of the test-set accuracy for finite,
nonzero regularization compared to the nonregularized (¢ = 0)
case. In more realistic scenarios, and particularly in the high-
dimensional, data-poor, or extrapolative regime, a careful choice
of o can substantially improve the robustness of a model.
Practical aspects of regularization in GAP models are discussed
below (section 4.6), as are heuristics for setting other
hyperparameters that influence the representation: the SOAP
density smearing length scale (6,), the cutoff radius, and others.
3.4. Symmetry-Adapted GPR

We now give an example of the construction of a regression
model for a tensorial property, namely, the dipole moment of the
water molecules, computed for the same set of distorted
structures. Functionally, symmetry-adapted GPR is very similar
to standard GPR, with eq 3 for the estimator replaced by

N
yy(x) = Z Z Ciﬂ’k;}u’(x’ x;)

i=1 p (71)

for the y component of the spherical tensor y (x). Given that the
dipole moment is just a vector and that (real-valued) ! = 1
spherical harmonics correspond to (y/r, z/r, x/r), we build the
kernel using just the Cartesian components. Hence, the variable
y1 holds the N X 3 components of the dipole moments in the

overall dataset.
To compute A-SOAP kernels, we first compute the

corresponding equivariant feature vectors, <q|A; pi®2; 1u),

implemented in the code as follows:
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from rascal.representations import
SphericalCovariants

hypers[’soap_type’] = ’LambdaSpectrum’

hypers[’inversion_symmetry’] = True

hypers[’covariant_lambda’] = 1

lsoap = SphericalCovariants (**hypers)

# returns a n_environments*n_features*3 numpy array

X1 = lsoap.transform(structures).get_features(lsoap)

# ... which we rearrange so that the index order

# is environment, mu, feature. For this example, we

# also convert the lambda=1 equivariants to their

# Cartesian form, so we can learn the dipole

# components directly.

X1l = to_cartesian(X1)

The hyperparameters are the same as for the invariant SOAP,
except for covariant lambda that identifies the required
equivariant channel and inversion symmetry that
retains only components with the appropriate behavior with
respect to inversion.

Kernels are composed of 3 X 3 blocks, computed using eq 68.
This requires some careful indexing:

# v2f and f2v are helper functions that respectively
# flatten or partition the environment*mu indices.
1KNM = £2v( v2f(Xl[itrain]) @ v2f(Xl[irepl).T )

1KMM = f2v( v2f(X1[irep]) @ v2f(X1l[irepl).T )

# LKNM.shape is now (ntrain, 3, nrep, 3)

The tensorial expression for the GPR weights is

_ 1, 20l
i = Z (K +o I)iﬂ,jﬂ’y,'ﬂ’
' (72)

Hence, in SA-GPR we are solving fundamentally the same
problem—that of matrix inversion—as in standard GPR, but we
now incorporate the intrinsic geometric correlations between
the components of the target properties through the form of the
covariance matrix. In terms of implementation, this also requires
some bookkeeping:
lc = f2v( np.linalg.lstsq(
v2f (1KNM) .T @ v2f (IKNM) + 1e-8xv2f (1KMM),
v2f (LKNM.T) @ v2£f(yl[itrain]),
rcond=None ) [0] )
# lc.shape is now (nrep, 3)

Afterward, it is possible to perform tensorial predictions by

just applying eq 71:
1KTM = f2v( v2f(X1[itest]) @ v2f(Xl[irepl).T )
yl_test = f2v( v2f (IKM) @ v2f(lc) )

Figure 10 demonstrates the accuracy of the SA-GPR model.
The predictions are symmetric across v’ = 0, consistent with the
geometry of the problem and a consequence of the equivariant
framework. Note that the kernel we use here has a scalar-product
form and so is equivalent to a linear ridge regression model built

on the (q| pi®2 ; Au) features. As discussed in ref 99, nonlinear

tensorial kernels cannot be built by manipulating the A-SOAP
block elementwise but should be constructed by combining a
nonlinear scalar kernel with a linear tensorial part, e.g.

kj;f (A, A = k;}”,(Ai, ADK=(A,, AT (73)

for a polynomial kernel. (Note that K*=° corresponds to the
original, scalar SOAP kernel defined in eq 57.)
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Figure 10. SA-GPR predictions of the dipole moment for the water
molecule. The training data were generated using the Partridge—
Schwenke model; the definition of the coordinates " and w, as well as
the molecular structures, are the same as in Figure 8. Blue crosses and
black stars indicate the representative and training point locations,
respectively. Arrows indicate the magnitude and direction of the
predicted dipole moment for each structure (the y axis corresponds to
the C, axis of the ideal molecule), and the background color scale
indicates the magnitude of the model error. For reference, the typical
scale of the dipole moment of a water molecule is 1.8 D (corresponding
to the size of the gray arrow in the inset), and so the fitting errors are on
the order of a few percent.

4. GAUSSIAN APPROXIMATION POTENTIAL (GAP)
FRAMEWORK

The introduction of ML methods for modeling the Born—
Oppenheimer potential—energy function using suitable descrip-
tors of atomic environments' ~°® has opened up a new research
field in materials science and chemistry. Although there was
important early work using ML models (e.g, for the low-
dimensional potential-energy surface (PES) of small mole-
cules'?7'% even near surfaces'”’), the key advance was the
systematic description of the many-body environment of atoms,
coupled with high-dimensional fitting techniques (neural
networks®® and kernel methods*®). The descriptors of Behler
and Parrinello and the smooth overlap of atomic positions
(SOAP) kernel®® obey all physical symmetries (translations,
rotations, and permutation of like atoms) and represent the local
environment with a high degree of completeness,”" while
remaining smooth and continuous with respect to the
movement of atoms.”’ When combined with appropriate
databases of quantum-mechanical reference data, these ML
frameworks were demonstrated to be capable of providing
highly accurate interatomic potential models for materials and
molecules.

In the present section, we review the Gaussian approximation
potential (GAP) framework, one of the schemes for generating
ML-based interatomic potentials that have recently found
widespread use. The software implementation is part of the
QUIP code.”® Formally, GAP is an application of GPR to infer a
decomposition of the total energy of an atomistic system into
atomic (“local”) energies, from input data that can comprise
total energies and their derivatives (forces and stresses). As with
other ML potential fitting frameworks, the three components of
GAP modeling are the reference database, the representation of
atomic environments using suitable descriptors (including, but
not limited to, SOAP), and the regression task itself which is
here carried out in the GPR framework (Figure 11). We discuss
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Figure 11. Three main components for GAP: (1) a reference database of quantum-mechanical data for suitably chosen structural models, (2) a
representation of the atomic environments (typically using combinations of 2-body and SOAP descriptors; section 4.2), and (3) the GP regression
itself. Adapted from ref 29 with permission. Copyright 2019 WILEY-VCH.

at some length the methodological choices that we have made in
developing and defining this framework, and we explain the
reasoning that leads to them.

The following principles guide the construction of GAP
models:

e All available data are used: total energy, forces, and
stresses (for periodic systems), combined into a single ML
fit. The design of the input database is critical to the
success of the model and has been a cornerstone of all
presently available general-purpose GAPs. The selection
of reference data is as much an area of ongoing methods
development as is that of representation and regression
(section 4.1).

The choice and specification of structural descriptors
(representation) is tightly coupled with the choice of
kernels, and both are an essential part of the user input.
They incorporate prior knowledge about the nature of the
potential-energy function—specifically, its regularity.
Commonly used examples are distances and angles
between atoms together with a squared exponential
(Gaussian) kernel, or the many-body SOAP representa-
tion with a polynomial kernel. These are not mutually
exclusive: low-dimensional kernel models can be fitted
together with many-body ones, with appropriate weight-
ing between them. All representations and kernels in GAP
have finite distance cut-offs, typically about S—6 A, and
therefore they represent the local environments of the
atoms (section 4.2).

Baseline models, determined a priori, are used where
possible. The baseline could be a certain level of electronic
structure (say, we fit the difference between DFT and
coupled-cluster potential energies), or an analytical long-
range potential, e.g., an electrostatic or dispersion model,
or in fact any fast force field or even just a purely repulsive
interaction. Hierarchical models, in which multiple fitted
potentials are added together, are discussed in section 4.2.
The atomic energy is written as a sum of a fixed number
and type of kernel basis functions, irrespective of the type
and exact amount of input data, making the model a
sparse Gaussian process. Decoupling the number of input
data points, D, from the number of basis functions
(“representative points”), M, makes the prediction cost
formally independent of the amount of input data
(although in practice a larger M may be needed to

10091

represent a larger, more diverse training set). Therefore,
the storage and cost requirements of using a GAP model
scale with the number of representative points, not with
the size of its reference database (section 4.3).

Hyperparameters of the GAP model are chosen and fixed
a priori as much as possible and optimized only where
required. The main hyperparameters are (i) the relevant
length scales, which define the cutoff radius and the
smoothness of the kernel, and (ii) the expected errors
(arising both from noise in the input data and limitations
of the model, e.g, due to the necessarily finite cutoff
radius; section 4.4), which determine the regularization of
the fit (section 4.6). Practical choices for hyperparameters
are discussed in section 4.5.

While the rest of the present section will expand on the details
of GAP, we note here briefly that over the past decade,
numerous other works have proposed many-parameter fitting
schemes inspired by a variety of ML methodologies, blending
them with a range of materials modeling approaches. Following
the foundational work of Behler and Parrinello,*® feed-forward
neural networks with a handful of layers are used in the ANI
series of force fields for organic molecules,' % as well as the
@net,' % Amp,107 DeepMD,108 and Panna'®”’ implementations,
and have even been coupled with charge equilibration
schemes.''” For more details, ref 111 provides a review in the
present thematic issue. Independent implementations of GPR/
KRR were also used with SOAP-like features for tests in bulk
vanadium hydride''” and zirconium'"® and also to directly
predict force vectors rather than the potential energy.'' ">

4.1. Reference Data

The quality of any ML model hinges on the quality of its input
data, and interatomic potentials including GAP are no
exception. The choice of reference data is particularly important
because ML potentials are nonparametric: they lack a physically
justified functional form, and thus they have enormous
variational freedom that must be constrained by the input data.

A range of approaches have been developed for the
construction of reference databases. These are primarily guided
by the intended purpose of the potential. “General-purpose”
potentials are intended to accurately represent a material under a
wide range of conditions, whereas others might be fitted for a
specific purpose, eg, to study the transition between specific

. 115,117 - . .
crystalline ?hases or the Li-ion mobility of a given
18-120 .

compound. In the following, we show some examples of
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the development of different strategies for building databases,
from hand-selected configurations to almost fully automated
protocols. In keeping with the scope of the present review, we
discuss these strategies in the context of GAP, although many
ideas and methodological approaches are transferable to other
fitting frameworks.

4.1.1. Hand-Built Databases. Early GAP fitting databases
were developed by hand, using physical intuition to select
relevant configurations. Among the first examples was a GAP for
elemental tungsten, which was designed to describe the material
in its ambient body-centered cubic (bcc) crystal structure with
relevant low-energy defects, including vacancies, surfaces,
generalized stacking faults, and dislocations.'” The fitting
proceeded in stages, starting from a narrow range of
configurations and gradually adding more structurally diverse
ones (Figure 12). Initially, the GAP was fit only to snapshots
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Figure 12. Accuracy of GAP models for tungsten fitted to a series of
progressively more comprehensive, manually constructed databases
(labeled as “GAP 1” through “GAP 4”). Numerical errors for four
different properties are given: if the corresponding type of configuration
has been included in the database, the GAP performs well in predicting
this property (indicated in green). Figure drawn with data from ref 121
and adopting the color scheme from that work.

representing the bulk bcc phase with small perturbations, and
consequently it was accurate only for properties that depend
exclusively on such geometries, such as elastic constants and
phonon frequencies. Configurations with very different atomic
environments, such as defects, had much larger errors in
predicted energy because they had not been “shown” to the fit.
As increasingly diverse configurations were added to the fitting
database, the applicability range expanded: at each stage, adding
configurations representing various defects improved the model
prediction results for that defect type, without appreciably
worsening its accuracy for the configurations considered at a

previous stage. This desirable behavior is a reflection of the
variational freedom of GAP, its locality in atomic-environment
space, and the stability of GPR: fitting in additional regions of
configurational space does not necessarily change the behavior
for previously fit regions. Some care has to be taken to achieve
this; for example, the number of representative configurations
might need to be increased.

The design of a fitting database for a GAP must take into
account the risk of unphysical predictions for structures that are
far from the fitting configurations, due to its large variational
freedom and the lack of constraints from built-in physics beyond
symmetries and smoothness. A potential with only low-energy
configurations in the fitting database may not correctly predict
the true increase in energy at the boundary that separates the
physically reasonable regions from inaccessible, high-energy
configurations. Using such a potential in a configuration-
sampling method, such as MD, may therefore cause the system
to evolve into unphysical regions of configuration space. Thus, in
order to obtain a usable potential, it is essential to fit not only the
configuration-space region of ultimate interest but also its
“boundary”. Note that the dimensionality of configuration space
could make this a challenging task—even when the n-
dimensional volume of interest can be adequately sampled, if
the required boundary has comparable length scale, its volume
would be of order 2" times larger.

A practical way to address the requirement to fit the boundary
is to make the fitting process iterative. A proposed potential is
used in an MD or Monte Carlo sampling of configurations at
conditions that are more extreme than those of interest (e.g.,
higher temperatures or a wider range of pressures). Config-
urations that will improve the fit must be identified and
evaluated with the reference method for inclusion in the fitting
database. The GAP is refit with the additional configurations,
and the process is repeated until no more unphysical behavior is
seen.'*” Variance prediction can provide a useful tool to identify
poorly predicted configurations for fitting (sections 4.1.2 and
5.2), although it has not been widely used for GAP model
development so far.

4.1.2. Iterative and Active Learning. One important
contrast that we would like to draw is between what we describe
above as iterative fitting and what is often referred to as “active
learning” in the ML community. In iterative fitting, we add more
fitting data points at each iteration, and convergence is
determined by the performance of the model on some
independent and physically meaningful property. The challenge
is then to select the best (most informative) fitting data to add at
each iteration and to develop a convergence test that ensures
that the resulting model is sufficiently accurate and robust for
future application. The goal is to approach a stable, “converged”
potential, which can then be used in practice without having to
continually refine it further. In the next subsection, we give an
example of such a procedure with configurations generated by
random-structure search.

Active learning, on the other hand, depends on the ability to
efficiently predict the accuracy of the model for each
configuration as it is generated during a simulation, for example
using the predicted variance for a GP,*""**™*** D-optimality for
a moment tensor potential (MTP),"****” or model ensemble
variation for a neural network.'”*'*’ Details on how to obtain
such error estimates are given in section 5.2.

When configurations that are expected to be poorly described
by the existing model are encountered, they are evaluated using
the reference method and added to the training set, and the
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model is refit. In practice, active learning is often used without
the goal of developing a single general-purpose potential that
describes the material under all conditions, but rather one that
ends up being tailored for a specific simulation (material, crystal
structure, temperature range, etc.).124 The process converges
when a particular simulation stops producing configurations that
are considered novel enough to be added to the training set—
this may or may not be reached in practice.

Active learning was first proposed for interatomic potentials in
the context of neural networks,'”® where it was successfully
applied to MD simulations of Cu bulk and surfaces. It is still
being used in neural-network models with more complex
architectures, for example in the development of “deep
potential” models for Al-Mg alloys.'*” In that work, the active
learning loop was added to MD simulations of temperature
ramps starting from known crystal structures at low temper-
atures and increasing to values above the melting point. The
resulting models reproduce not only the PES sampled by the
simulation but also structural properties such as the liquid radial
distribution function, as well as energies of configurations that
are unlikely to be represented in the MD trajectories such as free
surfaces. Active learning in the context of reference-data
selection for GAP was demonstrated for liquid and amorphous
phases of hafnium dioxide'*” and very recently coupled with
experimental observations into a fitting workflow for this
material. "’

The developers of the VASP first-principles simulation
software'” integrated an automated GPR-based potential
using active learning as a technique for accelerating their
simulations.'**~'** Using SOAP descriptors but slightly differ-
ent expressions for regression than GAP, and using the GP to
predict variances of forces and stresses as well as energies, they
showed that predicted variances are good proxies for actual
error, as shown in Figure 13a. Although a rescaling was required
to bring them into quantitative agreement with the actual error,
the predicted variances were effective for use in selecting fitting
configurations for active learning. The authors applied their
methodology to a wide range of systems, including metals, AB,
Laves phases, and hybrid perovskites: for example, Figure 13b
shows the evolution of the lattice parameters of methylammo-
nium lead iodide (CH;NH;Pbl,), during the orthorhombic to
tetragonal to cubic transitions, as compared to experimental
results. This material has been widely studied with DFT."*
Tong et al. used a similar predicted-variance criterion for active
learning of configurations during the search for low-energy
structures of large boron clusters,** culminating in the
prediction of a new ground state structure for Bg,. The VASP
code with this built-in SOAP-GPR-based acceleration technique
has since been used by other groups, e.g., to study the atomic-to-
electride liquid—liquid phase transition of potassium.'*

Vandermause et al. employed GPR variance prediction to
drive an active learning procedure for an interatomic potential,
although they used two and three body descriptors, rather than
SOAP.”" While this choice of descriptors led to a somewhat
higher error relative to their reference data, the authors were able
to map the resulting potential to a spline form for greatly
increased computational speed. The method was applied to
melting and point defect diffusion in aluminum, as well as a
wider range of materials (metals, semiconductors, metal oxides)
at a narrower range of temperatures (and therefore of
geometries). In this case, the hyperparameters of the GP were
optimized by maximizing the marginal likelihood, and it is likely
that this is a key component of accurate error predictions. In fact,
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Figure 13. Fitting of a GPR-based ML potential as fully integrated with
ab initio molecular dynamics. (a) Time evolution of measured and
predicted force errors in an on-the-fly fitted GPR model for the
methylammonium lead iodide (CH;NH;Pbl;) hybrid perovskite
during an MD simulation. (b) Lattice parameters of this material as a
function of simulation temperature for the GPR model (MLFF), as
compared to experiment (EXP), showing structural phase trans-
formations as indicated by the orange and yellow vertical bars.
Reprinted with permission from ref 123. Copyright 2019 by the
American Physical Society.

the dependence of the variance prediction on the fitting data
values (not just fitting data locations, i.e. the geometry of the
configurations) is only through this optimization—the
predicted variance expressions themselves are only explicitly
dependent on kernels between input configurations.

Finally, MTPs have been presented as part of an active
learning loop explicitly based only on the volume of the input
data space spanned by the training dataset, rather than explicitly
predicting the error in the output,'>*'*’ although these are
related through the idea of D-optimality. The procedure was first
applied to simple metals in the solid and liquid phase and later
showed success in the much more complex and geometrically
diverse process of structure search in a wider range of materials,
including metals, semiconductors, and insulators.'”” Several
other applications of active learning to other types of interatomic
potentials are listed in a recent overview.'*®

4.1.3. GAP-RSS. The majority of ML potentials has been
developed based on a knowledge of the relevant atomistic
structures: crystalline phases added to the reference database by
hand; liquid and amorphous structures taken from first-
principles MD simulations; specified structures that serve as
the starting point for “on-the-fly” potential fitting. These
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potentials are accurate in the sense that they reproduce the
energetics of crystalline phases to within a few millielectronvolts
per atom and often a range of other relevant properties (Figure
12). They can also be flexible enough to drive a global search for
crystal structures that would normally be carried out with
DFT—for example, in the widely used ab initio random
structure searching (AIRSS) approach by Pickard and
Needs."**"*” In the context of GAP, the ability to carry out
structure searching successfully has been demonstrated for
carbon'** and silicon,"*” identifying low-enthalpy minima and
describing the density distribution of energies in good
agreement with DFT.

In the present section, we review a method for the de novo
exploration and fitting of potential-energy surfaces without the
prior inclusion of any known structures. Starting from
randomized configurations, a GAP is fitted and used to carry
out structure searching; the resulting minima are labeled with
DEFT and fed back into the training; the process is then repeated
until convergence. We refer to this method, combining GAP
fitting and random structure search, as “GAP-RSS”,'*° in
analogy to AIRSS. Here, we focus the presentation on GAP, in
keeping with the scope of the present review article, but we note
that other ML fitting schemes have also been successfully
combined with different structure-searching techni-
ques. 126134141

Whether such a de novo approach would work at all is not
obvious: in fact, AIRSS and related methods start from
randomized structures that are highly dissimilar from exper-
imentally known phases, and therefore, the exploration
especially of the higher-energy regions of the PES requires
sufficiently accurate energy and force evaluations, normally
afforded by DFT. Why, then, would an ML potential find new
lower-energy structures to which it has not been fitted and which
it therefore describes rather poorly? The key is that the potential
does not have to be accurate for a low-energy structure in order
to find it: the combination of large structural diversity generated
by the random-search algorithm and sufficient smoothness (of
both the DFT potential-energy surface and the GAP fit) allow
the potential to explore lower-energy regions in subsequent
iterations, eventually converging to a good description of the
PES.

The central idea behind GAP-RSS, namely that of starting
with randomized atomic configurations and coupling fitting and
exploration, was introduced in ref 140. The test case in that work
was elemental boron, which is challenging because multiple
structurally complex allotropes exist and need to be correctly
described by the method, and even the simple a-rhombohedral
structure is based on B;, icosahedra (see section 6.2). The
search started from random configurations, created using the
buildcell functionality of the AIRSS code,"”” for which DFT
reference data were computed and an initial GAP was fit. From
searches (that is, structural relaxations) using this initial
potential, structures were taken after 5 and 200 relaxation
steps, corresponding to RSS “intermediates” and configurations
closer to local minima, respectively. Iterative DFT computa-
tions, potential fits, and searches with the next potential version
led to progressively improved GAP models, quantified using the
energy error for the bulk allotropes which the potential had not
initially “seen”. Of course, once the bulk structures were added,
their description was improved much further. This initial work
also explored the role of GAP atomic energies, showing that for a
supercell model of f-rthombohedral boron with the relevant
crystallographic sites all fully occupied, high (unfavorable)

atomic energies are predicted for the B13 site that
experimentally show a partial occupation; see ref 140 for details.

The approach was then expanded by a selection step in
subsequent work, which focused on phosphorus as a test case: " **
rather than feeding back all configurations in a given iteration,
only the most favorable ones were selected. In this case, the
criterion was that all atoms in a given structure needed to be 3-
fold-connected,"** in accord with the crystalline allotropes of
phosphorus and its location in the fifth main group of the
Periodic Table. Indeed, in this study, the orthorhombic structure
of black phosphorus was “discovered” after a few iterations, and
once the corresponding snapshot had been fed back into the
database, the energy—volume curve was brought into good
agreement with DFT.'** The work furthermore explored GAP-
RSS searches at high pressure, in this case showing how the As-
type and simple-cubic allotropes can be recovered.'**

Subsequently, for elemental systems, this process has been
automated using general heuristics for the hyperparameters, RSS
process, and structure selection criteria, so that only the
chemical element needs to be specified.'*” In this case, a length
scale is set from a tabulated characteristic elemental radius
(metallic or covalent) and a volume scale that is derived from
this length scale and the geometry of typical open-network
(covalent) or close-packed (metallic) structures. The length and
volume scales are used to set all spatial hyperparameters,
including the potential cutoff distance, SOAP smoothness o,
and RSS initial structure density and minimum interatomic
distance. In the initial step, a set of 10* random structures is
generated and 100 are selected for maximum diversity using
leverage-score CUR,"** similar to that used for the selection of
representative atomic environments in GAP fitting (section 4.3).
In this case, the CUR algorithm is applied to the “average SOAP
descriptors” that describe an entire structure by a single power-
spectrum vector, built from coeflicients corresponding to the
local environments."**

As in ref 140, an initial GAP is then fit to DFT reference value
energies, forces, and stresses for the selected configurations. In
the methodology of ref 53, for each subsequent iteration, the
GAP from the previous iteration is used to find RSS minima
from 10* initial random configurations, with the minimization of
enthalpy under a random pressure from a user-defined
distribution. First, a set of relevant minima is selected with a
two-step process. A Boltzmann-biased flat histogram in enthalpy
is used to select a few thousand minima, to ensure that the set is
independent of the probability density of the RSS minima
population (through the use of the flat histogram) and biased
toward low-enthalpy configurations (through the Boltzmann
weight). A diverse subset of these minima is selected using CUR,
as in the initial step, and the entire set of minimization trajectory
configurations leading to these minima is used as a pool for the
fitting configuration selection. From this set, 100 configurations
are selected using the same flat-histogram and CUR process,
evaluated with DFT, and added to the fitting database. This
process ensures that the fitting database focuses on a wide range
of diverse local minima as well as higher-energy configurations
that might be encountered during a simulation; it retains the
advantage of selection by CUR on the kernel matrix (purple in
Figure 14) and avoids the computationally expensive task of
computing the kernel matrix on the entire large set of
configurations generated by the RSS minimization process
(10* trajectories with about 100 steps each).

The evolution of the GAP-RSS process is shown in Figure 14.
With each iteration, the accuracy of the GAP prediction
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Figure 14. Exploring and fitting structural space from scratch with the
GAP-RSS methodology.'*>*** The example shown here illustrates how
the structure of a@-rhombohedral boron is discovered within a few
iterations of GAP fitting and iterative random structure searching.
Reprinted from ref 143. Original figure published under the CC BY 4.0
license (https://creativecommons.org/licenses/by/4.0/).

(compared to the reference DFT value) for the DFT minimum
a-By, structure improves, with the best convergence seen with
the use of CUR on the descriptor kernel matrix. The evolution of
the corresponding RSS itself is shown in the bottom panel of the
figure, in the form of visualizations of fragments and plan views
of the respective lowest GAP-energy structure found. Even the
fourth iteration finds a structure with many three-membered
rings, which are important in several low-energy B crystal
structures. Subsequent iterations find structures that become
increasingly close to the nearly ideal icosahedra in the DFT
minimum energy structure.

The iterative combination of structure search and fitting has
not been restricted to AIRSS and GAP: in fact it can be done
with any combination of methods, in principle, as noted in ref
138. An evolutionary structure searching approach, imple-
mented in the USPEX code,"*® was combined with moment-
tensor potentials (MTP) to accelerate the structure search
process for a number of elements.'”” Described as a way of
accelerating the discovery of new crystal structures, the
combination was successfully applied to C, Na under pressure,
and B. The structure-search algorithm combined with the
computational efficiency of the moment tensor potentials
(MTP) enabled the construction of several 105—108 atom
approximants of the -B structure, which is highly complex with

many partly occupied sites. In terms of nanostructures, it was
shown, for example, how the fitting of a neural-network potential
can accelerate evolutionary searches for the structures of
nanoparticles on surfaces.'*’

Another algorithm, viz. crystal-structure searching by particle-
swarm optimization'*® as implemented in the CALYPSO
software,"*” was combined with a GAP model (using atom-
centered symmetry functions rather than SOAP descriptors) to
iteratively search for structures and refine the GAP."** In one
variation active learning was used, selecting configurations to be
added to the fitting database based on predicted error from the
variance of an ensemble of GAP models. The generated GAP
models were shown to be effective for CALYPSO searches, and
they were used to predict a new ground-state structure for the
Bg, cluster; examples of this search and others will be discussed
in section 6.2. As stated above, presumably any ML potential
could benefit from similar approaches, as long as the potential
can take advantage of smoothness or other physical properties of
the PES to have sufficient transferability to reproduce (at least
semiquantitatively) the diverse range of configurations that
appear in a random structure search.

4.1.4. Automatic Training Set Selection. A common
problem one encounters is that of extracting from a large set of
configurations—for instance obtained from exploratory ab initio
molecular dynamics or from simulations performed at a lower
level of theory or with an empirical force field—a smaller set of
configurations that exhibit maximum diversity, to be recom-
puted with a more accurate method, or just to discard redundant
configurations to accelerate the fitting procedure. Both farthest-
point sampling'* (FPS, a greedy algorithm that selects at each
stage the structure that is most different from those that have
been selected already) and CUR decomposition (a factorization
that uses columns and rows of a matrix to approximate it) have
been used for this task.””'*'*"'>* Whenever the regression
target, or an inexpensive approximation of it, is available for the
large dataset, it is possible to use it to improve the quality of the
selection, either with genetic alg.;orithms153 or with extensions of
FPS and CUR techniques'>* inspired by principal covariate
regressions.155

4.1.5. General-Purpose Databases. General-purpose ML
potentials aim to describe a material under all reasonable
conditions, including a diversity of phases, surfaces, relevant
defects, etc. They require general-purpose databases that cover
all this wide variety oflocal environments. The defining attribute
of such a potential is that it can be used by other researchers, not
involved in its construction, sometimes for new purposes that
were not envisaged when the fitting database was assembled.
The first such database was painstakingly built by hand using a
combination of chemical intuition and “trial and error” for
silicon,™®” leading to a database that contains over 170,000
atomic environments. The GAP model fitted to this database
provides near first-principles accuracy for a wide variety of
properties. This is illustrated by the bar chart in Figure 15,
showing the percentage errors with respect to DFT for a number
of simple material properties, in comparison to several empirical
potentials available for silicon. Beyond these, the GAP gives an
accurate description of vibrational modes, thermal expansion,
dislocations, and crack tips and complex surface reconstructions
for diamond-type silicon, the equations of state for various
relevant crystalline phases, and the structure of amorphous and
liquid silicon."*”"*" It has recently been used in a large-scale
simulation to shed light on the behavior of amorphous silicon
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Figure 15. Accuracy of the general-purpose silicon GAP."*” The bar
chart shows the percentage error of some basic material properties and
the formation energy of selected defects with respect to DFT: elastic
constants (B, ¢, ¢1, C44); surface energies for the (111), (110), and
(100) surfaces; vacancy (“vac”) and interstitial (“int”) formation
energies in the hexagonal (“hex”), tetrahedral (“tetr”), and dumbbell
(“db”) configurations. While the local environments relevant to the
properties on the left side of the figure are well represented in the
database, the (112)X3 symmetric tilt grain boundary and unstable
stacking fault energies on the shuffle (}/Efs)) and glide (y,(}f)) planes, on the
right of the figure, are not and therefore indicate a degree of
transferability to new, unseen properties. Also shown are the errors of a
number of empirical potentials: EDIP,'® Tersoff,">’ Purja Pun,™®
MEAM,">® SW,'®° ReaxFF,'°! and DFTB.'®* Although some of these
have not been fitted to DFT data for the relevant configurations, and
sometimes not to any DFT at all, the variance between values obtained
with different flavors of DFT (and even with experiments) for the
properties shown is typically less than the errors of the empirical
potentials. Reprinted from ref 139 under the CC BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

under hi‘gh pressure, which we discuss at the end of this
review.'®

The amount of manual work that was required to assemble the
silicon database is clearly not sustainable if similar general-
purpose potentials are to be developed for a wider variety of
materials. Figure 16 combines several of the ideas discussed in
the present section into a blueprint for making general-purpose
potentials. The example case, shown at the center of the figure, is
elemental phosphorus, a structurally highly complex system with
multiple low-energy crystalline polymorphs: see, for example, ref
165 for the synthesis and characterization of monoclinic
“fibrous” red P and ref 166 for a computational survey of the
different allotropes. Phosphorus is also of application interest in
terms of monolayers (“phosphorene”; ref 167) and, more
recently, nanoribbons'®® derived from the layered structure of
black P. This structural diversity, together with the need to
describe certain regions of the PES highly accurately (in this
case, for example, the exfoliation curve of phosphorene), places
demands on the construction of the reference database that is
used in the potential fit. The database developed in ref 163, for
which a SOAP-based structure map is shown in the center of
Figure 16, aims to achieve this goal. On the one hand, it
enhances transferability by including a highly diverse set of
structures from an earlier GAP-RSS search,'*” and on the other
hand, it ensures application relevance by including carefully
chosen configurations that are relevant to specific physical
problems that might be studied: here, for example, the
description of phos%)horene nanoribbons, which have been
synthesized recently. **

4.2. Hierarchical Models

Having discussed the development of reference databases in
some detail, we turn now to the other aspects of the GAP
methodology which are concerned with the fit itself. While it is
certainly possible to fit an interatomic potential using GPR and a
many-body kernel such as the SOAP (eq 57) on its own, we
suggest that this is almost always a bad idea. The reason is that
there are at least two distinct energy and length scales in
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potential-energy surfaces: the attractive regime of interatomic
bond formation on the length scale of Angstroms and energy
scale of electronvolts (hundreds of k] mol™") and the repulsive
regime between nuclei (including electronic exchange repul-
sion) on the length scale of tenths of Angstroms and energy scale
of tens of electronvolts and higher. In most applications, we are
interested in a detailed and accurate description of the former
and just a rough approximation of the latter (one exception to
this is the study of high-energy impact events, which will be
reviewed in section 6).

We can augment the many-body model with low-body-order
terms (as in eq 52), which are themselves fitted at the same time
as the many-body model. It is convenient to retain the linear
algebra framework of the kernel regression method, and this can
be done if all the terms which we wish to fit are expressed as GPR
models. All we need to do to achieve this is to define suitable
descriptors and kernels for each term and use them in the “linear
functional observations” framework introduced in section 2.4.
For the pair potential, the distance between two atoms is the
canonical choice. For the three-body term, either two distances
and an angle or three distances are equally suitable. In both
cases, permutational symmetry must be enforced, either by
symmetrizing the descriptor or by summing the potential term
over the permutation group of three particles (depending on the
three element identities). The total energy expression of a
combined two-body and many-body model, using Gaussian
kernels for the two-body terms, is then

2
lr, =l

M,
E= Z (52)22 Com €XP —1]27
ij m=1

MMB

+ Z (5MB)2 2 CMB, m k(§i, E,,,)

m=1 (74)

where we have introduced weights 6, and dy for the two terms,
which scale the relative contributions of the different terms and
have units of energy. (Because kernels are unitless and the
coefficients ¢ have units of inverse energy, each term on the right-
hand side has appropriate energy units.) The two-body term is a
one-dimensional sparse GP with M, representative points
located at the interparticle distances r,,, which in practice we
often take to be a regular grid up to some cutoff. In this
formulation, the different terms are not independent: a general
many-body term of course can describe any two-body
interaction too, but not efficiently, since it is intrinsically high-
dimensional. So it is only in combination with the regularization
of the fitting coefficients and specifying different weights, by
using different § prefactors, that we obtain the benefit of
separating out these terms. (Note that it is actually possible to
separate out the two-body contributions from the many-body
SOAP descriptor explicitly.'®”)

Figure 17 illustrates the trade-off between robustness,
flexibility, and overall quality that is linked to the choice of
descriptors or combinations thereof, here shown for the example
of carbon.'** Increasingly complex models, viz. 2-body, 3-body,
and many-body (SOAP) terms, capture the potential energy
increasingly well, albeit requiring higher computational cost. A
pure SOAP model (dashed black line) reproduces well the
region where data are available but fails notably at very small
interatomic distances. In contrast, the combined 2b+3b+SOAP
model (red line) correctly captures the repulsion at very small
interatomic distances and therefore is robust even in MD
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Figure 17. Hierarchical combination of different descriptors in GAP
fitting. The figure shows a potential-energy scan for a carbon dimer in
the gas phase, evaluated with different GAP models that have been
fitted to a large database of bulk, surface, and dimer configurations
(lines)."** DFT-LDA data for the dimer are shown as reference (blue
circles). A model with just a many-body SOAP term (black dashed)
matches the DFT dimer data well but has an unphysical local maximum
at around 0.6 A, whereas the 2-body (2b, light gray), combined 2-body
and 3-body (2b+3b, dark gray), and a model with 2-body, 3-body, and a
SOAP term (red) all extrapolate to high energies for small distances,
with the last one also accurately reproducing the data. Reprinted with
permission from ref 122. Copyright 2017 by the American Physical
Society.

simulations of liquid carbon at 9,000 K (details may be found in
ref 122).

An alternative way to describe core repulsion is to employ a
simple analytic pair potential, V,(r), as a baseline that is
constructed to be repulsive."*” This is data efficient, because less
effort is spent collecting data and fitting configurations where
only two atoms in a large structure are close to each other. There
are other cases too in which a simple baseline model outside the
GPR framework looks very advantageous, e.g, adding a fixed-
charge electrostatic model'’>"”" or a 1/r° pair potential to
describe the long-range part of (van der Waals or London)
dispersion.'*>'*>'”> The energy expression to be fitted is then
the sum of the fixed pair potential and the many-body term that
depends on the many-body descriptor for each atom, &,

E= Y V(1) + ) Va(€)

(75)

The training of such a hybrid model is identical to that of a pure
many-body model—except that the energy, forces, and stresses
of the pair potential are first subtracted from the input data, and
the difference is then fitted by the ML model, rather than the total
potential. The central idea is sketched in Figure 18a, with the
baseline model denoted by the letter A and the ultimate target of
the potential by the letter B. The baseline does not have to be as
simple as a pair potential. Using a polarizable electrostatic force
field as a baseline to augment a short-range many-body ML
model also fits into this category.'”

The baseline could be even more complex, e.g., when the
target of the fit is the energy difference between two different
electronic-structure methods."” These can differ in their treatment
of electron correlation (e.g, DFT versus wave function
methods) or basis set (e.g, the minimal basis set of tight-
binding or LCAO methods versus the complete basis set limit).
Although formally this type of modeling does not differ from

using a simple analytic baseline, in practice the hyperparameter
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Figure 18. Overview of different approaches to the hierarchical fitting of potential-energy surface (PES) models. In this figure, the actual PES are
labeled E; fitted models are labeled E; the indices A and B refer to different types of PES. Drawings are based on the presentation in ref 164. (a) Using a
lower-level baseline model, which might be a simple analytical term that only describes certain aspects of the PES (e.g, pair repulsion, fixed-charge
electrostatics, or London dispersion) or a fast semiempirical method. The baseline model is subtracted from the reference data before the fit, resulting

in a difference model, Ej_,, to which the baseline model E, is then added back when predictions are made. (b) Fitting a higher-level target: for a
suitably chosen baseline, the difference fitting target is smoother (e.g, the range of input data is smaller, or the difference target varies on a larger length

scale), and therefore fewer reference points are required. Here, A in the subscript of E5_z indicates that the fit was made to a potential-energy
difference where the fitting target was obtained by subtracting a fitted model of PES A from the actual PES B. (c) A more complex setup in which
convergence (e.g., with basis set or system size) can be achieved for level A but not for B, which might be because B uses a higher level of treatment for

electron correlation and therefore is more computationally costly.

choices for the fitting can be rather different. This is because the
simple analytic potentials are used as a crude estimate of the
energy for configurations that are not well covered by the dataset
or interactions that are not described by the finite-range many-
body model. In contrast, even approximate electronic-structure
methods are expected to give a rather good description of the
total energy (in an absolute sense) for all configurations. The
ML model which is added on top is used to capture delicate
details of the potential, fractionally much smaller than the
binding energy, perhaps also varying on a longer length scale
than the typical Angstrom scale of covalent bonding. These
differences in turn affect how one chooses the descriptors and
hyperparameters of the ML model.

The use of an electronic-structure method as a baseline can
lead to a combined model whose total computational cost is
dominated by that of evaluating the baseline. Such models are
not force fields but can be thought of as “corrected” or
“enhanced” versions of electronic-structure methods, and
depending on the application, such models can be highly
effective. An early example of such an ML correction was used to
obtain an accurate description of bulk liquid water (with respect
to the experimental oxygen radial distribution function and the
diffusivity), based on a DFT baseline, corrected with a GAP
model for each pair of water molecules fitted to the difference
between DFT and CCSD(T).'”* See also section 6.6 for a more
recent example, fitting the difference between DFTB and DFT
for organic crystal-structure prediction.'”> (A completely
different way of using reference data on multiple levels of
electronic-structure theory is in ref 176 where the electron

density is used as an intermediate “descriptor” in improving
DFT energies to CCSD(T) level.)

A variation on the difference fitting approach is illustrated in
Figure 18b. Here, the baseline model A is also fitted by an ML
model, perhaps using a much larger dataset afforded by the lower
cost of evaluating model A in comparison with B. When the
database for the difference fit is constructed, A, ie. the fitted
model for A, is subtracted from B. A more systematic study of
many “difference models” on top of each other, capturing each
intricate term (with cm™ or 0.1 meV accuracy) separately in a
perturbative wave function approach, was used to significantly
reduce the total cost of building the reference database of
electronic-structure calculations for the CH,Cl molecule.'””

Figure 18c illustrates a more complicated setup, in which
again two levels of theory are used for reference calculations
(e.g., with different treatment of electron correlation), but also
some other aspect of these calculations needs to be converged
(e.g., the basis set employed). Here, a database and a
corresponding ML model is created with the lower level of
theory, A, and a high level of basis convergence. To this, a second
ML model is added, which is fitted to the difference between
method A and B calculated at a low level of basis convergence—
because a high level of convergence is unfeasible using the more
expensive method, B. This approach was used in ref 174 for
modeling water dimers, the two levels of theory being MP2 and
CCSD(T), and also in ref 164 for silicon where the two levels of
theory were DFT and RPA.

The latter case is an example from materials modeling, where
the limitation due to computational costs associated with model
B was not the basis set employed but rather the system size.
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Large amorphous silicon structures were described at the DFT
level (A) based on reference configurations of up to 216 atoms
per unit cell, whereas the structures used for constructing the
correction up to the RPA level (B) contained only 16 atoms per
cell at most. The latter structures would certainly not have been
sufficient on their own to create a stand-alone fitting database
capable of accurately describing amorphous silicon; however,
they suffice for constructing the difference model. The small
structures were taken from a GAP-RSS database (ref 143), thus
illustrating the usefulness of random structure search for
generating structurally diverse yet computationally feasible
reference data for ML potential fitting in a variety of contexts.
Figure 19 illustrates several of the concepts discussed in the
context of hierarchical GAP fitting, using as example the general-
purpose phosphorus potential of ref 163. Here, both aspects
discussed in the preceding paragraphs are now relevant: the
combined 2-body and many-body GAP fitting (which are both
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Figure 19. Hierarchical descriptors and fitting at the example of a
general-purpose GAP for phosphorus.'®® (a) Combination of 2-body
and SOAP terms constitutes the short-range GAP model—Dboth terms
being fitted simultaneously, with appropriate scaling factors, similar to
ref 122. In addition, a 1/r° (or “R6”) term is used, with a much longer
cutoff. (b) Illustration of how these terms are smoothly brought to zero
in the region up to the cutoff. (c) Vy¢ term for longer-range interactions.
(d) Phosphorene exfoliation curve, showing the performance of the
combined “GAP+R6” model (red) compared to a short-range GAP
(gray dashed line), the DFT+MBD reference (black dashed line), and
high-level quantum chemistry benchmark data (blue and green
markers). Reprinted from ref 163, where more detail and references
may be found. Original figure published under the CC-BY 4.0 license
(https://creativecommons.org/licenses/by/4.0/).

used to describe the atomic neighbor environments up to S A)
and the use of an additional, longer-range empirical baseline.
The reason for the latter is the importance of van der Waals
(vdW) dispersion in various phases of phosphorus: this includes
interactions between P, molecules, phosphorene sheets, or
tubular motifs, and even an accurate energy ranking of the bulk
allotropes that requires vdW effects to be included in the
computational treatment.'°® A benchmark study illustrated how
the interlayer spacing and exfoliation energy in the structurally
comparatively simple black phosphorus is described in very
different ways by a range of computational methods, and
sophisticated approaches are required to achieve even
satisfactory behavior.'”®

4.3. Sparse GPR

All GAP models are sparse kernel models (see section 2 for a
detailed exposition of the distinction between full and sparse
GPR), which means that the basis functions for the linear
expansion of the atomic energy do not directly correspond to the
set of input data to which the model is fitted. This is rather
natural for fitting a model of atomic energies, since that is not a
quantum mechanically defined observable; only the total energy
is. The total energy, as well as many other microscopic
observables to which we wish to fit, are linear functionals of
the atomic energy—e.g,, the Hellmann—Feynman forces are
derivatives of the total energy with respect to atomic positions,
and therefore also sums of derivatives of the atomic energy
function, and so are stresses.

For the case of a single and fixed system size, one could
develop a non-sparse (full) GP model, in which the total energy
that we ultimately want to predict is written using a linear
combination of basis functions each of which precisely
corresponds to an observed data point (irrespective of whether
it is an energy or a force component), the linear algebra (as
outlined in section 2, both in the kernel learning framework and
the GP framework) is straightforward, and indeed the sGDML
model' "' does exactly this, very successfully, to obtain
potential-energy surface models of specific molecules using a few
thousand input data values. However, such a model is not
applicable to a different sized system (even one composed of
copies of exactly the same set of atoms). For most materials
modeling applications, transferability to different system sizes
(in fact exact size extensivity) is a fundamental requirement.
Furthermore, it is empirically the case that vastly fewer (~10%)
basis functions than observed data values (~10°) are sufficient
for the construction of very accurate interatomic potentials for
materials. Since solving the linear algebra problem of fitting
sparse GP scales with the square of the number of basis functions
and linearly with the number of data points, using the sparse
model results in an enormous saving compared to a full GP. In
the GAP framework we choose individual atomic environments
as the elements of the representative set, and the corresponding
kernel basis functions are used to expand the atomic energy.

Given a fixed training dataset, we consider the number of basis
functions (or equivalently the size of the representative set) to
be a convergence parameter. In practice, it is clear that for small
basis set sizes, the accuracy of the model improves dramatically
when the basis set is increased but eventually levels off: the
remaining error is dominated by a combination of locality error
(see below) and lack of input data diversity. As well as the total
number of entries, the critical point is that the representative set
needs to encompass the diversity of the training set. One could
just pick the representative set randomly from the available
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training configurations. The disadvantage of uniform random
selection is that the chosen basis set is heavily influenced by the
way the training set is put together. For example, we would like it
to be the case that putting more data of a particular phase or a
particular type of molecule should not make the fit worse for
other unrelated types of configurations. By skewing the
distribution of the basis set, uniform random selection can
easily result in some types of configurations to not make it into
the basis set at all and thus reducing the diversity of the
representative set, leading to a significantly worse model
performance for the corresponding types of configurations.

To ensure diversity in the representative set, we experimented
with a number of strategies. For low-dimensional descriptors,
such as 2-body terms, it is sufficient to ensure that all interatomic
distances (within the cutoff) are well represented, and therefore
a uniform grid in the one-dimensional space of the descriptor is
chosen. Such a strategy is not efficient for the high-dimensional
representations such as SOAP, so here we recommend the
leverage-score CUR algorithm,144 which maximizes the span of
the basis set in a linear sense in the high singular value subspace
of the full training set. Note that leverage-score CUR was
designed as an alternative to PCA that guaranteed that the
selected points were in fact real data points, which is not actually
required for sparse GPR models. Nevertheless, we have
empirically found it to be a good algorithm for use in
constructing SOAP-GAP models. Whether basis functions are
centered on data points or not can, in principle, have some effect
on the quality of the fit (especially for derivative observations),
as seen in Figure 6—but for the SOAP hyperparameters we
recommend here, we do not expect that to be the case. In aloose
sense, selecting representative points using CUR from a much
larger set can be viewed as a cheap proxy for optimizing their
location.

4.4, Locality

In general, atomic interactions are expected to be long-ranged,
due to electrostatics, charge transfer, and dispersion. Despite
this, interatomic potentials with finite cutoff radius have been
successful in describing many materials, due to the effects of
screening. Formally, for an interatomic potential model with
three- or higher-body interaction, displacing an atom affects the
force on other atoms in a range of up to twice the cutoft radius of
the model, as illustrated in Figure 20.

Change in local
—» atomic energy —»
of atom

Displacement
Ar of atom A

Change in force
AF on atom C

Figure 20. Locality of forces in case of atom-centered three- or higher-
body order potential terms. The displacement of atom A affects the
local atomic energy of atom B, which in turn affects the force on atom C.
Both atoms A and C are just within the cutoff radius of atom B, and thus
the locality of the forces in the model is twice the cutoff radius.

This assumption of locality imposes an inherent limitation on
the accuracy of the interatomic model: any long-range effect that
would otherwise be observable from the quantum-mechanical
description of an atomic system will not be captured by the
model. In the context of ML potential fitting, this non-
representable contribution to the interactions between far-
away atoms is manifested as noise, or uncertainty, in the input
data because two atoms with locally identical configurations
might still experience different forces. Knowing the magnitude
of this uncertainty for a material is useful: it corresponds to the
smallest attainable error of a potential model with a given cutoff
radius, entirely independently of what descriptor or fitting method
is used to make the potential. In other words, no finite-range
potential can be more accurate, regardless of the amount of
training data or degree of model complexity.

One can quantify the degree of locality in a material directly
using quantum-mechanical calculations. The following proce-
dure provides an estimate of the lower bound of the force
localization. Given an atomic configuration A, the environment
A; around atom i is fixed, and the positions of the remaining
atoms in A are perturbed, resulting in configurations A’. The
standard deviation of the quantum-mechanical force FY,
measured on atom i as embedded in different configurations
A’, provides the lower bound on the force locality. This
procedure is illustrated in Figure 21a.

The magnitude of this standard deviation will, in practice,
depend on the magnitude and type of perturbation of the other
atoms outside the environment A;, The ensemble of
perturbations may be motivated by the physics of the system
and the configuration space intended to be studied. For example,
the locality of forces in diamond and graphite were determined
by applying uniformly random perturbations or MD simulations
that selectively moved atoms outside the fixed radius. Figure 21b
presents the measured locality of quantum-mechanical forces at
the DFT-LDA level, for different radii of the fixed environments
in diamond and graphite.'** These results show that locality can
be highly structure dependent, and materials of the same
composition can display a large disparity in the locality of the
atomic interactions for different phases. Indeed, given the lack of
significant charge transfer (and hence no long-range electro-
static interactions) in these systems, the main qualitative
difference is in the nature of the electronic structure, with
diamond being an insulator and graphite a semimetal.'**

Forces due to uniformly random perturbations of a crystalline
structure convey essentially the same information as the
orientation-averaged force-constant matrix, but in a disordered
system a different ensemble of perturbed configurations conveys
more relevant information on the locality. For instance, in a
liquid, a much larger configuration space is available for the
atoms outside the fixed environment A; which can be
conveniently sampled by molecular dynamics. Figure 2lc
shows the results of using uniform random distortions as well
as MD for the case of crystalline $-Ga,0;.'*> The absolute
magnitudes are dependent on the size of the distortions, and
MD will sample the Boltzmann distribution and therefore
generally shows smaller force deviations than uniform random
distortions. For any given application, the ensemble of
perturbations should be chosen bearing in mind what kind of
distribution will be sampled once the potential is being used for
making predictions.

Other than moving atoms outside the atomic environment A,
it is possible to perturb the configuration by adding atoms to the
configuration. It is expected that the addition of an atom affects
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Figure 21. Protocols for quantifying force locality. (a) Schematics of three approaches that make increasingly drastic changes to the structure up to a
characteristic radius, r,,,—drawn following ref 122, with the left panel adapted from that work. From left to right: (i) distortions of atoms outside 7.
around a central atom, estimating locality by measuring the standard deviation (SD) of the force on this atom as a function of r,; (ii) insertion of a
guest atom, estimating locality by measuring the change in the forces on all atoms depending on their distance from the guest atom, taken to be r,; (iii)
isolation of a cluster fragment with radius r,,,, estimating locality by determining the force difference for the central atom between the cluster and the
original system. (b) Results of locality tests for diamond and graphite, highlighting qualitatively different behavior: in diamond, the interactions decay
quickly, and perturbing atoms more than $.5 A away from the center does not substantially influence the force on the central atom. In graphite, on the
other hand, there is a high degree of nonlocality. Reprinted with permission from ref 122. Copyright 2017 by the American Physical Society. (c) Same
for f-Ga,0;. Two different strategies were used: random distortions, as in the panels above, or MD-induced distortions. Adapted from ref 182.
Copyright 2020 AIP Publishing. (d) Force locality in graphitic and other carbon structures, where the perturbation is the addition of a Li atom.
Adapted from ref 119. Copyright 2018 AIP Publishing. (e) Force locality in bulk silicon configurations, estimated via the force component differences
on the respective central atom between clusters of different radii and the corresponding original structure.'®® Republished with permission of IOP
Publishing, from ref 183; permission conveyed through Copyright Clearance Center, Inc. © 2005 IOP Publishing. Reproduced with permission. All

rights reserved.

those closest, and the effect decays with increasing distance.
Fujikake et al. studied the intercalation of Li in carbon structures
and quantified the localization error of forces on carbon atoms
due to the presence of a Li atom.""” Quantum-mechanical force
components computed at the DFT-LDA level were compared
on the same structures with and without an interstitial Li atom,
respectively, and the deviations are shown in Figure 21d as the
function of distance from the Li site.

A much more drastic perturbation is to isolate a finite cluster
corresponding to the fixed environment A; and comparing the
quantum-mechanical forces obtained on atom i in the cluster
with open boundary condition to that of the periodic reference
calculation. Such a study was performed on bulk silicon with a
defect."® To minimize the effect of metallic states due to the
surface atoms on the clusters, they were terminated by hydrogen

10101

atoms. The locality of the forces improves suddenly for a cutoff
beyond 6 A, as seen from the results in Figure 21e, suggesting
that this is the length scale of electronic locality in this material.
Overall, such tests objectively inform the developer of a
potential what force accuracy is achievable using a given cutoff
radius. However, it is important to note that different body-
order interactions may have significantly different locality
properties, and these tests only present the locality in terms of
fixed many-body environments, the worst-case scenario. It is
often feasible to use different cutoff radii for different body-order
terms as dictated by the locality of the specific interactions.
We only considered the locality in covalently bonded systems,
but similar questions are worth asking about other materials.
Interestingly, although electrons are highly delocalized in metals,
the very short screening lengths give rise to favorable locality
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properties, which is evidenced by the long history of useful
short-range empirical potentials and also successful GAP models
(see section 6.1). When modeling liquids that are strongly ionic
or polar, the traditional wisdom is that the explicit treatment of
long-range electrostatic interactions is essential—nevertheless,
successful potentials have been made using short-range cutoffs
for water'®> and even ionic melts such as LiCl'* and HfO,."*°
The rising level of interest in short-range many-body ML
potentials has led to a dedicated study of locality for water."®’

Finally, the locality test described above is not only useful
when assessing the limitations of a short-range model. When the
long-range interactions in a material need to be included
explicitly, these are often described by an analytic baseline model
(see above in section 4.2). Once such a baseline model is chosen,
the locality of the original target potential with baseline
subtracted can be measured, since this is the difference potential
that will be fitted with the short-range ML model. The logic can
be reversed too: the optimal baseline model for the purposes of
hierarchical ML fitting is the one which, after subtracting it from
the original target, leads to the best force locality.

4.5. Practical Choices for Hyperparameters

Many hyperparameters are required to specify the regression
problem precisely—this is a common feature of all non-
parametric modeling approaches. It is common to treat these
degrees of freedom by optimization. While naively it might seem
that simply minimizing the fitting error on the training set is how
one should proceed, this is not the case. (This is in fact the
reason for the notion of hyper parameters as opposed to regular
parameters.) The issue is that the total number of degrees of
freedom is so large (in the GPR framework, the coefficients of
the representative points; in neural network fits, the connection
weights and biases) that there is always a danger of overfitting to
the training set—yielding a model that is useless because it
would give uncontrollably large errors on any test data that have
not been included in the training set. This is most easily
demonstrated for simple GPR with the Gaussian kernel: if the
length scale of the Gaussian is chosen to be very small, the kernel
matrix becomes diagonal. In this case, the fitted function is a sum
of extremely narrow Gaussians, each with a magnitude equal to
its corresponding training data point, and therefore giving nearly
zero value away from any training point. See Figures 3 and 9a for
two examples of this overfitting behavior.

The two most common ways to optimize hyperparameters
while avoiding overfitting are cross-validation and marginal-
likelihood maximization (section 2.6). While these techniques
are very general and often work well, in the specific case of fitting
interatomic potentials, we can usually do without them. Good
values can be chosen a priori using physical and chemical
principles and specific knowledge about the target functions.
There are several advantages to doing this, beyond the obvious
one of saving computational effort. First, our choices are not
contingent on having a sufficiently large training set or a
sufficiently diverse test set, which are needed for the general
methods to work effectively. Second, the above methods only
make sense when the complete dataset with which we work is
fixed (prior to splitting it into training and test sets). But in our
case, this is not so: we can and should consider the composition
of the dataset to be open to optimization too! So the problem is
turned upside down: instead of finding the best hyperparameters
for our training set, we choose the hyperparameters that express
our prior knowledge on the nature of the function we are fitting,
together with a target accuracy (which is intimately related to

some of the hyperparameters, see below), and then build our
dataset in such a way that our accuracy goal is achieved.

In the context of GAP, we distinguish two classes of
hyperparameters. On the one hand, there are those of the
kernel itself, whose choice is driven by the underlying physical
modeling assumptions such as the cutoff radius and the basis
truncation coupled with the length scale of the mollification of
the neighbor density that together control the smoothness of the
kernel. On the other hand, other hyperparameters have more to
do with the composition and nature of the dataset itself, such as
the selection of representative atomic environments that
correspond to the basis functions in the sparse kernel regression
model and the regularization parameters that act like weights on
the different parts of the dataset.

4.5.1. Cutoff Radius. We discuss the kernel hyper-
parameters first. The most important parameter, which appears
in every short-range interatomic potential, is the radial cutoff
distance. This applies not only to interatomic potentials but to
any atomistic model that is describing how a property of an atom
depends on its neighborhood, e.g., a model of NMR chemical
shifts or atomic polarizability. It does not however apply to
models that are not explicitly range restricted, e.g., models of the
intramolecular energy of isolated molecules or clusters that are
built based on a representation of the entire system. Examples
are the PIP models of Bowman and Braams®® and Paesani,"**
many other expansions of molecular potential-energy surfaces
(see references in section 5.4), and also the GDML models of
Chmiela et al.'”

Every finite-range potential can be cast in the form of a sum
over site energies or atomic energies, and the cutoff radius defines
the range of this local term. The actual interaction range is twice
the cutoff radius, because atoms up to this distance can
potentially interact with one another via a many-body term
centered on an atom in between them (Figure 20). As detailed in
section 4.4, when we approximate a quantum-mechanical
potential energy (which is not formally local) using a local
atomic energy with cutoff radius r ., the error we necessarily
incur can be characterized in the form of a force variance. In
section 4.4, we had therefore described direct tests to measure
the possible accuracy of a local model'**"**—irrespective of the
representation, regression, or other aspects of the model. We
propose to use the measured force variance, which we call the
“locality error” for a given cutoff, as a benchmark against which
the ML model (or indeed any model with that cutoff) should be
tested. Once this accuracy has been reached, the model can be
considered fully trained, and the only way to make it better is to
increase the cutoff radius.

In practice, this concept of the locality error is often used in
reverse. We set a target prediction accuracy before the model is
created (e.g., we wish to achieve 0.1 eV/A accuracy on the force
components) and determine the required cutoff distance that
results in a locality error below our target. We are not aware of
successful fits with cutoffs much beyond 6—8 A with descriptors
that have full atomic resolution and aim to retain all geometric
information. Thus, if the locality error suggests that larger cutoffs
are necessary, then either the accuracy target needs to be revised
or multiple hierarchical models need to be used that, with some
range separation, describe long- and short-range interactions
(section 4.2).

4.5.2. Kernel Regularity. Part of the success of kernel fitting
can be attributed to the fact that well-chosen kernels impose
regularity on the model, complementing the usual regularization
practice (which will be discussed in section 4.6). Having fixed
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the cutoff, and therefore the local atomic neighborhood that
constitutes the input to the potential, the next set of
hyperparameters to think about are the ones defining the spatial
resolution or, equivalently, the regularity (smoothness) of the
representation. For two-body and three-body kernels, this might
be the spatial length scale of the basis functions (e.g., Gaussians)
that are used to expand the model or, in the case of the SOAP
representation, the length scale of the Gaussian that is used to
mollify the neighbor density, o,. A larger length scale will smear
the density more and result in a smoother potential (for a fixed
number of representative points in the GP) but at the cost of
reduced accuracy, perhaps compensated by reduced over-
ﬁtting.140 In practice, for fitting interatomic potentials to
quantum-mechanical potential-energy data, the appropriate
length scale is about ¢, = 0.3 A in the presence of hydrogen
atoms and 6, = 0.5 A for atoms up to the third row in the
Periodic Table (with no hydrogen present). Larger length scales
could be used when fitting potentials for structures solely
containing elements with large atomic radii. A larger SOAP-
kernel length scale—that is, a smoother description of the
structure—was found to be important in the initial work on
GAP-RSS: boron, despite its small atomic radius, was described
with a setting of 6, = 0.75 A, enabling iterative exploration of the
potential-energy surface from randomized configurations only
(section 4.1.3).'*°

SOAP uses an expansion of the neighbor density in spherical
harmonics and a radial basis, and once the density has been
mollified, it makes sense to truncate this expansion, which is
achieved using the band limits n,,,, in the radial and [, for the
angular part. In contrast to the density mollification length scale,
these band limits are not true hyperparameters, but convergence
parameters, because higher band limits will always result in a
more accurate representation of the mollified density.

The convergence of the accuracy of potentials in terms of the
band limits for a fixed cutoff and mollification length scale is
shown in Figure 22. The important result is not so much the
absolute value but the relative accuracy. While many early GAP
fits used equal values for n,,,, and I, for simplicity, e.g., (4
Inax) = (8, 8) for C-GAP-17,'*” the figure shows that while giving
reasonable force errors, this choice is clearly not optimal: higher
radial band limits (n,, > l0y) give better accuracy at the same
total cost. In this case, for example, a lower error would be
expected for (M, Inay) = (12, 3)—note that the contour lines in
Figure 22 provide an estimate for the computational cost of the
prediction. Generally, a setting of (6, 2) would correspond to a
low accuracy potential with a short descriptor vector, while (12,
6) would lead to a very accurate potential. These numerical
results, shown here for the implementation of SOAP in the GAP
code, depend strongly on the particular choice of radial basis
functions and might well be different in other implementations
of SOAP, such as in Dscribe,'® librascal,”>”° soap++,190
TurboSOAP,"”" and the implementation in VASP.'*’

4.6. Regularization in GAPs

The regularization of the linear expansion coefficients is a key
part of successful kernel ML models. Purely in the linear algebra
context, it is simply considered a trick to help with the ill-
conditioning arising from the near-linear dependence of the
basis functions; this does not ofter any guidance on what the size
of the regularization term should be. In the formally equivalent
GPR view, the same role is played by the hyperparameters
corresponding to the variance of the stochastic noise that we
assume to be present in the input data. This view suggests that if
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Figure 22. Performance of a SOAP-GAP fit to a database of carbon
configurations, as a function of the number of maximum radial (1) and
angular (1) components in the SOAP kernel.'*> The color map indicates
the force error. Here, the black contour lines approximately indicate
parameter choices resulting in equal length SOAP descriptor vectors,
corresponding to roughly equal computational cost of prediction.
Schematic drawings illustrate the role of the different functions that are
affected by the I, (angular functions) and n,,,, (radial functions)
convergence parameters, respectively; the equidistant Gaussians that
are shown in the lower part of the figure are subsequently
orthogonalized in the construction of the SOAP kernel.>* Drawn
with data from ref 152.

we use a Tikhonov regularizer (eq S in section 2.1) of a given
value, we are assuming noise in the input data of about the same
size, and we should not expect an accuracy better than this level.
Indeed, if our model appears to be more accurate, that is an
almost sure indicator of overfitting, an inadequate test set, or
some other shortcoming of the procedure. Therefore, if we can
estimate the actual level of noise in our data, the theory of GPR
suggests using that value as the regularization hyperparameter—
and to add data to the model until the corresponding level of
accuracy is reached.

4.6.1. Noise in the Input. Is there noise in the electronic-
structure calculations that describe potential-energy surfaces?
The answer is subtle and somewhat surprising. Once the
parameters of a quantum chemistry or plane-wave DFT
calculation are specified, including perhaps the pseudorandom
number that initializes the computation, one might consider the
ground-state energy and its derivatives (forces, stresses) to be
deterministic functions of the inputs, and therefore free of noise.
There are three reasons why this is a misleading view in the
context of fitting interatomic potentials.

The first reason is the locality error to which we have alluded
above: our model uses a finite cutoff to describe atomic
properties, assuming “near-sightedness” and sufficient screening,
and the extent to which this is not accurate is an indeterminacy
of the target function (the atomic energy) in terms of its inputs
(i.e., the local environment). In the case of GAPs, and in fact any
interatomic potential with a finite cutoff, the reference (typically
DFT-computed) force on an atom is not exactly determined by
the positions of the neighboring atoms within the cutoff, and so
when it is modeled as such, it appears to have some component
of noise.
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The second reason is to do with inconsistency between
different pieces of data. Typically we fit potentials to both
energies and forces, and the extent to which the calculated forces
are the true derivatives of the energy (or indeed, if we do not
explicitly fit to energies, then the extent to which the forces are
curl-less, i.e. the directional derivative of a well-defined scalar
function) hinges on numerical approximations. The details
depend on the particular electronic-structure method and can
often be adjusted by choosing convergence parameters. The
level of this noise, understood as the difference between the
observed data and the true values that would correspond to
perfect data consistency, can be measured by numerical
experiments. We find that input data for fitting potentials must
be significantly more stringently converged than what is typically
used for direct studies of electronic structure, because the latter
often benefit from error cancellations.

One aspect of this convergence requirement, namely k-point
sampling in periodic calculations, requires special attention,
because the corresponding errors are often underestimated. As
the cell parameters and lattice vectors are varied (as is typically
the case in databases for materials; section 4.1), the k-points at
which the Brillouin zone is sampled also move around, and two
slightly different simulation cells might end up having dissimilar
k-point grids. The resulting data inconsistency is of the same
order of magnitude as the overall convergence error of the finite
k-point grid; it depends on the particular scheme to generate the
grid and on the symmetry and shape of the cell. Morgan et al.
recently characterized this error'* and found that a linear k-
point spacing of 0.1 A™" is needed to reliably converge the error
below 1 meV per atom; this corresponds to about 1000
irreducible k-points per A (These are spacing and density
units of VASP and may be divided by 27 to obtain the
corresponding values for Castep.) Such high k-point densities
are rarely affordable, especially when larger unit cells are
involved. Using a variety of different cell sizes and therefore
different k grids is often required in practice. The resulting
inconsistency appears as noise from the model’s point of view,
since the exact same local environment, when part of different
periodic unit cells with different k-point grids, will appear to have
different energies and forces. Even with highly converged grids,
depending on the system, the corresponding error may exceed
that due to locality and therefore should inform the choice of
regularization.

4.6.2. Dealing with Inhomogeneous Data. All the above
considerations help to quantify the lowest achievable error and
can therefore be used to set the minimum values of the
regularizers for energy, force, and virial stress data. But the actual
values we set might very well be larger. Apart from the simplest
cases, the datasets to which we fit are not homogeneous: they
include samples from multiple phases (say, liquid and solid) and
may in fact range from nearly random (e.g., in GAP-RSS; section
4.1) to further relaxed configurations that are much closer to
low-enthalpy crystalline structures. It is not practical, or indeed
desirable, for our potential to aim to have the same accuracy for
all these disparate configurations. This is because we care about
accuracy for properties more than the pointwise accuracy of the
potential energy for each configuration (the rather intricate
question of what makes the whole GAP model “accurate” will be
discussed in the following section). The elements of the
regularizer, X, control how closely the fitted potential is
constrained by the corresponding data. Again, consider the
GPR view of the regularizer: all else being the same, a larger
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regularizer corresponds to assuming a larger observation noise
variance, and hence it loosens the fit to that data item.

The relationship between the accuracy of the fit to the PES for
a group of configurations and the accuracy of observables that
depend “mostly” on those configurations is complicated (and
largely unexplored, both theoretically and computationally).
Nevertheless, it is easy to make qualitative statements. For
example, we would like to have lower absolute error for solid
configurations (close to local minima of the potential) than for
liquid configurations, where the interest is in radial and angular
distributions or diffusivities, which are statistical properties that
are empirically observed to be well converged already while the
pointwise errors on energies and forces remain larger. We
express such empirical knowledge by setting larger regularizers
for groups of data expected to tolerate larger errors without
compromising the accuracy of observables. In turn, this will
allow the fit to use its flexibility to achieve lower error for
configurations where that is needed. Typical values that have
worked well are (o3, = 0.001, o = 0.05, 6y = 0.05) for a crystal
and (6 =0.03, 65 = 0.2, 6y = 0.2) for a liquid configuration, with
units of eV/atom for energies (6) and virial stresses (oy) and
eV/A for force components (o). A loose approximate heuristic
for solid configurations with well-defined local minima (valid
when using units of eV and A) is that the target accuracy on
energies (which scale with the square of the displacement) is the
square of the target accuracy on force and virial stress
components (which scale linearly with displacement).

The above argument underscores why the regularizers of
GAPs that are fit to diverse datasets are not set using
conventional cross-validation procedures by measuring the
RMSE on a small test set: the actual errors that we wish to
minimize are very costly to evaluate, perhaps requiring large-
scale MD. In principle, it might be possible to set up an
automated procedure that computes the complex observables
and adjusts the regularizers accordingly, thereby improving the
model further. In the absence of such a procedure, we have
found that simple heuristics work effectively and produce very
accurate potentials. Examples (with the quality measure being,
say, the accurate description of an amorphous structure which
can be validated against experimental observables'”*) will be
given in one of the following sections.

4.6.3. Implementation. Once the appropriate regularizers
are chosen for each energy (E), force (F), and virial stress (V)
data item in each group of configurations in the reference
database, their values, 62, are collected into the diagonal matrix
X that scales the Tikhonov regularization term (eq 5),

where Xg, Xp, and Xy are themselves diagonal matrices and
correspond to total energy, force, and virial data components.
For simplicity of presentation, we assumed here that the data
items are sorted in such a way that all total energies come first,
then all forces, and finally all virial stresses. The matrix
corresponding to N total-energy data points is then

2
n,0g

g

2
nNOg

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

where n; refers to the number of atoms in each of the N
structures, which are not necessarily all of the same size; that is,
we scale the energy (and similarly virial stress) terms by n,. To
understand this scaling, recall that these regularization terms
represent the expected deviation of our fitted function from the
data due to all of the effects discussed previously. The total
energy and total virial stress are extensive quantities, so all else
being equal, they will scale linearly with system size, i.e. the
number of atoms, n. If all atomic environments in a structure
were the same, the variance of the total energy (which in this
case would be just  times the atomic energy) would be n” times
the variance of the atomic energy. We scale the regularizer by n
and not n* because most of our configurations are far from
equilibrium, so each atom that contributes to the energy and
virial stress has a different local environment, and we expect
some error cancellation when their contributions are added up.
A more precise implementation could indicate whether the
individual atomic environments in an input structure are
expected to be correlated or not and adjust the scaling with
system size accordingly to either n* or n, respectively. This could
even be determined automatically by considering the diversity of
descriptor values in each configuration.

We can go further and have even finer control over the fitting
weights. Rather than grouping configurations together depend-
ing on how they were generated or what structure they
represent, we can set the regularization of each force component
datum on each atom proportional to the size of the force on that
atom. The result is a small regularization value (and
corresponding large weight in the solution of the linear least-
squares system) for atoms with small forces on them and a loose
regularization (small weight) on atoms with large forces. This
idea has been used in ref 196 and explored in a systematic
fashion in ref 194. In the latter work, the aim was to extend an
existing general-purpose potential introduced in ref 139 and
denoted “GAP-18” for accurate phonon predictions, which is
done by adding supercell configurations with small random
displacements of atoms out of equilibrium.'”* Such reference
structures correspond to what would normally be used for finite-
displacement phonon computations with DFT, and in fact the
structures were generated using the widely used phonopy
code.”” For this part of the extended database, we set the
regularization for the force components on the i atom, o{;),
according to'”*

£x IEl,
fxE,

i if IEl > E , ;
op’ =
otherwise (76)

in/
Using numerical experiments, we found f = 0.01 and F;, = 0.01
eV/A to give good results; the regularization for these “small
displacement” configurations is therefore much smaller than
what has been used in typical potentials that use a single value for
the force regularizer. This approach was shown to lead to
potentials which can very accurately predict phonons in a wide
range of silicon allotropes, with an RMS phonon frequency error
of about 0.1—0.2 THz for the different structures (Figure 23). It
was also demonstrated that too small a value (f=0.001) leads to
unstable potentials, as tested by a diagnostic MD simulation: this
is an example of “overfitting”, because the potential now has
been made to very accurately reproduce the forces in the
reference data but exhibits uncontrolled errors for other
configurations.'”* Further studies of the role of such atom-
wise regularization in GAP fitting are expected to be worthwhile.
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Figure 23. Atom-wise force regularization leads to high accuracy for
phonon computations in silicon.'”* The general-purpose GAP-18
model already predicts accurate phonon frequencies for diamond-type
silicon (“mp-149” identifier in the Materials Project database;'”® < 0.2
THz RMS error) but performs substantially worse for other allotropes,
because it has not been fitted for those. The asterisk (*) indicates a
structure which is erroneously predicted to be dynamically unstable.
The extended GAP-18C model, which added specifically selected
crystalline configurations, including supercells describing individual
displacements with atom-wise force regularization, shows accurate
phonon predictions throughout. Adapted from ref 194. Original work
published under the CC BY 4.0 license (https://creativecommons.org/
licenses/by/4.0/).

5. VALIDATION AND ACCURACY

Once an interatomic potential model has been fitted, it must be
validated before it can be broadly applied. This is particularly
important in the case of ML potentials where there is no
inherent physically motivated functional form. As a conse-
quence, validation is a critical and highly nontrivial part of
atomistic ML model development, particularly so for the case of
ML interatomic potentials. The items reviewed here are rather
specific to GAP models, but many ideas are expected to be
applicable more generally.

5.1. Physical Behavior versus Numerical Errors

There are two related but distinct issues when evaluating the
accuracy of GAPs (or in fact any ML-based interatomic
potential). The more obvious one is that of goodness of fit,
including numerical prediction error on the available test data.
However, in practice the more serious concern is whether an
MD or Monte Carlo simulation using the potential generates the
correct probability distribution over configuration space—and
therefore, whether they lead to a physically and chemically
correct result. The highly flexible form of a data-driven potential
means that in such a simulation many of the explored
configurations are inevitably in the extrapolative regime. While

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00022?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00022?fig=fig23&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00022?fig=fig23&ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00022?fig=fig23&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

prior assumptions such as smoothness help, they are not
sufficient to fully control the behavior of the model outside the
region represented by the fitting data, and energy errors of either
sign can occur, leading to incorrect over- or undersampling in a
simulation of thermal equilibrium.

It is neither practical nor necessary to achieve a uniform data
coverage either in the training or the test dataset. This is only
partially due to the high dimensionality of atomic configura-
tional space, which would require extremely large quantities of
data to place data points uniformly. The other reason for data
sparsity is the fact that large regions of configurational space
might not be relevant, if the corresponding potential energy is so
high that an equilibrium simulation at reasonable temperature
will not visit them with appreciable probability. For example, for
a configuration in which at least two atoms are very close to one
another, the energy is dominated by repulsion due to the Pauli
exclusion principle. While such a configuration is not relevant,
and therefore one might conclude that the accuracy of the model
is not important here, this is not entirely true. If the prediction of
the potential energy is unphysically too low, a simulation using
the potential with such a “hole” will visit this region, leading to
unphysical configurations with very small interatomic distances.
In a simulation with the potential, the likelihood of the system
finding such unrealistic regions (if they exist) monotonically
increases with the length of the simulation.

If the configurations for the fitting database are generated by
sampling the target potential energy (e.g, finite-temperature ab
initio MD), which is naturally biased away from such
configurations, it will be hard to generate sufficient data to
avoid having holes in the potential. The effect of inadequate data
coverage of repulsive configurations in the training set can be
mitigated by adding a baseline model to the ML potential,"*” as
described in section 4. Such a baseline potential can be very
short-ranged, serving only the purpose of imposing a sufficient
repulsive interaction to prevent the system from exploring
unphysically low interatomic distances.

A similar sampling problem leading to errors of the opposite
type can also occur. The method used to generate fitting
configurations can fail to explore important basins in the PES,
for example due to energy barriers with a low transition
probability in a finite simulation. This can happen if the
simulation generating the fitting data is very short or if it uses a
potential that overestimates the barrier (or even qualitatively
fails to reproduce the existence of the missed local minimum).
Since those regions would not be represented in the fitting
database, the model may predict erroneously too high energies.
Potential-energy errors of this type would lead GAP-driven
simulations to also fail to sample the same regions, even during
much longer simulations than those used to generate the fitting
data.

Figure 24 shows a situation in which the GAP model is
accurate to within 10 meV/atom but fails to capture an
important subtlety of the DFT potential-energy surface. If the
practitioner was unaware of the existence of the local minimum
corresponding to the 4-fold defect in diamond-type structure
silicon, its existence will not be revealed by simulations using this
specific GAP model.

Exacerbating the problems of both falsely identified and
falsely missed minima is the common practice of using a single
dataset, generated by sampling a particular region of
configuration space using a particular method, that is then
partitioned into training and testing sets randomly, which
therefore represent the same single region and correspondingly
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Figure 24. Predicted errors of a GAP model. The figure shows the
energetics of the pathway leading from perfect diamond-type silicon
(left) to the formation of a 4-fold defect (right); the color of the curve
corresponds to the largest predicted atomic energy error in the
simulation cell, given by the Bayesian error estimate. For small
distortions, the GAP prediction is in practically quantitative agreement
with a DFT reference (show as thin black line); for larger distortions,
roughly to the right of the dashed vertical line, the prediction deviates
from the DFT result, and concomitantly the predicted error rises
notably. Note that DFT predicts the 4-fold defect as a local minimum
(highlighted by an arrow), whereas the GAP does not. Adapted from ref
139, where details, as well as other example cases, may be found.
Original figure published under the CC BY 4.0 license (https:/ /
creativecommons.org/licenses/by/4.0/).

fail to include configurations from regions not represented by
the original dataset. Achieving a low error on such a test set
appears to indicate that the quality of the model is sufficient, but
its transferability can be poor. As a result, rather than merely
inspecting energy and force errors, a more reliable way to assess
transferability of ML potentials is by performing extensive and
wide-ranging explorations of atomistic configurations, such as
random structure searches,"*” MD simulations at high temper-
atures,'> or transition path calculations."”®

Even the apparently more straightforward question of
prediction error on available data is, in fact, also affected by
sampling issues. In line with the standard procedures of broader
ML research and applications, the most basic validation test of
machine-learned potentials is the comparison of directly
predicted properties, such as total energies and forces, to
those obtained from ab initio calculations, on a test set of
configurations not used in the fit. However, benchmark results
such as the RMSE depend on the circumstances of the sampling
from which the testing configurations were obtained. Tamura et
al."”” computed the MAE of the force errors of ML potentials of
Si and Ge on configurations sampled at different temperatures.
As different parts of the configuration space are sampled, the
variation of the absolute values of the forces is significantly
different at different temperatures, and as a consequence the
magnitude of the MAE increases with the temperature. A
conceptually similar result is shown in Figure 25, where tests
have been done separately for various types of configurations of
very different structural nature, ranging from highly random
(GAP-RSS) configurations to snapshots of phosphorene and
bulk crystalline allotropes, all covered by a general-purpose GAP
for phosphorus (cf. Figure 16).'"® The different aims of the
potential are reflected in the qualitatively different distributions
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Figure 25. Force errors for the general-purpose phosphorus GAP of ref
163. Measuring the error in different types of configurations illustrates
two aspects: the different spread of data for randomized and
progressively relaxed configurations in random structure search
(RSS) (panel a) and larger error for liquid than for crystalline
configurations (panel b), associated presumably with a larger structural
diversity in the liquid. Adapted from ref 163. Original figure published
under the CC BY 4.0 license (https://creativecommons.org/licenses/
by/4.0/).

in panels a and b of Figure 25. In the former case, the GAP-RSS
snapshots serve to construct a flexible model, at the cost of a
substantial residual numerical error, even for the further relaxed
structural snapshots (purple). In the latter case, structures have
been added by hand, and the overall magnitude of the force-
component errors is about half of that in panel a. That said, the
range of absolute force components is substantial for the
crystalline phases as well, because distorted copies of the
respective unit cells at various volumes have been included; the
errors show a clearer trend with the degree of structural
complexity, and both are largest in the network liquid (with
highly diverse bonding environments) and smallest for the
crystalline phases. Studying such variation is a necessary but not
a sufficient test for the validity of any new ML potential, as
discussed above.

Based on the preceding discussion, we argue that the
validation of GAP and similar ML potential models needs to
go beyond simple out-of-sample testing, and protocols should
involve testing on “self-consistently” generated configurations,
i.e. sampled using the potential itself. In practice, the potential
can then be improved iteratively, by adding newly generated
configurations using the current version of the potential to
define a new potential, until it is accurate on the samples
generated by itself. This design helps to eliminate “false positive”
regions (overly stable or fictitious local minima), but “false
negative” regions, or missed minima, are even more challenging
to detect. Various approaches to using iterative fitting to build up
the reference database are discussed in section 4.

5.2. Predicted Errors in GPR

Gaussian process regression is a statistical learning technique
which generates an ensemble of functions, based on a priori
assumptions. The prior distribution of these functions is
modified by the reference dataset, resulting in a posterior
distribution of functions. The mean of these functions is the
GPR prediction, but it is also straightforward to compute the
variance, providing an error estimate in addition to the function
value. As introduced in section 2, the posterior distribution of
the prediction, given a dataset D, is

P(y(x) | D) = N7 (x), var(y(x))) (77)

where the mean and the variance are obtained from the
analytical expressions

y(x) = k(X)T(KNN + 0’1 'yand (78)

var(y(x)) = k(x, x) + 6> — k(x)" (Kyy + 1) 'k(x)

(79)
where we have shown for emphasis the explicit dependence on
the predicted values on the location x. Note that while the
predicted mean can be calculated in time and memory that scales
as the number of data points, the computational cost of the
predicted variance scales as the square of this number. Using
sparse GP will reduce this scaling, and analogous expressions for
the predicted variance are derived in ref 43. In practice, we often
use eq 79 but with the kernel matrix evaluated only on the
representative set, Ky, The expression for the variance in eq 79
does not explicitly depend on the observations, only on the set of
data locations, but it does depend on the hyperparameters (o
and also those in the kernel function). If the hyperparameters are
optimized based on observations, then that brings an implicit
dependence of the predicted variance on the observations.

GAP models for materials based the SOAP representation
that we presented earlier essentially inevitably require the use of
a sparse GP and have not been shown, in general, to lead to a
quantitative prediction of the energy error. Nevertheless, for
well-converged models such as the general-purpose silicon GAP
in ref 139, the predicted variance was a good indicator of large
actual errors. As the example in Figure 24 shows, configurations
near the peak of the atom exchange pathway have large predicted
error since they were not represented in the fitting database, and
the corresponding actual error is also (relatively) large. In that
paper, similar results were also shown for generalized stacking
faults, vacancy migration, and brittle-crack tip configurations."
Recently, the predicted error has been used as a tool for assessing
the quality of the prediction for various regions in a laroge and
realistic amorphous carbon film deposition simulation:**" it was
shown that the surface regions, while being structurally highly
disordered, are described by C-GAP-17 with low predicted
error, because small-scale structures that are representative of
disordered surfaces had been included in the construction of the
reference database.'*”

Some work on GP-based potentials used error predictions in
quantitative ways. As already discussed in section 4.1.2, a recent
study in ref 61 showed good agreement between predicted and
actual force errors and this was used for active learning. In this
case, the number of descriptors was small, and consequently the
model needed only a small number of fitting configurations
which enabled the use of full GPR. Figure 26a shows the results
for GPR models with low-body-order descriptors for bulk
aluminum, emphasizing how the true errors (dashed lines) and
predicted errors (solid lines) follow similar trends, with models
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Figure 26. Relationship between true and predicted errors for low-
dimensional GPR models. (a) GP model errors for bulk fcc aluminum
for a 2-body (“2b”) and a combined 2b+3b model, as a function of the
cutoff radius of the model. (b) True versus predicted model error (for a
2b+3b model) for atomic configurations near a vacancy, with the
distance of each individual atom from the vacancy indicated by color.
Drawn with data from ref 61.

using only 2-body descriptors showing higher overall error than
those that combine 2- and 3-body terms. The figure suggests that
the GP error tends to overpredict the true error, and this is
mirrored by the results in Figure 26b: in this case, atomic
environments near a vacancy defect were studied, and the GP
model showed an overprediction for practically all environ-

ments, irrespective of their distance from the vacancy. The figure
also illustrates how atoms near the vacancy (red) tend to have
higher absolute force errors than those that are further away and
therefore more bulk-like (blue). A more qualitative relation for
predicted and actual force error has been shown for SOAP-like
descriptors,"*>~'** enabling a different active learning method
(Figure 13). In this case, the descriptor space was much larger,
but the intended range of applicability was narrow, again making
it practical to use a full GP based on a relatively small number of
samples.

A more general study (including GPR as well as other types of
ML methods) of uncertainty quantification with relevance to
physical sciences was reported in ref 201. This study also
includes a didactic overview of uncertainty quantification
methods.

5.3. Committee Models and Uncertainty Propagation

Another approach to the determination of the uncertainty of a
ML prediction involves the generation of a committee model,”*”
i.e. a collection of models that differ in the choice of
hyperparameters,”’® in the initialization of the fitting proce-
dure,"””*°” or in different subsampling of the training set.”"****
The gist of the idea is that the spread in the predictions can be
linked to the reliability of the predictions: if changing details in
the model leads to large changes in the predictions for a
configuration, then this model is likely not trustworthy for that
particular configuration.

If the different models are created by resampling the original
dataset, there is considerable freedom in how that is done. One
approach, commonly referred to as bootstrapping,””” keeps the
size of each dataset the same as that of the original set, by
randomly drawing data points from £ while allowing
replacement. The subsampling technique,”'’ on the other
hand, creates datasets that are smaller than the original set and
does not include replacement. It should be noted that
bootstrapping introduces duplicate data points to the samples,
thereby altering the distribution of the data points, whereas in
subsampling individual predictions have larger uncertainty due
to the smaller size of individual data subsets.

These ideas have been used for some time in the context of
neural-network potentials' > but can also be shown to provide a
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Figure 27. Schematic of the construction and use of a committee model for uncertainty estimation in sparse GP models, as described in ref 202. Similar
graphical representations are used as in Figures 4 and S: here, multiple models are trained using the same representative set but different random
subselections of the training set, y;. The cost of training scales linearly with the number of committee members, n., and each training yields a different
weight vector, ¢;, When performing a prediction, a single vector of kernels, k, needs to be evaluated (which is usually the computationally intensive task
for prediction), and multiple predictions, 7, can be obtained cheaply by taking scalar products of k with the individual weight vectors corresponding to
the members of the committee. Example applications of this methodology are shown in Figure 28.
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rigorous estimate of the uncertainty,”"' in a similar probabilistic
sense as that given by the GPR variance. In fact, committee
models are appealing for use in a GPR framework, particularly in
combination with a sparse GPR model: evaluating the
uncertainty entails a small overhead over a straightforward
model evaluation, and it is simple to propagate uncertainty from
the quantity that is directly predicted by the model to derived
quantities that can be arbitrarily complicated combinations of
predictions.

Here, we discuss a simplified version of the uncertainty
quantification framework discussed in ref 202, which is
illustrated in Figure 27. Given an overall training set containing
N configurations, and a representative set containing M
reference environments, we perform n. fits, keeping the
representative set fixed, but extracting in each case a different
random subset of the full training data to be used in each fit. This
yields a collection of regression weights, {c;}. When a prediction
is made for a new structure, one needs to compute a vector of
kernels, k, between the new structure and the representative set.
This is usually the time-consuming step, whereas the evaluation

of n. different predictions fj,= c;-rk is inexpensive. The

possibility of computing all predictions with a single set of
kernel evaluation makes the choice of building the committee by
randomizing the training set much more efficient than the
alternative option of randomizing the choice of representative
points, which would be more directly analogous to randomizing
the topology of a neural network (e.g., dropout), or by varying
other hyperparameters.

The set { 5;} constitutes the ensemble of predictions, and its

distribution reflects the behavior of the model with respect to
changes in the training set. For any atomic configuration, A, the
mean and the variance of the ensemble

OEEDRALY

(4) = —— T [j(4) -7 @F
¢ j (80)

can be taken to represent the best estimate and uncertainty. In
practice one often finds that, similarly to the GP variance, this
uncertainty estimate is qualitatively informative—small values
being associated with good predictions and large values being
associated with unreliable predictions—but not quantitatively
accurate. In particular, there is a bias of the variance estimator for
small n.. This bias can be reduced by introducing a scaling factor
a, that can be computed by maximizing the log-likelihood of the
model over a test set, {A}, which yields***

F(4) -y (4)

- o*(A) (81)

+ n.—31
n. n.— 1n,
The corrected ensemble variance is then obtained by redefining
¢? < a’c*. Furthermore, one can define “calibrated” committee
models whose predictions are J; < 7 + a (; — 7 ), which have
the same mean as the initial committee, and an appropriately
scaled variance. The advantage of this second approach is that
one can then easily perform uncertainty propagation by
computing a derived property, F, that depends on the model
in arbitrary ways, by evaluating it on the calibrated model, F; =
F(3;). This approach has been applied, for instance, to the
prediction of Raman spectra together with the associated

uncertainty (Figure 28a). These spectra are computed as the
Fourier transform of the polarizability of the simulation box
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Figure 28. Applications of committee models for GPR predictions.
Two examples are shown: (a) the prediction of the Raman spectrum of
paracetamol form I;>** (b) the prediction of the melting point of
water”™* by determining the difference in chemical potential, y, of
hexagonal ice (“Ih”) and the liquid phase (“L”), and defining the zero
intersect as corresponding to the melting temperature. Panel a is
adapted from ref 203, where the original figure is published under the
CC BY 3.0 license (https://creativecommons.org/hcenses/by/3.0/);
panel b is adapted from ref 204. Copyright 2021 AIP Publishing.

evaluated along the course of an MD trajectory.””> Another
application has been the prediction of the electronic density of
states (DOS) in amorphous silicon;'***'> details of this “ML-
DOS” methodology are provided in section 7.4.

More recently, this inexpensive approach to obtain prediction
errors has been put to use in practical applications to MD
simulations. A common scenario entails the use of a baseline
potential V, (e.g, an empirical force field, or an approximate
electronic-structure method), which is corrected using an ML
model V5(A) to define an overall energy E(A) = V,(A) + V 5(A)
that achieves the accuracy of more sophisticated, and expensive,
electronic-structure calculations (cf. Figure 18a). In this case,
one can use the committee error, 6(A), and an estimate of the
RMSE o, of the baseline (relative to the accurate method), to
define a weighted baseline potential

_ Ghz —
E(4) = Vi(4) + Py Vs(4) -

that smoothly interpolates between the corrected potential
V,(A) + V4(A) when the ML model is predicted to be accurate
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Table 2. Overview of Recent GPR Models of the Complete Potential-Energy Surfaces for Isolated Molecules and Small Molecule

Clusters”
Year System Target
2013 2 H,0'* AMP2
2013 2 H,0'7* ACCSD(T)
2016 N, CASPT2
2016 CO,N,2¢ MP2
2017 H,$*" CCSD(T)
2017 2 HF?'® MP2
2017 CH,CI?"? CCSD(T)
2018 H,CO,* analytic
2018 H,0***° CCSD(T)
2018 OCHCO*** CCSD(T)
2018 H,CO**° MRCI
2018 2(HCOOH)**° CCSD(T)
2020 H,CO™! CCSD(T)
2020 CH,C1'”’ ACCSD(T)
2020 C¢N,H,*? MP2

Dimensions Training set size RMSE ratio
12 9000 0.01
12 1000 0.05
6 1800 0.03
9 200 0.00S
3 3700 0.0007
6 300 0.001
9 11000 0.0001
9 2500 0.0000S
6 10000 0.0002
9 2600 0.0004
9 17000 0.0002
24 9000 0.002
9 3200 0.0001
9 2000 0.05
51 5000 0.003

“The last column shows the (rounded) ratio of the energy RMSE and the range of energies in the training dataset.

and the bare baseline V,(A) when the predicted error is large.204

This improves the stability of simulations based on ML
potentials and simplifies the iterative refinement of the model
in all cases in which unexpected chemical reactions can occur,
leading to structures that are not represented in the training set.

A second application involves the determination of the effect
that uncertainties in the prediction of the ML potential have on
thermodynamic properties that depend on the sampling of
configurations, that is controlled by the potential-energy-
dependent Boltzmann weight, ¢ PEW) An example application
which employs on-the-fly reweighting”' #*'* of a single trajectory
sampled according to the committee mean E(A) is shown in
Figure 28b. The spread in the prediction of the energy by the
committee members translates into predictions of uncertainty in
the ultimate property of interest—in this case the melting point
of water. The conventional reweighting approach works by
weighting the configurations in the trajectory driven by the
committee average E (A) by a factor cEAEW T \which makes
it possible to compute averages as if the trajectory had been
driven by E]- (A). This scheme works well only when the spread in
the predicted energies of the committee is comparable to kzT
throughout the trajectory. A more stable (albeit approximate)
estimate of the error can be obtained with a cumulant expansion
approximation,”'* in which the averages (7) computed using
E(A) are corrected based on the correlation between 3 and the
logarithm of the weights, (E(A) — Ej(A))/kBT. This
reweighting scheme cannot be used to assess the error on
dynamical properties, that are often computed from correlation
functions of the trajectory generated by MD. To the best of our
knowledge, the problem of error propagation to such
observables has not been addressed, and the only possible,
and rather time-consuming, strategy would be to generate
separate trajectories using each individual member of the
calibrated committee.

5.4. GPR Models for Isolated Molecules

Both in the present section and in the previous one, we have
focused on ML models of strongly bonded, extended materials.
This is where they had the largest impact early on, because
empirical interatomic potentials for materials are in many
respects rather poor models of the potential-energy surface. It is
almost needless to say that molecular potential-energy surfaces

are also an important area of application. The goal of the “first-
principles” approach to making molecular force fields has always
been the faithful reproduction of the potential-energy surface,
assessed, e.g., by the accuracy of the vibrational spectrum or
torsional “scan” around rotatable single bonds. For much of the
long history of molecular modeling, the covalent bonding
topology of a molecule has played a central role, giving rise to
two constraints on the model:

(i) identification of the set of atoms that are bonded together
and constitute the molecule;

(ii) the fixed network of covalent bonds used to define
coordinates of the model (bond lengths, angles, etc.), and
also to identify and differentiate between atoms according
to the functional groups of which they are part (cf. “atom
types”).

On the one hand, the formalism and approach that we
introduced thus far in sections 2—4 can in principle be applied to
molecules directly and lead to entirely topology-free models, and
indeed this has been done and is particularly fruitful for
molecular materials—we defer their discussion to section 6.6.
On the other hand, there is a large body of modeling work that
lifts the topological constraints of (ii) but keeps (i). In this case,
an isolated molecule (or indeed a small cluster of molecules)
with its constituent atoms is specified, but the model makes no
further assumptions about the way in which the atoms are
bonded together. The geometry is typically represented by the
set of interatomic distances. A comprehensive and historical
review is outside our scope here, but we note in passing the
foundational works of Bowman and Braams”*’ that introduced
permutationally invariant polynomials of the interatomic
distances and the highly successful water model of Paesani
and co-workers based on this formalism.'”*'*¥**%***> A recent
review of neural network models applied to the same problem is
given in ref 226.

Recently, GPR has been employed for the same task by a
variety of authors, fitting either the potential-energy surfaces
directly or the difference between different levels of theory. We
summarize recent works in Table 2, showing the system under
study, the fitting target, the dimensionality of the potential-
energy surface, and the efficacy; the last is indicated by a
combination of the number of training configurations and the

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
a QM9 dataset b Rad-6 dataset
GPR / Kernel ridge regression Linear regression Neural networks cc cco [CH2]C=[C]OC[CH2]
I 1T 1T
—e— FCHL (2018) cM —e— NICE ~E- SchNet (o ] v m
—e— SOAP (2018) —v— BoB —&— MTP —— PhysNet /' g
aSLATM —&- GM-sNN radical species
10 10+
G\ ] —e— SOAP (2020)
=~ N °
I I .
© ©
£ £
© 14 © 14 (0]
g g 1
< kgT (at 298 K) < ] kgT (at298 K)
. A N N —— w e —
< <
= =
0.1 0.1 T — T T

100 1,000 10,000
Number of training points —-

1,000 10,000
Number of training points —-

100,000

Figure 29. Performance of ML models for atomization energies of small organic molecules and radicals. (a) Learning curves for the QM9 dataset,””
using a variety of representations and regression methods. For each value of the training set size, we show the mean absolute error (MAE) evaluated on
the test set which consists of the remaining structures from the full dataset. Models based on FCHL (2018),>** SOAP (2018),%” aSLATM,*** Coulomb
Matrix (CM),>** and Bag-of-bonds (BOB)** representations use Gaussian process/kernel ridge regression, whereas NICE”® and MTP® use linear
ridge regression, and SchNet**” and PhysNet™** are graph neural networks. GM-sNN uses a representation similar in spirit to MTP but based on a
Gaussian radial basis set and a feed-forward neural network for regression.”*” (b) Learning curve for the Rad-6 dataset.”** Example species are shown
including a radical species, which actually account for over 90% of the total dataset (reprinted from ref 240; original work published under the CC BY

4.0 license; https://creativecommons.org/licenses/by/4.0/).

ratio of the energy RMSE to the range of energies in the dataset.
The aim of the table is to give a sense of the complexity of these
models, rather than to compare the works of different groups
with one another directly. The modeling goals and the type of
input data in each work were quite different, and the complexity
of the task of fitting the potential-energy surface of different
molecules, even if the dimensionality is comparable, can be quite
different. Recent reviews of this topic are in refs 227 and 228.
There is yet more GPR work on molecular potential-energy
surfaces that did not quite fit into the table. Gradients can be
fitted directly to aid geometry optimization.””” If the ordered
matrix of interatomic distances is used as the representation,
although constraint (ii) does not apply formally, the lack of
permutation symmetry in the representation in practice limits
the model to fixed bonding topology. Nevertheless, for this
special case, highly efficient and accurate models can be created,
e.g, to fit a dispersion correction,”’ or more generally the
potential-energy surface directly, as is done by Miiller and co-
workers, also reviewed in the present thematic issue.”*"
Finally, a modeling task entirely different from approximating
potential-energy surfaces as a function of continuous atomic
position is to predict static properties of new molecules with
distinct bonding topologies. This is useful in high-throughput
screening applications, e.g,, in the pharmaceutical and organic
semiconductor fields. A widely used benchmark to assess the
efficacy of molecular representations and regression methods is
the QM9 dataset of small molecules.”*” In Figure 29, we show a
recent set of results that includes a variety of GPR/KRR and
neural-network models. Note that the quantity predicted in this
benchmark is the DFT-calculated atomization energy of the
molecules in their equilibrium geometry (as obtained using
DFT), so none of these models in and of themselves are useful or

practical for high-throughput screening, because the model
input requires a DFT calculation (a full geometry optimization
in fact) that already yields the target quantity. Nevertheless, the
power of the density-based representations (FCHL and SOAP)
combined with KRR/GPR is evident and suggests that it may be
able to achieve other useful goals such as the fitting of correlated
wave function theory based energy as a function of DFT-relaxed
geometry.'>' It is certainly the case that the QM9 benchmark
has been very useful over the past years in refining descriptors
and regression protocols, and the current crop of models
perform significantly better than those from the same groups in
earlier years.

One of the promises of ML force fields for molecules is that
they will enable the accurate and routine construction of general
reactive molecular force fields.”*" There is scant research on this
as yet, and Figure 29b shows that in comparison with closed shell
molecules (such as those in QM9), describing open-shell
radicals is much harder: the errors of the SOAP-based kernel
model are three times larger on the Rad-6 dataset, which consists
of all closed- and open-shell molecules containing C, H, and O
with up to six non-hydrogen atoms.

6. APPLICATIONS (I): FORCE FIELDS

The GAP framework is beginning to be applied to a variety of
research questions in chemistry and materials science. The aim
of the present section is to illustrate the step from the
methodology (section 4) and its validation (section S) to
applications to practical problems, which are now beginning to
emerge. The cases discussed below are therefore built on the
premise that an accurate representation of a given potential-
energy surface has been obtained and appropriately validated,
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and they highlight selected examples of what has been done with
GAP models to date.

6.1. Transition Metals

Materials with crystalline order have long been successfully
described with DFT, and larger-scale materials modeling
frequently relies on computationally highly efficient empirically
fitted potential models. There are cases, however, when neither
of those options is practical: when the empirical potentials are
too inaccurate to describe the specific (atomistic) materials-
science problem that is being studied, yet DFT cannot reach far
enough in terms of system sizes. ML-based interatomic
potentials have emerged as suitable alternatives over the past
decade—with applications to metals rangin§ from an early study
of a structurally complex copper surface'® to simulations of
compositionally complex high-entropy alloys.”*’

Tungsten was the first metal to be described by a dedicated
multipurpose GAP."”' Owing to the applications of this metal in
engineering, there are several important properties, ranging from
the elastic constants and the formation energy of isolated
vacancy defects to the delicate core structure of its screw
dislocations.”*****> While properties such as the elastic constants
can be derived from computations in small unit cells, and are
therefore routinely obtained from DFT, other structural
problems require thousands of atoms (and more) in the
simulation cell. The GAP model introduced in ref 121 correctly

10112

describes the aforementioned core structure and can be used to
study extended defects and their interaction using many
thousands of atoms. This work has also been a prototype for
how reference databases are constructed manually, guided by
intuition and with specific applications in mind—adding, for
example, vacancy or surface configurations and gradually
improving the application scope of the resulting potentials
(Figure 12).

The atomistic modeling of iron is notoriously difficult, partly
owing to the magnetic nature of the ambient bcc phase. A GAP
model fitted to ferromagnetic spin-polarized DFT calculations
was shown to recover the energetic and temperature-dependent
mechanical properties with high accuracy:**' a simple example is
the Bain path (the tetragonal distortion of the body-centered
unit cell, with ¢/a = 1 corresponding to the ground-state bcc
structure, and ¢/a = /2 to cubic close packing), for which
results from DFT and GAP are shown in Figure 30a. Later, the
same potential was used in a study of the migration of the screw
dislocation, in which the stress dependence of the Peierls barrier
(double-kink nucleation barrier in this case) was calculated
using a 50,000-atom system (Figure 30b—c).”** Furthermore, a
software was developed for studying Fe grain boundaries and
connected with the GAP model.”*® We note that this potential is
accurate for ferromagnetic iron at ambient temperatures, but it
cannot simultaneously describe spin fluctuations and different
magnetization states: that requires the incorporation of new,
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magnetic degrees of freedom.”*” In other words, among the
different DFT datasets shown in Figure 30a, only that for the
ground-state ferromagnetic state has a corresponding GAP
description.

As an example of an application at the other extreme of the
temperature and pressure scale (where magnetism is sup-
pressed), a GAP was developed to study liquid iron and sulfur
under conditions corresponding to those at the Earth’s core:
temperatures ranging from 4000 to 7000 K and pressures
between 110 and 430 GPa.”*® One of the objectives of that work
was to study the partition coeflicient of sulfur between solid and
liquid iron. The GAP model reproduced the radial distribution
functions of Fe, S, and Fe—S with high fidelity with respect to a
DFT reference, as well as the melting curve of Fe. Having an
accurate interatomic potential made it possible to carry out the
large number of independent simulations (altogether compris-
ing 10 M force evaluations on 180-atom unit cells) that were
necessary for determining free energies at various compositions.
In this application, the electronic entropy and its contribution to
the free energy are significant, due to the high temperature. This
required the construction of separate GAP models at each
temperature point (in steps of 1000 K), fitted to DFT
calculations which used the corresponding electronic temper-
ature to determine the electronic free energy and Hellmann—
Feynman forces. In the future, it would be desirable to
incorporate the electronic temperature into the ML model
itself explicitly, so that a single model would be able to predict
properties corresponding to different electronic temperatures.
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6.2. Complex Allotropy and Crystal-Structure Prediction

While most elements, particularly metals, have rather simple
crystal structures, there are others which are much more
complex: carbon, boron, or phosphorus are textbook examples.
Such systems, even if comprising “only” a single elemental
species, may pose outstanding challenges for force-field
development, especially when multiple different allotropes are
to be described at the same time. In return, elements with
complex structures have turned out to be rewarding targets for
the development of GAPs and other ML potentials, where the
cost increase compared to empirical force fields may be justified
by the gain in accuracy. For example, early ML-driven atomistic
simulation studies of carbon allotropes were concerned with the
description of the graphite—diamond coexistence line''® and,
subsequently, with the nucleation mechanism of diamond in
graphite under compression.''” These studies have been carried
out with a neural-network potential following ref 66.

In cases where the structural diversity is large, and especially
where previously unknown structures are to be explored, the
requirements for ML potential development are shifted: rather
than meV accuracy, one is primarily interested in having a robust
potential that does not lead to unphysical behavior in
simulations—only once that type of robustness is achieved,
one will “focus in” on the structures of greatest interest. For
example, a GAP for elemental carbon has been developed with a
focus on amorphous phases and therefore describes a wide
varlety of structures including the coexistence of sp-, sp>-, and
sp>-like carbon atoms over a wide range of densities'*” (this
model is referred to as “C-GAP-17” in the following). In
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contrast, a GAP for pristine graphene describes a much more
limited configuration space, but at much higher accuracy.”*” The
tests for the latter potential included phonon dispersions at zero
Kelvin as well as at elevated temperature,”*” which provide an
intuitive measure for the force accuracy of the fit. Numerical
errors, given for in-plane force errors, are also instructive here:
the graphene-specific GAP arrives at an RMSE of 0.028 eV A™"
for its test set; C-GAP-17, a more widely applicable potential,
shows a notably larger error in this test, viz. 0.27 eV A™/, yet still
outperforms all empirical potentials in terms of the same error
measure (see details in ref 249). A subsequent general-purpose
carbon potential, “C-GAP-20”, extended the C-GAP-17 data-
base with a large ensemble of manually constructed simulation
cells representing defects in graphene, nanotubes, and other
more complex structures.'>” This potential was fitted to data
computed at a higher DFT level than used for C-GAP-17, now
including dispersion interactions which are important partic-
ularly in low-dimensional and sp*rich carbon nanostructures.
Tests in the initial work, as well as a separate, comprehensive
benchmark study,”° confirmed the overall high accuracy that is
afforded by this model. We note in passing that a similar
approach has been applied recently to the isoelectronic and
isostructural analogue of graphene, hexagonal boron nitride, and
used for simulations of thermal rippling in large cells.”*"

GAP-RSS has been discussed in section 4.1.3 as an eflicient
way of exploring potential-energy surfaces and in section 4.1.5 as
a proposed component in the development of “general-purpose”
reference databases.'®> There is, of course, now the question of
how GAP-RSS may be applied in the next step, in a way similar to
how AIRSS and related DFT-based structure-searching
techniques have been used with great success to discover
previously unknown structures and compounds.”"*’

Figure 31 illustrates three cases of structurally complex
elemental systems that have been studied with GAP-driven
structure searching in various implementations; it comprises
bulk crystalline phases (Figure 31a),"*® structures with low
dimensionality (Figure 31b),'** and gas-phase clusters (Figure
31c)."** We focus on GAP below, but we note that more
generally, the ways in which crystal structure prediction can be
accelerated using machine-learned force fields (including
various fitting schemes and their applications) have been
reviewed in a recent perspective article." "'

Early work was concerned with carbon, for which the
prediction of hypothetical allotropes is a very active research
area: see ref 252 and references therein. In 2017, it was shown
how a GAP can be used to drive crystal-structure searching'**—
employing an approach similar to ab initio random structure
searching (AIRSS) "7 to generate a large ensemble of input
structures, and subsequently relaxing these random structures,
now using GAP. In this early study, the search was run by a
potential that had not been fitted for any crystalline phase,
instead including liquid and amorphous configurations in the
reference database (which, of course, do cover diverse local
structural environments). The work focused on all-“sp®” carbon
allotropes by filtering the output of the search to only include
those structures in which all atoms are 4-fold connected, and it
allowed for the identification of multiple hypothetical structures
that had not yet been included in the Samara Carbon Allotropes
Database (SACADA)**” at that time. Two previously described
hypothetical carbon allotropes (including the “chiral framework
structure”, CFS,”*” with unj topology), that were recovered in
the GAP-driven search as well, are shown in Figure 31a. Below
them, two related structures are shown that were identified by

the GAP-driven search (indicated by the label “G” and a running
index in Figure 31a).

For boron, there exist multiple crystalline allotropes,254 some
of which are crystallographically disordered—most prominently
rhombohedral f-B, which contains 105—108 atoms in the
primitive unit cell, depending on how the structure has been
described and refined (see ref 255 and references therein). The
work in ref 140, which introduced the GAP-RSS method, led to a
potential that could describe a variety of boron allotropes with
close to DFT accuracy, including multiple supercell models of -
B with statistically distributed atoms on sites with mixed
occupations.140 We note that a moment tensor potential was
also developed for the boron allotropes by iterative structure
searching and fitting and that that work identified further
candidate structures for §-B."*’

A related strategy, again using GAP fits and iterative
exploration of the potential-energy surface, has been coupled
to the CALYPSO particle-swarm optimization software for
structure searching'*®'*’ and has been applied to gas-phase
boron clusters.'** Figure 31c shows representative structures
obtained in the process, including a cage-like cluster and a more
stable quasi-planar structure. Very recently, an application of
GAP- and CALYPSO-based structure searching to bulk phases
of elemental boron was reported as well: the authors identified a
possible metastable cubic B,, phase with an octahedral B4 unit as
an additional structural feature.”*®

Phosphorus is similarly a case where a diversity of structural
environments creates challenges for atomistic simulation. The
most common forms are “white” (P, molecular), “red”
(amorphous), and “black” (puckered layers) phosphorus. But
other phosphorus allotropes based on cage-like fragments also
exist, and an even larger variety of such fragments has been
studied in early computational work.”>” Due to this structural
diversity, new forms of phosphorus continue to be discovered:
for example, nanotubular structures were described by Pfitzner
and co-workers.”*®

An early GAP-RSS study dealt with phosphorus, showing how
the structure of black phosphorus can be “discovered” and added
to the reference database within a few iterations. It also included
a proof-of-concept for the search for more complex, tubular
structures, using an idea put forward by Ahnert et al.:** rather
than initializing the search with individual atoms, one would use
entire fragments as the seed—in this case, phosphorus cages
obtained from an information-theory-based decomposition of
the structure.”> Based on this type of approach, the authors
highlighted some candidate 1D and 3D structures (Figure
31b)."* A later study led to the prediction of a range of
hypothetical, hierarchically structured phosphorus allotropes
based on the simple Pg cage as a structural building block,
including single- and double-helix forms.>*°

Phosphorus monolayers highlight again the importance of 2D
structures, and several empirical force fields were developed
specifically for phosphorene. Further, structurally more complex
2D materials include Hittorf’s (“hittorfene”), first predicted*®!
and recently experimentally realized;**> such structures may
require more accurate computational treatment than fast
empirical force fields can provide. Indeed, the GAP model of
ref 163 is able to describe the exfoliation of hittorfene with high
accuracy compared to DFT+MBD reference data. We also
mention briefly the synthesis of nanostructures such as
phosphorene nanoribbons,'®® for which structural models are

included in the reference database of that potential (cf. Figure
16).'*
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6.3. Structure of Amorphous Materials

Beyond the crystalline structures discussed so far, amorphous
materials (i.e, those without long-range order) are natural
targets for ML potentials, because they require highly accurate
simulations over extended time scales and the use of large
simulation systems—a requirement that cannot be met by
established quantum-mechanical methods. In the following,
GAP-driven simulations of amorphous solids will be briefly
reviewed.

6.3.1. Carbon Nanostructures. The structural and
chemical diversity of elemental carbon is largely due to its
ability to form 2-, 3-, and 4-fold-bonded environments (typically
referred to as “sp”, “sp*”, and “sp”, respectively, in a simplified
notation). In amorphous carbon, these structural environments
often coexist and their presence and relative abundance are
controlled by external factors, such as the sample density.***
Among the many examples which require a more diverse
description, we mention a computational study of the reversible
graphitization in cold-compressed glassy carbon®®” that used a
state-of-the-art empirical potential model.”*® The large struc-
tural diversity of amorphous carbon had motivated the
development of the GAP-17 model for this element, and the
initial work included tests for surface energies and the annealing
of surface slabs (inducing graphitization at the surface at high
temperature) 2

In 2018, the usefulness of GAP-driven simulations was
demonstrated for deposition simulations of tetrahedral
amorphous carbon (ta-C) films (Figure 32).”%® Starting with a
diamond-structured template, carbon atoms were accelerated
toward the surface one after the other, with a kinetic energy
corresponding to the energy of ions in deposition experiments
(e.g, 60 eV). This type of deposition simulation is common in
the carbon community but had previously fallen short of the
experimentally observed sp® count in ta-C (the latter reaching up
to 90% in highly dense samples; see ref 264 and references
therein). In contrast, the GAP-driven study recovered the
experimental value.”> Furthermore, ML-driven atomistic
simulations can not only create accurate structural models but
also give insight into the mechanisms by which these structures
form. In the case of carbon, there had been an ongoing debate in
the literature as to which of several competing growth
mechanisms is responsible for the formation of highly sp*-rich
ta-C films (see references in ref 263). GAP-driven simulations
led to density profiles (averaged over many individual impact
events) which are consistent with the “peening” mechanism
proposed earlier by Marks*®” based on simulations with the
environment-dependent interaction potential for carbon (C-
EDIP):**° a high-energy atom displaces atoms from the impact
region and leads to a net depletion of sp* density directly at the
impact site; in contrast, the film grows laterally, around the
impact site, where the sp® count increases. The study was
subsequently extended to cover a wide range of impact energies,
demonstrating that a diverse type of film structure can be
obtained as dependent on the impact energy (two examples are
shown in Figure 32d—e).””

Deposition simulations are computationally demanding, and
the more common way to obtain atomistic structural models of
a-C (and ta-C) is given by rapid simulated quenches from the
liquid state. A detailed study of structural and elastic properties
of different a-C networks, obtained by quenching, was carried
out by Jana et al., who compared simulations using an existing
empirical potential with simulations using the C-GAP-17
model.”*® Another study included the generation of many
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Figure 32. GAP-driven deposition simulations describing the growth of
amorphous carbon films.**>*** (a) Example of an impact event: a
carbon atom is placed 3 A above the surface and given high velocity
(corresponding to a kinetic energy of 60 eV). Within 10 fs, the atom
impinges on the surface (corresponding to a spike in the energy of this
atom; blue) and then comes to rest such that its nearest-neighbor
distance is about 1.5 A. (b, c) Schematic drawings of the proposed
growth mechanisms at low and high impact energies, respectively, that
are consistent with density changes over time observed in the GAP-MD
simulations. Details, as well as quantitative data supporting these
drawings, are given in ref 200. (d, e) Results of deposition simulations at
two representative impact energies. The structure in panel d is a low-
density, sp>-rich phase; that in panel e is a high-density, sp*-rich phase,
in which only the surface region has substantial sp® character (as
determined by SOAP-based similarity and indicated by color coding).
Reprinted with permission from ref 200. Copyright 2020 by the
American Physical Society.

individual a-C model structures by GAP-driven quenching and a
subsequent link to experimental properties.””” A computational
study of plasticity in large structural models of a-C, again using a
combination of GAP and a faster empirical potential, was
reported in ref 270.
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Another direction in the atomistic modeling of carbon
materials is the thermal annealing of more disordered structures
to gradually generate more ordered ones, following an early
study in 2009 that used C-EDIP.””" There is a recent benchmark
study of various interatomic potential models for carbon®’*
which used such annealing simulations for a series of tests,
including C-GAP-17 and C-EDIP, and demonstrating good
performance of both potentials (for example, in terms of the
description of the graphitization process) compared to other,
often simpler empirical interatomic potentials. Simulations of
this kind have given rise to structural models of carbonaceous
energy-storage materials,””””’"* which will be discussed further
below.

6.3.2. Amorphous Silicon. Silicon is perhaps the most
canonical covalent amorphous system, and its structure has
often been approximated as an ideal tetrahedral random network
in which all atoms have a coordination number, N, of four.>”**””
However, defects (commonly defined as atoms with either N =
3, “dangling bonds”, or N = §, “floating bonds”) are important as
well,””® and the description of these defects can be challengin&
An early work dealt with GPR models for energetics in silicon.”””

In 2018, GAP-driven MD simulations were reported that
generated a-Si structures by quenching from the melt,'”* varying
the quench rate over a wide range. A main advantage of the ML-
driven methodology is not only in the accessible system sizes but
also the accessible time scales, because the slow quenching and
optimization of a-Si structures can be computationally
demanding (see ref 280 for the recent DFT-based generation
of a highly relaxed a-Si structure). The enthalpy of the
amorphous network with respect to the more stable diamond-
type crystalline phase, experimentally measured by calorimetry,
is directly related to how ordered (that is, how well annealed) a
given sample is, and the excess energies of simulated quenched a-
Si samples obtained with quench rates between 10"* and 10" K/
s are consistent with experimentally reported excess enthalpies.
These findings were later independently corroborated by a study
with neural-network potentials.”*" Using a series of progressively
slower quenches for 512-atom a-Si systems, it was shown
subsequently that slower quenching (10" K/s in the relevant
part of the simulation) does not seem to further lower the overall
potential energy compared to a 10" K/s quench—but it still
increases the medium-range order, as measured by the count of
six-membered rings.”> Concerning the question of how
structural models of amorphous materials may be validated,
which is a highly nontrivial task, ref 193 also included
comparison with previously reported experimental data for
2Si NMR chemical shifts and structure factors from diffraction
(see ref 193 and references therein).

The local atomic environments in a-Si were studied in terms
of their energetics, as derived from GAP regression models, as
well as structural properties (Figure 33).°° This study
demonstrated that to some extent, the atomic energies from
GAP can be interpreted in a chemical way (we note that a
counterpoint for neural network potentials has been made in ref
282). Second, it provides an explanation for the initially rather
counterintuitive finding that defective a-Si networks can be
energetically slightly favorable compared to those generated by
the WWW algorithm®” leading to a “perfect” random network
and subsequent DFT relaxation of both structures.’® The key
finding is that while the 3-coordinated atoms are generally
strongly unfavorable energetically, there exist S-coordinated
atoms which are more favorable than highly strained 4-
coordinated atoms. This is another manifestation of the
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Figure 33. Machine-learned atomic energies in amorphous silicon (a-
Si) as obtained from GAP regression models. (a) Example snapshot
from an a-Si structure obtained by GAP-driven melt—quench
simulations (see ref 275 for details). Atoms are color-coded according
to atomic energies, referenced to crystalline silicon (c-Si). (b)
Distributions of atomic energies in two a-Si systems obtained by
quenching at a very fast (left) and slower (right) rate. (c) Two-
dimensional plot of structural similarity to c-Si (horizontal axis) and
atomic energy (vertical axis) for atoms in an ensemble of a-Si structures.
The plot focuses on atoms with N = 3 and N = 5 neighbors, for which
data are shown by larger symbols. Adapted from ref 53. Original figure
published under the CC BY 4.0 license (https://creativecommons.org/
licenses/by/4.0/).

limitations of assigning atomic environments based on
coordination numbers only (see ref 283 for a discussion in the
context of ta-C and SOAP analysis). The energetic analysis was
corroborated by studies of the electronic structure, particularly
the local density of states resolved according to different N-
coordinated atoms, revealing a fundamentally different character
of the different local environments.>

In the context of atomic energies from GAP models, as
characterized in Figure 33, it is worth noting a recent study in
which those local energies were correlated with structural
aspects of local distortions (“distortion scores”), with higher
local energies corresponding to larger distortion scores.”** It was
also suggested to combine the GAP atomic energies with a
pressure-dependent term to arrive at an atomic enthalpy; see ref
164. Further investigations of the information that can be
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extracted from such atomic energies and enthalpies would seem
worthwhile.

6.3.3. Ge—Sb—Te Phase-Change Materials. Ge—Sb—Te
phase change materials (PCMs) are important components of
data storage and processing technologies™*’ and also relevant for
emerging applications in photonics.”® The reason for this
importance is a pronounced property contrast between
crystalline and amorphous phases, which needs to be under-
stood on the atomistic scale. DFT-based simulations have been a
key technique in understanding and optimizing PCMs,>**>*°
but such simulations have only been able to address relatively
small system sizes. Indeed, among the most extensive ones are a
DFT-based simulation comprising 900 atoms*”" and a report of
simulations spanning over 8 ns but using smaller systems.*”>
Consequently, ML potentials are playing an increasingly
important role in the field. Foundational early studies have
been carried out for GeTe as a prototypical phase-change
material, for which artificial neural-network models have been
developed and applied by Sosso, Bernasconi, and col-
leagues.””>™*"” For example, the authors studied the thermal
transport in the material’”* and described the crystallization
behavior of bulk** and nanowire*”° structures.

In 2018, Mocanu et al. reported a GAP model for Ge,Sb,Te,
fitted to liquid and amorphous configurations of the ternary
compound as well as structures of the constituent crystalline
phases.”*> Comparison of GAP-MD with DFT-MD data as well
as experimental reference data indicated a good performance for
liquid and amorphous Ge,Sb,Tes, assessed, for example, in
terms of the description of the structure factor, and the potential
was demonstrated to describe the formation of ordered,
crystalline regions from an amorphous structure upon annealing
(Figure 34a). This potential was furthermore used to generate
multiple relatively small structures in parallel, which were then
analyzed using first-principles DFT in regard to their bonding
properties.”® Initial simulations for a 7,200-atom system were
also reported—thereby demonstrating how Ge,Sb,Te; may
now be studied in much larger simulation cells than would be
accessible to DFT-MD.”®  Subsequently, simulations with
simulation-cell sizes up to 24,300 atoms were carried out
using the same potential, systematically addressing the role of
the simulation-cell size as well as that of the quench rate on the
resulting structures.””®

In 2019, Konstantinou et al. described a study of the role of
midgap states in amorphous Ge,Sb,Tes, which further
emphasized the usefulness of combined GAP-driven modeling
and electronic-structure analyses.”*° In this case, hybrid-DFT
level computations were used to study the nature of midgap
states in amorphous Ge,Sb,Te;, which are of central importance
to the electronic properties of the amorphous “zero bits”. The
availability of the computationally efficient GAP model allowed
the authors to generate a large ensemble of structural models to
serve as input for the subsequent electronic-structure analysis.
An electronic DOS analysis of such a (GAP-generated) structure
is highlighted in Figure 34b,”*° and a detailed discussion may be
found in the original work in ref 286.

Recent studies were concerned with the supercooled liquid
phase as described by GAP-driven MD,””” assessed by
comparison with experimental data from ref 300 and with the
application of the Ge,Sb,Te; model to the end member of the
quasi-binary line, Sb,Te;.*"" The latter work is a case study in
transferability: studying liquid and amorphous Sb,Te; takes the
potential away from the region of configuration space for which
it was initially fitted. It is emphasized that the reference database
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Figure 34. GAP-driven modeling of the Ge,Sb,Te; phase-change
memory material. (a) Partial crystallization of amorphous Ge,Sb,Te;.
The upper panel traces the increasing structural order, quantified using
the number of four-membered rings with “ABAB” alternation (as in the
rocksalt-type structure). Representative structural fragments are shown
and illustrate the transition from a disordered amorphous (left) to a
partially crystallized (right) structure. The lower panel shows the
potential energy of the system (as obtained from the GAP model),
which indicates a stabilization during crystallization, as expected.
Reprinted with permission from ref 285. Copyright 2018 American
Chemical Society. (b) Electronic structure of a 900-atom structural
model of amorphous Ge,Sb,Te,,**® obtained from a GAP-MD
simulation, illustrating the synergy between large-scale GAP-MD and
single-point electronic-structure computations. The inset shows a
structural fragment and visualizes the electronic structure of the midgap
state associated with it. Isosurfaces of the wave function amplitude are
shown at an isovalue of +0.015 \/EA_S/Z. Adapted from ref 286.
Original figures published under the CC BY 4.0 license (https://

creativecommons.org/licenses/by/4.0/ ).

for the potential contained liquid and amorphous Ge,Sb,Te;, in
which the local environments of Sb atoms are expected to
partially resemble those in Sb,Te; because of the chemical
relationship between the phases, but they will be different in
detail (especially beyond the first neighbor shell).

Ge—Sb—Te materials are an excellent example of how the
structural properties are directly linked to practical applications;
more details of this are given in a subsection below. It is worth
mentioning at this stage, however, that thermal properties of
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PCMs are likely to be of interest in the future, following early
work on binary GeTe that used a neural-network potential.*”*
Indeed, a recent study used a GAP to simulate temperature-
dependent vibrational properties in GeTe based on long time
scale MD simulations.”*”

6.4. Surface Chemistry

Real materials are not infinitely extended, and the study of
material surfaces opens up a further degree of structural
complexity. Take diamond-type silicon as an example: the
bulk crystal has a simple diamond-type structure, whereas the
most stable (111) surface structure is a complex (7 X 7)
reconstruction—and its description by DFT computations has
been an important milestone.”” Similarly, the silicon (111)
surfaces and their reconstructions have served as a testing
ground for GAP models."*”"*!

Even more complex structures are found at the surfaces of
amorphous materials. For example, surfaces of amorphous
carbon have been studied in light of its applications in coatings
and chemical sensing; an overview of applications of those
materials in biosensing was given in ref 304. Recent work in ref
275 introduced a library of surface slab models, generated by
cleaving from bulk ta-C samples and subsequent thermal
annealing to “heal” dangling bonds at the surfaces. A systematic
study was carried out of the structural properties as dependent
on the system size, assessing the question of what size of
simulation cell would be required to reliably describe ta-C
surfaces. A system size of 216 carbon atoms per cell was found to
be a reasonable choice. Because the carbon GAP in this case was
fitted only for bulk elemental carbon,'** the authors showed
how its simulation outcomes (here, the annealed ta-C slabs) can
be further coupled to density-functional based modeling to
access a larger chemical space (here, that of hydrogen- and
oxygen-based functionalization which is relevant for practical
applications). Specifically, the hydrogenation of slabs was
described by grand canonical Monte Carlo simulations using
density-functional tight-binding models, which require less
computational effort than DFT and therefore allow for the
evaluation of many individual configurations—up to reaching a
hydrogen content of about 30%, consistent with experimental
samples. On the other hand, oxygenation involves much more
complex surface reactions and an interplay between, for
example, epoxy and carbonyl groups; simulations of this type
(again starting from the GAP-generated ta-C slabs) were
therefore carried out using DFT-based ab initio MD
simulations.””

Further analysis of the surface structures was carried out in a
companion paper.”*> The use of “sp?” and similar labels was
compared with the outcome of a SOAP-based clustering
technique. The latter identified a number of typical environ-
ments that are taken to be representative of different types of
bonding in a-C materials: for example, an atom with N = 2
nearest neighbors might be either in a linear (—C=C-) orin a
defective sp™like environment, and the SOAP-based analysis
separates these two types of environments to a good degree. The
work also exemplified the ability to include properties beyond
the atomistic structure in the construction of kernel-based
models. Specifically, the authors “encoded” electronic-structure
fingerprints through the moments of the local density of states
and used those to construct a second kernel that separates
environments based solely on their electronic (and thereby,
bonding) nature. Combining this kernel with a SOAP term to
include the atomistic structure, Caro et al. demonstrated an

improvement in the prediction of hydrogen adsorption energies
(as a simple proxy for chemical reactivity) as compared to a pure
SOAP-GPR model.”*’

Aarva et al. predicted X-ray photoelectron spectroscopy
(XPS) and X-ray absorption spectroscopy (XAS) fingerprints
based on GAP-generated and DFT-functionalized structural
models,>*>*% in another demonstration of how one may
interface atomistic structure to high-level computations.
Because the reference computations that predict the spectra
are computationally expensive, it is crucial to carefully select
those (relatively few) configurations for which computations are
to be done—this was achieved using SOAP-based clustering,
similar to ref 283. This methodology is beginning to be used to
fit experimental X-ray spectra, as demonstrated in ref 307.

Returning to crystalline phases, a recent study reported on
IrO, surfaces including various complexions, described by a
GAP model.**® Figure 35 shows the newly discovered metal-rich
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Figure 35. Modeling oxide surfaces with GAP. (a) Surface complexions
for the (111) surface of IrO,, showing the initial structure, a snapshot at
1000 K, and the final equilibrium structure after simulated annealing.
Reprinted with permission from ref 308. Copyright 2020 by the
American Physical Society. (b) Surface free energies, 7, as a function of
oxygen chemical potential, Ay, for three different surfaces. Dashed
lines indicate the surface free energies obtained without complexions.
Adapted from ref 308. Original work copyright 2020 by the American
Physical Society.

surface complexions, obtained using simulated annealing, and
their corresponding surface free energies. ML-potential-based
simulations of this type build upon DFT-based ab initio surface
studies which are firmly established in the field.**” With greatly
improved computational speed, one may now envision pushing
the limits of such methodology even further: for example, to the
exploration of much larger possible surface reconstructions (just
like the (111)-(7 X 7) reconstruction of silicon, which searches
in smaller unit cells would not have found, but a recent study did
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using an ML potential’'’), and to the prediction of the
equilibrium shape of nanoparticles (based on Gibbs—Wulff
constructions) with complex compositions at finite temper-
atures. Finally, with improved information about which specific
surface is expected to form, one may extend the simulation study
from a free surface to one with a molecule attached or to an
entire catalytic reaction system.311

6.5. Functional Properties

A next step in the application of ML potentials, including GAP, is
to move from structure to functionality, i.e. to material
properties which are directly related to a practical application.
A very recent example is given by amorphous silicon, for which
structural studies were mentioned in section 6.3.2: Wang et al.
experimentally investigated the behavior of a-Si samples under
tension and compression, finding a much stronger tensile than
compressive strength, and corroborated their mechanical
measurements with atomistic simulations including GAP-18.>"

The transition between different solid phases is an interesting
challenge for ML-driven modeling, especially when the process
involves very diverse local environments. The previously
mentioned PCMs are a typical example of this, and
crystallization simulations have initially been carried out with
a GAP model for Ge,Sb,Te;. Figure 34a illustrates the partial
crystallization of Ge,Sb,Tes using the count of 4-fold rings as a
measure for crystallinity:*'® this value is expected to be unity in a
perfect rock salt-type structure. The energy of the system,
accordingly, is lowered notably during the crystallization, by
almost 0.1 eV per atom. In terms of PCM applications, this
simulation mirrors the SET process (amorphous — crystalline
transition; see ref 5).

The transport of heat in a crystalline or noncrystalline system
is a critical functional property in thermoelectric waste-heat
recovery. In principle, ML potentials are well suited to speed up
predictions of such properties, because the latter are again
derived directly from the PES; applications of ML potentials to
the thermal properties of amorphous phases have been
reviewed.”'* The prediction of thermal properties for crystals
in the GAP framework was exemplified for zirconium.”"> Two
separate studies discussed the thermal properties of crystalline,
diamond-type silicon.'”**'® A separate potential was fitted to
describe the thermal conductivity in silicene.”"” Finally, a GAP
model was developed for the  polymorph of Ga,O;, specifically
with a view to describing the vibrational and thermal
properties.182

Materials under irradiation are exposed to extreme conditions,
and accordingly the resulting atomistic structures are often very
far from equilibrium. Until now, the interatomic repulsion at
short distances has mainly been discussed as a qualitative feature
of the PES that needs to be taken care of but is not the main
subject of study.

In radiation damage studies, however, a quantitatively accurate
description of interatomic repulsion down to very small
interatomic distances is required, because it is there that the
relevant microscopic processes are taking place. Accordingly, the
energies of the repulsive potential range to the MeV region
(millions of times more than a typical covalent bond energy). A
recently developed GAP model for tungsten’'® recovers this
behavior accurately because it has been specifically extended to
describe such small interatomic distances (Figure 36a)—similar
GAP models were later developed for a range of refractory
metals.”*” Figure 36b provides a comparison of two selected
high-energy events as described by an empirical (Tersoff-11],
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Figure 36. Simulations of matter under extreme conditions using GAP:
here, exemplified by radiation damage. Panel a shows the construction
of a GAP for tungsten with a repulsive term at very short interatomic
distances, for which reference data are computed using DMol rather
than the standard DFT method;’'® note the energy scale reaching up to
MeV energies. Reprinted figure with permission from ref 318.
Copyright 2019 by the American Physical Society. Panel b is a selected
example of a single impact event in silicon, simulated by an empirical
interatomic potential (left-hand side) and a GAP (right-hand side).>"”
Only defect atoms are shown, with the color corresponding to the time
the defect was generated, referenced to the primary impact event. Panel
¢ shows the sputtering yield obtained in simulations with various force
fields compared to experimental data (gray). The GAP model
containing a pair potential term that is repulsive up to MeV energies
(red) predicts a notably higher sputtering yield than the other force-
field models. Reproduced (adapted) from ref 319; original figures
published under the CC BY 4.0 license (https:// creativecommons.org/
licenses/by/4.0/).

“T3”) potential’" and the authors’ GAP for Si.”'” While they
both focus on one individual event out of a presumably wide
distribution (and different empirical potentials will again differ
from one to another; ref 319), the authors’ results clearly suggest
that the processes described in these two simulations are
qualitatively different. The absence of physical constraints on
the shape of the interatomic interactions may contribute to
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allowing the atoms to travel highly complex pathways in the case
of the GAP-based simulation, characterized on the right-hand
side of Figure 36b. The same groups recently published a study
of such high-energy collision events in molybdenum.***

Figure 36¢ includes a comparison with GAP-18 (labeled there
as “Primary GAP”), which performs worse than the tailor-made
potential, yet still on par with a range of traditionally used
empirical force fields. This may be an important guiding point
for the future construction of general-purpose GAPs: even in
extreme situations, one would like them to revert at least to the
physical behavior of empirical force fields. The methodological
steps required for this relate to all three key components of GAP
model fitting (cf. Figure 11): (i) the development of appropriate
reference databases which must include relevant environments
in small simulation cells (as does, for example, the C-GAP-17
model for carbon which contains the results of small-scale
surface simulations at very high temperature'**); (ii) the
construction of suitable atomistic descriptors which may include
2-body and other terms in a hierarchical way (cf. section 4.2);
and (iii) the appropriate control of input (regularization) and
output (uncertainty quantification) in the GPR model, both at
the fitting stage and at the stage when the simulations themselves
are being carried out.

Machine-learned force fields are an emerging class of
simulation tools in the area of battery materials research,***~**°
and this has included initial applications of GAP models (Figure
37). A long-term goal of such research would be to compute
voltage curves that correspond to the experimental charging and
discharging processes. In 2018, it was proposed to use GAP-
driven MD to generate relatively small-scale structural models of
porous and other disordered carbon structures®”* which find
application in supercapacitors’>’ and battery anodes. The
reason for focusing on system sizes of about 200 atoms per
cell was the fact that those can then serve as input for DFT
analyses, as discussed for ta-C films above. Accordingly, the
study in ref 273 included initial DFT computations on the
intercalation of Na in “hard” carbon materials, focusing on the
evolution of atomic charges with increasing filling, which may be
linked to previous operando NMR studies in ref 328.
Subsequent work by Huang et al. systematically compared the
insertion of Li, Na, and K ions in various disordered carbon
structures generated, again, in GAP-driven simulations.””*

While the previous studies had described the electrode
material with GAP and then subsequently modeled the metal
intercalation using DFT, it is ultimately more desirable to
describe the entirety of the system using a machine-learned force
field, bypassing the requirement for DFT altogether. Fujikake et
al. reported a methodology based on the fitting of energy and
force differences, treating the addition of Li to a disordered
carbon structure as a “perturbation” of the ideal system (which,
in turn, can be fully described by GAP models).""* Here we note
the development of neural-network potential models for the Li—
Si system, which is similarly of large importance for battery
anodes.”””**° For electrochemically active systems, especially
for strongly ionic (e.g., transition-metal oxide cathode)
materials, an explicit treatment of the electrostatic interactions
may be required. Indeed, ML potential models for systems in
which charge transfer is important have been proposed, for
example, by Goedecker and colleagues, in the form of charge-
equilibration schemes''® which were recently incorporated in

general “fourth-generation” neural-network potential mod-
os 111,331,332
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Figure 37. Early examples of how the GAP framework may be used for
battery materials modeling. (a) Snapshot from an MD simulation
driven by a hierarchical GAP model for Li in carbon structures (ref
119), extending the pure carbon GAP-17 potential'** by adding a
difference term; positions of Li atoms are shown in purple; those of
carbon atoms are for a single snapshot only. Reprinted from ref 119,
with the permission of AIP Publishing. Copyright 2018 AIP Publishing.
(b) Synergies between GAP and DFT modeling in studying energetic
and electronic effects of alkali-metal intercalation in disordered carbon
structures. In this case, disordered and partly graphitized carbon
structures were generated in GAP-MD simulations, and several
randomized cells with varied Li content (x) were used as input for
subsequent DFT computations, yielding total energies which may be
converted into voltages. Adapted from ref 274. Reproduced by
permission of The Royal Society of Chemistry. Copyright 2019 The
Royal Society of Chemistry.

Existing GAP-generated structures can be used for new
simulations with other methods, which has been exemplified for
supercapacitors®>> and catalysts.”** In the first case, pore size
effects were studied with empirical-potential simulations that
built on existing GAP-based structures; in the second case, a
large-scale screening of chemical functionalization was carried
out using DFT. Another recent demonstration was the use of
existing a-C surface structure models to describe the absorption
of biomolecules—seamlessly combined with simpler structure
models of graphene or nanotubes.”*” An even earlier study used
the B-GAP fitting database from ref 140 for other types of
structural analyses®**—fully independent from the potential
model, but making use of the structural diversity that is explored
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Figure 38. Hierarchical GAP model for fluid methane (CH,). (a) Different terms in the interaction energy of a pair of methane molecules (geometries
obtained from the condensed phase), with the top panel showing the PBE0 and MBD energy as well as the TS correction using a fixed Hirshfeld volume
(denoted TS*). The bottom panel shows the MBD energy on a logarithmic scale as well as the difference between MBD and TS*. (b) Two SOAP-GAP
models are fitted separately to reproduce the PBEO interaction energy and the MBD-TS* difference. The panels show the validation of the interaction
models against their respective references. Numerical errors are given in the legends. (c) Prediction of physical properties, here shown for the density—
pressure isotherms, comparing the performance of the GAP (magenta, without; yellow, with path-integral MD to model quantum nuclear effects) with
experimental data (cyan); the results of various empirical force fields are indicated by gray lines; the black bars indicate the size of statistical error.
Details are given in ref 172. Adapted with permission from ref 172. Copyright 2019 American Chemical Society.

by GAP-RSS. These examples emphasize the usefulness of
openly available databases of structural data, which might find
use in a variety of future applications.

6.6. Molecular Materials

Modeling molecules and materials are fields that often appear
distinct, pursued by scientific communities with little overlap,
and even the term used for the resulting model is different:
“force fields” or potential-energy surfaces for molecules, and
“Interatomic potentials” for materials. We have briefly touched
upon models for isolated molecules in section 5.4, and now we
discuss some applications to “molecular materials”. Either
liquids or crystals, they consist of strongly bonded molecular
units that form extended systems held together by weak
interactions, e.g., van der Waals dispersion or dipolar electro-
statics. This presents an immediate problem for modeling,
because these weak interactions are typically longer-ranged than
the covalent interactions, and their length scale of variation is
much larger than for covalent bonds. For example, the energy of
a covalent bond has significant variation when the bond is
stretched or compressed by a distance on the order of 0.1 A; in
contrast, intermolecular electrostatic and dispersion interactions
vary significantly only on the length scale of 1 A or greater.
There are essentially two approaches: the first is to use a
molecular body order expansion in which the total energy is split
up into contributions of each isolated monomer, the interaction
energy of each dimer, each trimer, and so on. In this case, each of
these terms corresponds to just isolated molecules or small
clusters of molecules, and we are back to that modeling problem.
Alternatively, we can consider the entire loosely bound
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collection of molecules as an extended material. In this case, we
can use exactly the same descriptors and fitting methodology as
for material systems. The input data also need to be similar:
electronic-structure total energy calculations in the condensed
phase, almost invariably using periodic boundary conditions. In
practice, this limits us to using DFT, rather than the more
accurate correlated wavefunction theory that one would be able
to use for isolated molecules and clusters.

Neural networks for water'””'*>?3”3%% were among the first
models of a molecular material that did not explicitly rely on
prescribing the fixed topology of the molecules. Water is
somewhat of a special case, where the “weak” intermolecular
interactions are relatively strong hydrogen bonds, and so this
“material treatment” can be expected to be more successful. The
great flexibility of the neural network functional form helps to
simultaneously describe the short-range covalent bonds and the
intermolecular interactions. Using GPR would be more difficult,
because one of the key ingredients of those models is an
optimized length scale for the kernel function that generates the
basis. One way to deal with these different interactions is to focus
the ML effort on the short-range part and to describe the long-
range interactions using an analytical baseline model, as detailed
in section 4. This has been done using a long-range pair potential
for dispersion interactions for a phosphorus model that included
the low-density molecular liquid phase'®® and earlier for carbon
to deal with the weak dispersion that holds layers of graphite
together.">” Another possibility is to build models that describe
the long-range nature of the interactions at the level of
descriptors, such as models based on long-distance equivar-
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iants®” (LODE) that combine atomic neighborhood density
features similar to SOAP with an artificial “far field atom-density
potential” that captures long-range interactions.”*’

Another example of a purely “material-type” model is the
application to the prototypical hybrid perovskite, methylammo-
nium lead iodide, which we discussed in connection with active
learning (cf. Figure 13)."> The methylammonium cation did
not need to be defined as a separate topological unit, nor did its
connectivity need to be fixed. All that enters the fit is a collection
of atomic coordinates and associated energies, forces, and virial
stresses. It may be expected that other hybrid materials,
containing perhaps very complex organic molecules, will provide
rewarding targets for investigations with similar machine-
learned potentials; similar work was done (using a neural-
network model) for one of the prototypical metal—organic
frameworks, MOF-5.2%*

One very effective way to use GPR for describing molecular
materials with high accuracy is to combine the above-mentioned
two approaches as follows. The total energy is separated into
intramolecular (“monomer”) and intermolecular terms as usual,
but the intermolecular part (the “interaction energy”) is not
treated by a further molecular body order expansion but rather
by the material model framework using SOAP as atom-centered
descriptors and GAP for regression. This solves the problem of
disparate length scales.

We present two examples of this approach, both using
hierarchical modeling in several different ways. In the first one,
the total energy of fluid methane was broken up into the
following terms:'”*

Etot = Emonomer + EGAP—short + EGAP—MBD + ETS* (83)

with the last three constituting the intermolecular terms. The
monomer term was a simple force field with two- and three-body
terms fitted to CCSD(T) data on isolated methane molecules.
The “GAP-short” term represents the short-range part of the
interaction energy and was fitted to interaction energies
computed using DFT-PBE0’*'—and since there is no
dispersion in this DFT method, the resulting interaction is
mostly repulsive and can be adequately captured with a finite-
range potential. The last two terms together account for
dispersion. Of these, “T'S*” is a pair potential along the lines of
the Tkatchenko—Scheffler’*” scheme using a fixed C6
coefficient (obtained by averaging it over methane conforma-
tions), and the “GAP-MBD” term is the difference between the
many-body dispersion energy’** and the TS* baseline. Having
subtracted TS*, the remainder of the MBD energy could be
described by a SOAP-GAP model with 5 A cutoff with an error
of less than 1 meV per molecule. Both GAP models used
condensed-phase data with 27 methane molecules in the unit
cell. Figure 38 shows the validation of the two separate
intermolecular fits (a—b) and the successful prediction of the
density as a function of temperature and pressure (c), once path
integral molecular dynamics (PIMD)*** was applied to the
combined potential. Note that applying PIMD results in up to a
10% shift in the predicted mass density. The gray lines in Figure
38c represent results from a variety of empirical force fields,
some of which have been directly parametrized to reproduce the
density—so they do this successfully, but not for the right reason,
in the sense that they do not represent the correct potential-
energy surface.

The second example is molecular crystal-structure predic-
tion,”* using a double-hierarchical model in which both the
molecular monomers and their interaction energy are described,

separately, by respective SOAP-GAP fits—each using the
semiempirical DFTB model’** with the TS correction®* as
baseline model and DET+MBD’* as its ultimate target. The

intramolecular GAP model is fitted to the following difference,

intra _,

Egar ® Epprymsp — Epprs+ts (84)
and is trained on isolated molecules with geometries obtained
from the crystal, illustrated in Figure 39a. The GAP interaction
energy is fitted to the difference of differences,
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Figure 39. GAP models for molecular crystal-structure prediction. (a)
Hlustration of the hierarchical construction of the ML model.
Intramolecular and intermolecular terms are fitted independently,
and both are difference models with DFT at the PBE+MBD level being
the higher level of theory and the semiempirical DETB+TS serving as
the lower level baseline (cf. Figure 18a). The database of the
intramolecular model consisted of isolated molecules, whereas that of
the intermolecular model contained small clusters obtained from DFTB
relaxations of crystals. The molecule shown is tricyano-1,4-dithiino[c]-
isothiazole, which was target XXII in the sixth blind test of organic
crystal-structure prediction.**® Results of independent crystal structure
searches performed with the DFTB+TS baseline (panel b) and the
DFTB+TS+GAP model (panel c) on lattice energies (left) and rank
order (right), with respect to the PBE+MBD reference (computed
without further relaxation). The red dot indicates the experimentally
found crystal structure. The large overall shift in the DFTB+TS energies
is due to the incorrect monomer geometry of the baseline model.
Reprinted from ref 175; original figures published under the CC BY-NC
3.0 license (https://creativecommons.org/licenses/by—nc/3.0/).
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int
Egap ~ [Epprympp(system) — Eperypp(monomers)] —

[Eprrprs(system) — Epprgrs(monomers)]

(83)

and is trained on clusters (referred to as “X-mers” in the original
paper), again carved from crystal configurations obtained by
simulations using the baseline model. The GAP corrections were
shown to significantly improve on the energy prediction of the
baseline model both in an absolute sense and in ranking low-
energy crystal polymorphs (Figure 39b and c), with savings in
computational cost of over a factor of 300 for a full crystal-
structure search. Note that the computational cost of evaluating
the combined model was shown to be dominated by the
semiempirical baseline, with the GAP model taking less than 2%
of the total time.'”

When modeling molecular materials nowadays, one is almost
always looking out for ways to go beyond standard DFT. Since
this is now routine for the ML modeling of isolated molecules
(see, e.g., ref 180), even considering excited states,” "7 it is
natural to use the techniques illustrated here to carry over this
high level of accuracy to periodic systems. Reference electronic-
structure methods and training databases have to be chosen
carefully, but it is now within reach to train intermolecular
potentials using symmetry ada})ted perturbation theory,**°
random phase approximation,1 °* or even quantum Monte
Carlo™" data.

7. APPLICATIONS (Il): BEYOND FORCE FIELDS

Even though the bulk of this review focuses on the central
problem of fitting interatomic potentials, GPR is applicable to a
wide range of atomic-scale properties. Early work on molecular
ML used descriptors for the molecular structure such as
Coulomb matrices—in combination with GPR/KRR—to
model a couple dozen properties of small organic mole-
cules.”*>*?>35%%33 I 3 systematic comparison including differ-
ent descriptors and regression techniques, kernel methods were
shown to match, and often outperform, nonlinear techniques
including graph convolutional networks®* (see also section
5.4).

Several of the efforts aimed at learning properties other than
the potential energy link back to the problem of constructing
force fields. This is the case, for example, for the prediction of
atomic charges®****® and molecular multipoles®"*>”*** that are
then used to define an electrostatic baseline to model long-range
interactions. Other examples are the direct prediction of the
lattice energy of molecular crystals, using as training and as
inputs only the geometries optimized with an empirical force
field™” (which is a simpler learning task than training a fully
general potential for the same class of systems), and the
estimation of free-energy surfaces,>®® which involve finite-
temperature sampling with a (traditional or machine-learning)
force field. Although the present review focuses on fully
atomistic models, the construction of ML-based coarse-grained
force fields is a burgeoning research field where initial progress
has been made with GPR-based and other ML methods.**' %

It is also possible to use GPR for Bayesian optimization
(BO),**® which attempts to find the global PES minimum by
using the predicted value and predicted variance to optimize the
choice of sampling points. ML schemes have been a&plied to
accelerate the search of the most stable configurations’*”*** and
of saddle-point structures associated with an activated

transition.”*” "> In this case, a GP model of a PES is iteratively

generated, but it is generally considered to be only an aid for
finding the global minimum. This approach has been used for
finding minimum-energy crystal structures””>”"* by iteratively
proposing structures that maximize the likely energy gain,
relaxing them with DFT, and adding the resulting structures and
energies to the fitting database for the PES model of the next
iteration. After the first iteration, the potential is only fit to DFT
local minima. BO approaches have been used for ionic diffusion
paths:*”® for this application, the PES was expressed as a
function of the position of a single diffusing atom; the fitted
energies were computed after relaxing all other atomic positions
with DFT, and BO was used to simultaneously optimize the
positions of the migration path end points (local minima) and
the energy barriers along the path (saddle points). GPR and the
predicted uncertainty were used in constructing a surrogate
model for nudged-elastic-band computations.”’* Hammer and
co-workers combined structure optimization with a GPR
model’*® and showed how their atomistic structure learning
(ASLA) technique’”’ can be coupled with a GPR-based
potential model fit to accelerate the global search for stable
structures.””®

In the remainder of this section, we provide an overview of
several applications of GPR to properties that are different from
potential-energy surfaces. We have selected these applications to
highlight how atomistic ML based on local representations can
provide surrogate models for any atomic-scale property that can
be computed by electronic-structure methods—including atom-
centered scalar properties (NMR chemical shieldings), tensorial
properties (dipole moments and polarizabilities), scalar fields
(the electron density), and energy-dependent properties (the
density of states). The main take-home message is that even
though the overall GPR scheme presented in the previous
sections is general enough to underpin ML predictions of
arbitrary properties, their specific nature requires careful
consideration of the structure of the model, which needs to
mirror the symmetry properties and physical behavior of the
target.

7.1. NMR Chemical Shieldings

The vast majority of the models we discuss in this review rely on
an atom-centered decomposition of the target property. As a
consequence, they can be applied in the most straightforward
way to the prediction of properties that are inherently atom-
centered,””® such as the chemical shieldings of nuclei that
determines the characteristic signature of a material or a
molecule in nuclear magnetic resonance experiments. NMR
measurements usually determine chemical shifts, i.e. differences
between the NMR shieldings of the sample and of a reference.
Even though they are exquisitely sensitive probes of the chemical
environment of nuclei, the small changes in shieldings/shifts
that are necessary e.g. to distinguish different polymorphs of the
same molecular crystal cannot be interpreted on a qualitative
level, and theoretical predictions are invaluable to assist the
analysis of experiments. Models for the prediction of chemical
shieldings in solution®*® and for polypeptides®®"*** have been
among the first applications of artificial neural networks in
chemistry. With the development of frameworks to compute the
magnetic shieldings of nuclei using DET,**7%" such as the
gauge including projector augmented wave (GIPAW) method,
it has become possible to construct regression models that are
based on a first-principles computational framework.

The fact that electronic-structure calculations provide
chemical shieldings for a specific nuclear configuration, rather
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than the average over molecular fluctuations that is probed
experimentally, makes a DFT-based ML model particularly
useful for solid-state NMR, in which fluctuations around
equilibrium configurations are less pronounced. Early models
based on a neural network for 7O and »Si shieldings in silica®*
were recently complemented by a framework enablin

predictions for 'H, 3C, N, and 70 in molecular crystals,38

which relies on a GPR model using SOAP kernels that
incorporates many of the techniques discussed in the present
review, including multiscale kernels and sparse models. This
“Shift ML” model®®” achieves an accuracy comparable to the
reference DFT calculations and can be combined with
experimentally determined shifts to assign the crystal structure
of a sample to the most compatible polymorph among a set of
candidates (Figure 40). In combination with model error
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Figure 40. NMR chemical shift prediction. The figure shows a
comparison between the 'H chemical shifts for a set of hypothetical
polymorph structures of cocaine, obtained using a crystal structure
prediction algorithm, and those of the most stable polymorph,
determined experimentally. For each candidate structure an aggregate
RMSD is shown between experimentally measured shifts and shifts
calculated using either GIPAW-DFT (blue) or ShiftML (red). The gray
zone represents the confidence intervals of the GIPAW-DFT 'H
chemical shift RMSD. Candidates that have RMSDs within this range
would be determined as correct crystal structures using a chemical shift-
driven solid-state NMR crystallography protocol. Adapted from ref 386.
Original figure published under the CC BY 4.0 license (https://
creativecommons.org/licenses/by/4.0/).

estimation, it is also possible to establish, in a quantitative
manner, the reliability of such assignment®® and to use the ML
prediction to interpret solid-state NMR experiments.”*”

7.2. Dielectric Response Properties

The response of the energy of a system, U, to an applied electric
field, E, gives rise to a hierarchy of dielectric response properties,
0"U/0 E"—these include the polarization, g, the polarizability,
a, and higher-order responses such as the hyperpolarizability, B.
These quantities are inherently tensorial, and so they require
regression models that incorporate the covariance of the tensor
with respect to rigid rotations of the system. As anticipated in
section 3.4, many early attempts to build regressors for dielectric
properties, as well as multipole moments, relied on the definition
of a local reference frame attached to the molecular building
blocks.®"®* Another approach, reflecting well-established
practices in the construction of molecular dipole moment
surfaces,”*”**! involves associating formal charges to each atom
and combining them with the atomic positions to compute a

formal polarization vector—this approach is also readily
applicable to neural-network models.****® Fully symmetry-
adapted models, instead, define a kernel or feature basis that
reflects the covariant properties of the target. Early proponents
of the application of covariant models to the prediction of
tensorial properties relied on the kernel framework®””!
described in section 3.4, as well as on an alternative formulation
that uses formal atomic charges to determine an atom-centered
reference frame—which can be elegantly expressed in terms of
an “operator ML” formalism.**

The earliest applications of the SA-GPR approach on which
we focus in this review tackled the problem of modeling the
dielectric response series of water oligomers up to the third
order, and the electronic dielectric constant of bulk water.”!
These benchmarks highlighted the success of SA-GPR across a
range of orders of tensor and its ability to handle systems that
cannot be split into well-defined molecular units. However, it is
with the AlphaML model of molecular polarizability””*”* of
organic molecules that SA-GPR proved its ability to achieve an
accuracy at least as good as that of DFT. This accuracy was
achieved for both the scalar and the tensorial part of & across
large swathes of chemical space, even when extrapolating to
much larger and more complex models than those included in
the training set—a reflection of the transferability afforded by
atom-centered decomposition of the targets. The fact that SA-
GPR is an extension of scalar GPR means that developments
designed originally for scalar learning can be transferred
straightforwardly to tensor learning; for example, the use of
multiscale kernels that combine several length scales with
optimized weights improves the model performance over
individual models (Figure 41, right panel). The standard result
that [k(A, A’)]¢ is also a valid invariant kernel, used to introduce
nonlinearity in SOAP GPR models, cannot be used directly to
predict covariant properties, since a spherical harmonic raised to
a power greater than one is a sum of spherical harmonics of
different orders. One simple way to incorporate nonlinear
models in SA-GPR involves using products of covariant and
invariant kernels,

K4, A)[k(A, A)FT! (86)

which is still a covariant kernel of order A. In the case of
polarizability learning, this combination of spherical and scalar
kernels was found to improve the performance of the models by
a factor of 2—3 (Figure 41, left panel).

The prediction of molecular dipole moments is particularly
interesting. Being the simplest possible dielectric response, and
the simplest nontrivial multipole, dipoles have been used as
benchmarks for many different methods, includin§ “operator
ML”5 learning the position of Wannier centers,”" as well as
learning of atomic charge5.84’238’390’391 As discussed in ref 392,
different approaches can be linked to a different physical model
of the origin of the polarization. A 1-SOAP model describes a
combination of atom-centered dipoles, which is most effective to
describe local polarization effects, while a model based on
atomic charges is more suitable to describe the presence of
charged groups or long-range charge transfer. Figure 42
illustrates predictions of molecular dipole moments at the
B3LYP-DFT level that combine a A-SOAP model for atom-
centered dipoles and a scalar SOAP model for atomic partial
charges. In general, the combination of the two models gives
predictions that are better than either model by itself. In
particular, a substantial contribution from the scalar part of the
model improves significantly the transferability of this “MuML”
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Figure 41. Learning tensorial properties. The figure shows learning curves for the 4 = 0 (top) and 1 = 2 (bottom) components of the per-atom
polarizability for the QM7b dataset.>>> Polarizabilities were calculated using CCSD, and the test set in all cases consists of 1811 molecules. (a, b) Effect
of the kernel exponent. Nonlinear ({ =2, 4) SA-GPR SOAP kernels yield much better asymptotic learning performance than the linear ({ = 1) form. A
radial cutoff of r, = 4 A is used throughout. (c, d) Effect of the environment cutoff radius. Polarizability is a property that depends strongly on long-range
correlations, and so a large cutoff distance is usually beneficial. However, a multiscale kernel built by combining kernels with different cutoffs, with
weights that are optimized by cross-validation, yields a small but consistent improvement over each of the individual models. Adapted from ref 99.
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Figure 42. Learning dipole moments. The figure shows atom-centered contributions to the dipole moment of different polyglycine molecules from the
monomer to the 7-mer. (a) Results of a “vector” (4 = 1) SA-GPR model in which the predicted dipole is made up of atom-centered dipoles (gray
vectors). (b) Results of a scalar (1 = 0) GPR model, where atom-centered charges (whose magnitude is indicated by the green/purple color scale) are
predicted instead and used to calculate the molecular dipole moment. For this model, the green vectors show the predicted charges multiplied by the
atomic displacements. (c) Results of a model in which scalar and vector SA-GPR are combined, and the prediction is a combination of atom-centered
dipoles and charges (red vectors give the weighted sum of the two contributions). Below each molecule, the black vector gives the molecular dipole
moment calculated using the reference electronic-structure method (B3LYP-DFT), and the gray, green, or red vector gives the total GPR prediction.
Adapted from ref 392.

model, which is trained on small organic compounds from the dipole moment correlation function, (#(t)u(0)), along an MD
QM7b dataset,”” to larger molecules and to compounds with trajectory; "> a similar expression for the polarizability, a, yields
substantial charge transfer. This more flexible model achieves an the Raman spectrum, and a combination of the two can be used
error for the out-of-sample predictions on the QM9 dataset”> to calculate the sum-frequency generation (SFG) spectrum. The
that is smaller than that of an “operator ML” model trained on theoretical calculation of light scattering also requires tensor
the larger molecules. A comparable “in-sample” MuML model properties; for example, second-harmonic scattering (SHS) is
reduces the error further by a factor of 3. determined by the first hyperpolarizability tensor, 8.*%*°° This

In combination with ML potentials, the possibility of strategy has been applied to the IR and Raman spectra of
computing the dielectric response of molecules and con- molecules® and condensed phases®®*°**** and even to
densed-phase systems makes it possible to inexpensively incorporate the effects of the quantum-mechanical behavior of
evaluate spectroscopic observables. For instance, the infrared light nuclei on the spectroscopic properties of complex
(IR) spectrum can be obtained by Fourier-transforming the molecules and condensed phases®*”’—a remarkable feat that
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would have been all but impossible without ML models that are
capable to accurately reproduce all of the properties that are
accessible to electronic-structure calculations.

7.3. Electron Density

The electron density, 5(r), of a molecule or material provides all
of its ground-state properties in principle, and as such it presents
a natural target for ML models. Many techniques have been
proposed in recent years, differing not only by the structural
representation or the regression algorithm but also by the way
the density is discretized. Early efforts, most notably the
foundational work of ref 399, used the coefficients of an
expansion in plane waves. Being global, and dependent on
translations and rotations of the atoms, this approach suffers
from poor transferability. Another method, first introduced in
ref 400, is based on the separate prediction of the density at each
point, r, in terms of a description of an atomic environment
centered at r. This is usually combined with neural-network
models*”'™** that must allow for very fast training and
estimation, because for each configuration millions of grid
points have to be individually learned and predicted.

An alternative approach, which combines the transferability of
a local model with a relatively small number of prediction
targets, relies on a decomposition of the total electron density
into atom-centered terms of the form

p(r) =) pa,r)

icA (87)

where each of these atom-centered terms is given by

P4 ) = X (AR (i - rm‘[ — jﬁl]

(88)

niu

using a basis of radial functions R,(r) and spherical harmonic
Y/ (%), and emphasizing that the expansion coefficients are taken
to be a function of the local atomic environment A;. Although for
simplicity we do not indicate it here, the basis functions and the
coeflicients usually depend on the chemical nature of the central
atom. For each value of n and J, the ¢,,,(A;) transform as
spherical harmonics, making them amenable to learning by SA-
GPR.*** One subtlety, which can be readily resolved in the case
of GPR models, involves the nonorthogonality of basis functions
centered on different atoms. The density expansion coefficients
¢ cannot be computed directly by projecting the density on the
basis functions. Such a projection, instead, yields a set of weights,

[r ’

) = foone -t

that are related to the expansion coefficients by S¢ = W, where S
indicates the overlap matrix between basis functions. However,
it was found that—because the overlap matrix is often ill-
conditioned—determining the coefficients and learning them
independently leads to inaccurate models; instead, one has to
build a GPR framework in which the entire decomposition is
learned at once.

The loss function to be minimized, L(A), for each training
structure, A, is given by

L(A) = 6%l + /Iﬁ(r) -

3 Y e (AR (x - rm( o h ] dr

lr — rf

i€EA nip (90)
that depends on the SA-GPR coefficients through
G A) = D0 D KAy M)ey, (M)
JEM ' (o1)

where M indicates a set of representative environments (that
could in principle be different depending on the nature of the
central atom and the density basis function associated with the
coefficient).

The final expression for the regression weights,

c= (K'SK + ¢’1) 'K'w (92)

shows how the nonorthogonal nature of the targets leads to the
coupling of kernel blocks that are associated with different
centers and basis functions. By learning the entire decom-
position at once, it was possible to predict the electron density
for a set of hydrocarbons with the minimum error possible given
the decomposition.*”* The models are transferable due to the
local nature of the decomposition and are straightforwardly
extrapolated to larger molecules. In fact, the accuracy of the local
density expansion plays a crucial role in determining the
prediction accuracy for p(r), which was addressed in subsequent
work®”**%% by using resolution of the identity basis sets.**®
Figure 43 shows the accuracy that can be obtained for an
enkephalin molecule using a model trained only on dimers of
small organic fragments.””® The error is concentrated on the
oligopeptide backbone, a chemical motif that is not present in
the training set. The availability of an accurate, transferable
prediction of the electron charge density opens up the way to
obtain ML models of similar quantities, such as the on-top
density™” or the local spin density.

7.4. Density of States

The electronic density of states (DOS) is a fundamental
fingerprint of the electronic structure of a material, and DOS
plots derived from DFT computations are found in countless
publications and probed for chemical insight.**® We discuss here
a recently developed approach to machine learning aspects of
the electronic DOS for atomistic systems using GPR. This is
motivated in two ways: first, if successful, it would allow for an
inexpensive prediction of the electronic DOS for much larger
systems that are accessible to direct DFT evaluation; second, it
would allow one to compute derived properties, such as the band
width.

Once an electronic-structure computation for a given
atomistic system has been carried out, the DOS is convention-
ally obtained as

bands

DOS(E) = — 3 ¥ 8(E - £,1)
ko k

(93)

where the sum runs over the bands and the k-point sampling of
the Brillouin zone and ,(k) are the single-particle eigenvalues of
the electronic Hamiltonian.

Following the notation of section 2, we denote a global
property by the capital letter, Y, and the approximation of this
property by the GPR model by Y. In line with the general linear
structure of GPR models discussed earlier, a transferable
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Figure 43. GPR model for the electron density. (a) Chemical structure
of the enkephalin pentapeptide studied here. (b) Electron density
prediction for the same molecule, using a model trained on dipeptides.
Three isosurfaces of the predicted density are shown (0.5, 0.1, and
0.001 electrons bohr™?). (c) Difference between the predicted and
calculated electron densities (showing isosurfaces of +0.01 electrons
bohr™3, with positive deviations in yellow and negative deviations in
blue). Figure adapted from ref 398. Original figure published under the
CCBY-NC 3.0 license (https://creativecommons.org/licenses/by-nc/
3.0/).

prediction of properties of the entire stucture can be obtained in
terms of a sum of local, atom-centered contributions, j, viz.

atoms
r=27
i (94)

where the sum runs over all atoms in the structure, and each local
term is a GPR model that depends on a representation of the
environment (e.g., based on SOAP). Figure 44a shows this
generic construction in the red panel, for directly regressing
different quantities that are all derived from the DOS: the Fermi
energy &g, the DOS value at the Fermi level DOS(€p), and the
“band energy”, Ep,,q (by integration over the filled bands, not to
be confused with the individual eigenvalues, €,(k)).

Furthermore, one can fit models for the DOS itself. This is
useful because one may be interested in predicting the DOS and
comparing it to experimental observations and also because
predictions for several derived quantities can be made from the
predicted DOS. Naively, one might represent the (continuous)
DOS by discretizing the energy into a grid of values E;, with j
being a running index and the step size denoted JE, and model
the DOS value at each energy level independently,

DOS .

a
Electronic-structure
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Figure 44. (2) Machine learning the electronic density of states (DOS)
in the framework of GPR. Three approaches for estimating properties Y
are shown in a highly schematic way: these properties could be scalar
properties derived from the DOS (red), values of the DOS itself on a
discrete grid of energy values (blue), or values of the cumulative
distribution function (CDF; green); see text for details. (b) Average
errors for the prediction of quantities that can be computed from the
electronic DOS in amorphous silicon,”'* either directly (red) or using
two different representations of the DOS curves: the pointwise
approach (blue) and that obtained by differentiating the CDF (green).
The error bars represent the standard error of the mean. Errors are
expressed as percentage of the intrinsic variability within the dataset.
Drawn with data from ref 212.

Just as before, we model each global quantity as a sum of local
atomic contributions,

atoms

~DOS _ ~DOS
Yi - Z Y jyi

i (96)

Alternatively, instead of modeling the DOS, one can work with
the integrated DOS (IDOS) up to a given energy value, E,

E
IDOS(E)) = f_ " dE DOS(E) ©7)
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The discretized representation of the IDOS, to which we refer
here as the cumulative distribution function (CDF), is

CDF Z y

j'=1 (98)
which again can be fitted as a sum over local contributions,
atoms
&CDF _ ~CDF
Yi - z Y jiyi
i (99)

and it was found in ref 212, and is shown in Figure 44b, that
fitting the CDF consistently improves the accuracy of its
property predictions over learning the DOS itself (and also over
fitting properties directly). This improvement can be under-
stood in terms of the link between the Euclidean distance
between CDFs and the Wasserstein distance between the
underlying distributions*’’—the latter being a better notion of
similarity between spectra that often differ by small shifts in the
positions of sharp peaks. Once the CDF is known, differentiation
yields the DOS. Note that the kind of local model in ref 212
differs from previous work that instead learned simultaneously
the charge density and the DOS using a regular 3D grid of points
extending throughout the simulation box. o1

The fact the fitting the DOS is better than fitting derived
properties directly is a consequence of the locality properties of
the DOS (in fact, the local density of states is computed regularly
by many electronic-structure packages by projecting electronic
states onto atom-centered basis functions). In constrast, the
Fermi energy is determined by a global charge neutrality
constraint that depends on the overall distribution of energy
levels throughout the sample. These observations highlight the
interplay between the physical nature of the target quantities and
the structure of the regression model.

Work on learning densities of states is at an early stage, but
efforts are also underway using different methodologies
including neural networks,”'°~*"* with ref 411 also employing
atom-centered descriptors, and KRR.*'"* We note that if the
structures in the database (for which the DOS computation with
the reference method is carried out) are sufficiently small, the
reference DOS can be evaluated with more accurate and
computationally expensive methods—specifically, hybrid DFT,
which was recently demonstrated for silicon;'®* the latter work
will be discussed below. In all these cases, an accurate and
inexpensive ML model of the DOS provides a simple yet useful
probe into the electronic properties of materials simulated by
ML potentials—allowing one, for example, to estimate the role
played by electronic excitations on the thermophysical proper-
ties of materials or to perform simulations that directly
incorporate the role of finite electronic temperature.*'*'¢

8. CONCLUSIONS AND OUTLOOK

Machine learning methods have arrived in theoretical and
computational chemistry, and they are here to stay. In the
present work, we have reviewed Gaussian process regression
(GPR), one of the approaches to “learning” (fitting, regressing)
atomic properties—scalars, vectors, and higher-order tensors.
The applications of GPR are diverse, ranging from the
prediction of local atomic properties such as NMR chemical
shifts and dipole moments to the construction of accurate
interatomic potentials, or force fields, e.g. in the Gaussian
approximation potential (GAP) framework. Having been
considered a highly specialized technique that requires expert

knowledge until recently, ML methods are now poised to
achieve more widespread use in chemistry. Methodological
developments and extensive tests for numerical accuracy have
been done, and there is no doubt that further optimizations are
possible and important. Furthermore, it is also timely to
implement protocols in a widely accessible fashion, enabling
researchers to apply these methods to answer pressing scientific
questions. We summarize how we see the field at present and
where we envision it developing in the coming years.

The title of the present work refers to “materials and
molecules”, and this wording reflects a separation that has widely
been made in theory and computational modeling. Individual
molecules are considered to be isolated systems and indeed are
often experimentally studied as such (e.g, in gas-phase
spectroscopic measurements); even in a condensed-phase
molecular system, there is a clear separation into strong covalent
interactions within a molecule and much weaker ones that
couple molecules. In contrast, materials are extended systems
where such a separation is not normally well-defined. This
distinction has been reflected in the scope of most atomistic ML-
based models reported to date being focused either on materials
or on isolated molecules. In both cases, these new methods have
achieved a step change in the system size that can be treated with
first-principles accuracy and predictive power.

We envision that in the future, the conceptual separation
between materials and molecules will be less distinct and
ultimately cease to exist, because there is no fundamental
requirement for it. Topology-free potentials, which do not
depend on any fixed definition of bonds, have become more
flexible and accurate by using ML methods and are increasingly
able to match the accuracy of traditional bonded force fields.
They can therefore reproduce the part of the configuration space
that does not involve changes in bonding topology, while
simultaneously describing more general configurations, includ-
ing bond breaking and formation, more accurately than
traditional reactive potentials.

In the interest of making atomistic ML models, such as GPR,
broadly useful to various communities, further work is needed in
terms of protocols and workflows—such that the construction
of a new model no longer requires the user to have detailed
knowledge of the ML methodology itself. In one extreme, this
could be achieved by the on-the-fly fitting schemes that aim to
accelerate ab initio MD. It may be expected that in the medium
term, any such simulation that can generate sufficient data (i.e. a
few hundred or a thousand configurations of the full simulated
system) with the reference method will benefit from GAP or
similar acceleration, as long as it is dependent on reaching long
time rather than large length scales. A critical prerequisite for this
is a good understanding of the predicted error or other
uncertainty quantification methods, which constitute an active
field of research in GPR modeling and in ML more generally. At
the other extreme, we envision the use of highly general and
flexible GAP models which we call “general-purpose”, in which
the development of reference databases becomes a centrally
important methodological aspect. We have introduced such
models for a number of challenging elemental systems (C, Si,
P)—although constructing suitable databases and ML poten-
tials of the same scope for general multicomponent systems with
complex phase behavior will be an even larger challenge.

Most GAP models in current use rely on the combination of
low-body-order descriptors and SOAP descriptors, with
appropriate scaling factors, as described in ref 122. There is
active development going on in terms of SOAP and related
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Figure 45. GPR models provide a unified view into structural and electronic properties of complex systems—here exemplified for dense disordered
silicon, simulated using a system containing 100,000 atoms. The upper panels show atomic structures, obtained from a GAP-driven molecular-
dynamics simulation in which an a-Si sample was compressed from ambient pressure to 20 GPa. The simulation revealed a series of structural
transitions, from a low-density amorphous (LDA) /high-density amorphous (HDA) phase persisting up to about 11 GPa, through a distinct very-high-
density amorphous (VHDA) phase with much higher coordination numbers at about 13 GPa, to the eventual formation of a polycrystalline structure
with simple hexagonal grains. The lower panels show the corresponding electronic structures as described by the machine-learned densities of states
(ML-DOS), which were also obtained in a GPR framework. Adapted from ref 164, where more details may be found.

many-body representations,”’ which are typically different from
the ways that chemists think in terms of bond distances and
angles. In particular, the atomic cluster expansion (ACE)***"” is
a generalization of SOAP which explicitly keeps the low-body-
order terms, which have been so successful in classical force
fields—while also remaining computationally efficient up to
high body order.

In terms of computational cost, GPR models constitute a
middle ground between mathematically simpler (less flexible,
cheaper) and more complex and flexible regression methods that
are more demanding at least at the fitting stage. Examples of the
former are fast linear models such as MTP, SNAP, and the
aforementioned ACE, and these are well suited for very large-
scale simulations. Regarding the latter, it is envisioned that with
sufficient amounts of data, in the future one will be able to
construct even “deeper” neural networks, not just of the feed-
forward type but including message passing networks, that can
capture increasingly subtle features of the target function. It is
likely that a range of regression methods will continue to be
used, each suited to a particular purpose.

Being a Bayesian method, GPR relies on the specification of a
prior, which can be regarded as a bias that we place on the
functional space, based on our prior knowledge of the fitting
problem. In the case of GAPs, the prior imposes locality and
ensures the smoothness of the potential but is otherwise rather
“permissive” and does not impart to the model further physical
knowledge of specific atomic interactions. Incorporating physics
into the form of the potential (while retaining sufficient
flexibility) is a development direction which has the potential
to reduce the amount of data required in the fitting and improve
transferability of GAPs. A concrete example is given by the
construction of atomistic regression models for ionic charges
based on local environments and the direct inclusion of such
properties (which may also include higher-order multipoles)

10129

into the fitting of a more accurate force field that explicitly treats
long-range electrostatic interactions. Conceptual steps in this
direction have been made using neural-network models early
on**° and also more recently.”*' One may furthermore think of
the on-the-fly learning of other parameters, such as those
required for the explicit construction of many-body dispersion
corrections rather than learning the latter only implicitly through
the data from the reference method.'® Such an approach would
enable straightforward and routine applications of ab initio MD
at levels of theory which so far have been out of reach, even in
cases where “only” the many-body dispersion parameters or
another part of the computation, instead of the full potential-
energy surface, need to be machine-learned.

Will ML models replace electronic-structure calculations and
empirical force fields? We do not think so. The former will
always be required to create reference data, while empirical force
fields, being orders of magnitude faster than ML models, will
continue to be used. Hence, rather than being a replacement,
ML models can serve as the necessary “glue” that ties together
modeling on different length scales in a systematic manner, thus
enabling the program of first-principles modeling to be carried
beyond electronic-structure calculations. We are now in the
position to create models which combine very large-scale (10
nm and beyond) simulation with the accurate prediction of
relevant atomistic properties. Recent work exemplified this
synergy, combining the prediction of atomic forces (giving
access to MD simulations for a 100,000-atom system, see Figure
45) with an ML model for the electronic density of states,
together affording insight into the structural and electronic
transitions in pressurized disordered silicon.'®* Accurate
prediction of ground-state energetics together with those of
properties related to electronic, optical, or magnetic excitations
is set to remove a critical roadblock.
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In conclusion, data-driven techniques are poised to become
an integral part of the molecular and materials modeling toolkit,
helping to solve challenging scientific problems in years to come.
We look forward to the time when machine-learning methods
will have truly arrived in the community and their use in the
context of atomic-scale simulation will be so natural and
ubiquitous that it will not even merit special emphasis.

AUTHOR INFORMATION
Corresponding Authors

Volker L. Deringer — Department of Chemistry, Inorganic
Chemistry Laboratory, University of Oxford, Oxford OX1
3QR, United Kingdom; © orcid.org/0000-0001-6873-0278;
Email: volker.deringer@chem.ox.ac.uk

Albert P. Bartok — Department of Physics and Warwick Centre
for Predictive Modelling, School of Engineering, University of
Warwick, Coventry CV4 7AL, United Kingdom;

Email: apbartok@gmail.com

Gébor Csanyi — Engineering Laboratory, University of

Cambridge, Cambridge CB2 1PZ, United Kingdom;
orcid.org/0000-0002-8180-2034; Email: gc121@
cam.ac.uk

Authors

Noam Bernstein — Center for Computational Materials Science,
U.S. Naval Research Laboratory, Washington D.C. 20375,
United States; © orcid.org/0000-0002-6532-1337

David M. Wilkins — Atomistic Simulation Centre, School of
Mathematics and Physics, Queen’s University Belfast, Belfast
BT7 INN Northern Ireland, United Kingdom; © orcid.org/
0000-0003-3739-5512

Michele Ceriotti — Laboratory of Computational Science and
Modeling, IMX, Ecole Polytechnique Fédérale de Lausanne,
Lausanne 1015, Switzerland; National Centre for
Computational Design and Discovery of Novel Materials
(MARVEL), Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland; © orcid.org/0000-0003-2571-2832

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemrev.1c00022

Notes

The authors declare the following competing financial
interest(s): A.P.B. and G.C. are listed as inventors on a patent
filed by Cambridge Enterprise Ltd. related to SOAP and GAP
(US patent 8843509, filed on S June 2009 and published on 23
September 2014). The other authors declare no competing
interests.

Data Availability. Python (Jupyter) notebooks allowing
reproduction of several of the plots shown in the present
paper, as well as other supporting material, will be made available
online at https://github.com/gaborl/chemrev-gpr.

Biographies

Volker L. Deringer is Associate Professor of Theoretical and
Computational Inorganic Chemistry at the University of Oxford. He
obtained his doctorate (2014) from RWTH Aachen University under
the guidance of Richard Dronskowski, studying chemical bonding in
solids. He moved to the University of Cambridge as a fellow of the
Alexander von Humboldt Foundation (2015—2017) and was
subsequently awarded a Leverhulme Early Career Fellowship at the
same institution. In September 2019, he joined the faculty at Oxford.
His research aims to understand, and ultimately to control, the links

between structure, bonding, and properties in inorganic functional
materials.

Albert P. Bartok is an Assistant Professor at the University of Warwick.
He earned his Ph.D. degree in physics from the University of
Cambridge in 2010, his research having been on developing interatomic
potentials based on ab initio data using machine learning. He was a
Junior Research Fellow at Magdalene College, Cambridge, and later a
Leverhulme Early Career Fellow. Before taking up his current position,
he was a Research Scientist at the Science and Technology Facilities
Council. His research focuses on developing theoretical and computa-
tional tools to understand atomistic processes.

Noam Bernstein is a research physicist at the U.S. Naval Research
Laboratory (USA). He earned his Ph.D. in applied physics from
Harvard University in 1998 and was then a National Research Council
Postdoctoral Fellow at NRL before joining its permanent staff. He has
worked on atomistic simulations of many structural and mechanical
properties of materials and is currently focusing on the development
and application of first-principles methods and machine-learning
interatomic potentials for optoelectronic, battery, and structural
materials.

David M. Wilkins is an Illuminate Fellow at Queen’s University Belfast.
He obtained his doctorate in Physical and Theoretical Chemistry
(2016) under the supervision of David Manolopoulos, using path
integral methods to study nuclear quantum effects in aqueous systems.
He then moved to the Ecole Polytechnique Fédérale de Lausanne for
postdoctoral work in the group of Michele Ceriotti, before starting his
current position in May 2020. His research is focused on developing
and applying computational methods to understand water and aqueous
interfaces.

Michele Ceriotti is Associate Professor at the Institute of Materials at
the Ecole Polytechnique Fédérale de Lausanne. He received his Ph.D.
in Physics from ETH Ziirich in 2010, under the supervision of Professor
Michele Parrinello. He spent three years in Oxford as a Junior Research
Fellow at Merton College and joined EPFL in 2013, where he leads the
laboratory for Computational Science and Modeling. His research
interests focus on the development of methods for molecular dynamics
and the simulation of complex systems at the atomistic level, as well as
their application to problems in chemistry and materials science—using
machine learning both as an engine to drive more accurate and
predictive simulations and as a conceptual tool to investigate the
interplay between data-driven and physics-inspired modeling.

Gabor Csanyi is Professor of Molecular Modeling at the University of
Cambridge. He obtained his doctorate in computational physics (2001)
from the Massachusetts Institute of Technology, having worked on
electronic-structure problems. He was in the group of Mike Payne in
the Cavendish Laboratory before joining the faculty of the Engineering
Laboratory at Cambridge. He is developing algorithms and data-driven
numerical methods for atomic-scale problems in materials science and
chemistry.

ACKNOWLEDGMENTS

V.L.D. acknowledges a Leverhulme Early Career Fellowship.
The work of N.B. was funded by the U.S. Office of Naval
Research through the U.S. Naval Research Laboratory’s basic
research core program. D.M.W. acknowledges startup funding
from Queen’s University Belfast. M.C. acknowledges support by
the National Center of Competence in Research MARVEL,
funded by the Swiss National Science Foundation. G.C.
acknowledges support from the EPSRC (EP/P022596/1). We
thank Ioan-Bogdan Magdau and Vlad Carare for a careful
reading of the manuscript. We also thank P. Rowe, J.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volker+L.+Deringer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6873-0278
mailto:volker.deringer@chem.ox.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+P.+Barto%CC%81k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:apbartok@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ga%CC%81bor+Csa%CC%81nyi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8180-2034
https://orcid.org/0000-0002-8180-2034
mailto:gc121@cam.ac.uk
mailto:gc121@cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Noam+Bernstein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6532-1337
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+M.+Wilkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3739-5512
https://orcid.org/0000-0003-3739-5512
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Ceriotti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2571-2832
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00022?ref=pdf
https://github.com/gabor1/chemrev-gpr
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Vandermause, J. Timmerman, S. Stocker, S. Wengert, and O. A.
von Lilienfeld for providing original data to help reproduce
figures from the literature. The Table of Contents graphic was
created with the help of OVITO.*"®

REFERENCES

(1) Brown, T. E; LeMay, H. E; Bursten, B. E; Murphy, C,;
Woodward, P.; Stoltzfus, M. E. Chemistry: The Central Science, 14th ed.;
Pearson: New York, 2018.

(2) Bertozzi, C. R. The Centrality of Chemistry. ACS Cent. Sci. 2015,
1,1-2.

(3) Alberi, K; Nardelli, M. B.; Zakutayev, A.; Mitas, L.; Curtarolo, S.;
Jain, A.; Fornari, M.; Marzari, N.; Takeuchi, I; Green, M. L; et al. The
2019 Materials by Design Roadmap. J. Phys. D: Appl. Phys. 2019, S2,
013001.

(4) Oganov, A. R; Pickard, C. J; Zhu, Q; Needs, R. J. Structure
Prediction Drives Materials Discovery. Nat. Rev. Mater. 2019, 4, 331—
348.

(5) Zhang, W.; Mazzarello, R; Wauttig, M.; Ma, E. Designing
Crystallization in Phase-Change Materials for Universal Memory and
Neuro-Inspired Computing. Nat. Rev. Mater. 2019, 4, 150—168.

(6) Tabor, D. P.; Roch, L. M,; Saikin, S. K.; Kreisbeck, C.; Sheberla,
D.; Montoya, J. H.; Dwaraknath, S.; Aykol, M.; Ortiz, C.; Tribukait, H.;
Amador-Bedolla, C.; Brabec, B.; Maruyama, C. J.; Persson, K. A;
Aspuru-Guzik, A. Accelerating the Discovery of Materials for Clean
Energy in the Era of Smart Automation. Nat. Rev. Mater. 2018, 3, 5—20.

(7) Louie, S. G.; Chan, Y.-H,; da Jornada, F. H.; Li, Z,; Qiu, D. Y.
Discovering and Understanding Materials Through Computation. Nat.
Mater. 2021, 20, 728—735.

(8) Marzari, N.; Ferretti, A.; Wolverton, C. Electronic-Structure
Methods for Materials Design. Nat. Mater. 2021, 20, 736—749.

(9) Burke, K. Perspective on Density Functional Theory. J. Chem.
Phys. 2012, 136, 150901.

(10) Jones, R. O. Density Functional Theory: Its Origins, Rise to
Prominence, and Future. Rev. Mod. Phys. 2015, 87, 897—923.

(11) Maurer, R. J; Freysoldt, C.; Reilly, A. M.; Brandenburg, J. G.;
Hofmann, O. T.; Bjérkman, T.; Lebegue, S.; Tkatchenko, A. Advances
in Density-Functional Calculations for Materials Modeling. Annu. Rev.
Mater. Res. 2019, 49, 1-30.

(12) Bonhomme, C.; Gervais, C.; Babonneau, F.; Coelho, C.;
Pourpoint, F.; Azais, T.; Ashbrook, S. E.; Griffin, J. M,; Yates, J. R;;
Mauri, F.; Pickard, C. J. First-Principles Calculation of NMR
Parameters Using the Gauge Including Projector Augmented Wave
Method: A Chemist’s Point of View. Chem. Rev. 2012, 112, 5733—5779.

(13) Lejaeghere, K.; Bihlmayer, G.; Bjérkman, T.; Blaha, P.; Bliigel, S.;
Blum, V,; Caliste, D.; Castelli, I. E.; Clark, S. J.; Dal Corso, A.; et al.
Reproducibility in Density Functional Theory Calculations of Solids.
Science 2016, 351, No. aad3000.

(14) Prentice, J. C. A,; Aarons, J.; Womack, J. C; Allen, A. E. A;
Andrinopoulos, L.; Anton, L.; Bell, R. A.; Bhandari, A.; Bramley, G. A,;
Charlton, R. J; et al. The ONETEP linear-scaling density functional
theory program. J. Chem. Phys. 2020, 152, 174111.

(15) Del Ben, M.; Schénherr, M.; Hutter, J.; Vandevondele, J. Bulk
Liquid Water at Ambient Temperature and Pressure from Mp2 Theory.
J. Phys. Chem. Lett. 2013, 4, 3753—3759.

(16) Zen, A.; Luo, Y.; Mazzola, G.; Guidoni, L.; Sorella, S. Ab Initio
Molecular Dynamics Simulation of Liquid Water by Quantum Monte
Carlo. J. Chem. Phys. 2018, 142, 144111.

(17) Wilhelm, J.; VandeVondele, J.; Rybkin, V. V. Dynamics of the
Bulk Hydrated Electron from Many-Body Wave-Function Theory.
Angew. Chem., Int. Ed. 2019, 58, 3890—3893.

(18) Zhou, Y.; Sun, L.; Zewdie, G. M.; Mazzarello, R; Deringer, V. L.;
Ma, E.; Zhang, W. Bonding Similarities and Differences between Y-Sb-
Te and Sc-Sb-Te Phase-Change Memory Materials. J. Mater. Chem. C
2020, 8, 3646—3654.

(19) George, J.; Hautier, G. Chemist versus Machine: Traditional
Knowledge versus Machine Learning Techniques. Trends Chem. 2021,
3, 86-95.

(20) Butler, K. T.; Davies, D. W.; Cartwright, H.; Isayev, O.; Walsh, A.
Machine Learning for Molecular and Materials Science. Nature 2018,
559, 547—-S55S.

(21) Himanen, L.; Geurts, A.; Foster, A. S.; Rinke, P. Data-Driven
Materials Science: Status, Challenges, and Perspectives. Adv. Sci. 2019,
6, 1900808.

(22) Batra, R; Song, L; Ramprasad, R. Emerging Materials
Intelligence Ecosystems Propelled by Machine Learning. Nat. Rev.
Mater. 2020, 1-24.

(23) Ramprasad, R;; Batra, R;; Pilania, G.; Mannodi-Kanakkithodi, A.;
Kim, C. Machine Learning in Materials Informatics: Recent
Applications and Prospects. npj Comput. Mater. 2017, 3, 54.

(24) Schmidt, J.; Marques, M. R. G.; Botti, S.; Marques, M. A. L.
Recent Advances and Applications of Machine Learning in Solid-State
Materials Science. npj Comput. Mater. 2019, S, 83.

(25) Schleder, G. R; Padilha, A. C. M.; Acosta, C. M.; Costa, M.;
Fazzio, A. From DFT to Machine Learning: Recent Approaches to
Materials Science - A Review. J. Phys.: Mater. 2019, 2, 032001.

(26) Dral, P. O. Quantum Chemistry in the Age of Machine Learning.
J. Phys. Chem. Lett. 2020, 11, 2336—2347.

(27) Carleo, G.; Cirac, I; Cranmer, K; Daudet, L,; Schuld, M,;
Tishby, N.; Vogt-Maranto, L.; Zdeborova, L. Machine Learning and the
Physical Sciences. Rev. Mod. Phys. 2019, 91, 045002.

(28) Behler, J. First Principles Neural Network Potentials for Reactive
Simulations of Large Molecular and Condensed Systems. Angew. Chem.,
Int. Ed. 2017, 56, 12828—12840.

(29) Deringer, V. L.; Caro, M. A,; Csinyi, G. Machine Learning
Interatomic Potentials as Emerging Tools for Materials Science. Adv.
Mater. 2019, 31, 1902768S.

(30) No¢, F.; Tkatchenko, A.; Miiller, K.-R.; Clementi, C. Machine
Learning for Molecular Simulation. Annu. Rev. Phys. Chem. 2020, 71,
361—-390.

(31) Friederich, P.; Hise, F.; Proppe, J.; Aspuru-Guzik, A. Machine-
Learned Potentials for Next-Generation Matter Simulations. Nat.
Mater. 2021, 20, 750—761.

(32) Kamath, A.; Vargas-Hernandez, R. A.; Krems, R. V.; Carrington,
T.; Manzhos, S. Neural Networks vs Gaussian Process Regression for
Representing Potential Energy Surfaces: A Comparative Study of Fit
Quality and Vibrational Spectrum Accuracy. J. Chem. Phys. 2018, 148,
241702.

(33) Zuo, Y.; Chen, C,; Li, X.; Deng, Z.; Chen, Y.; Behler, J.; Csanyji,
G.; Shapeev, A. V,; Thompson, A. P,; Wood, M. A,; Ong, S. P.
Performance and Cost Assessment of Machine Learning Interatomic
Potentials. J. Phys. Chem. A 2020, 124, 731-745.

(34) Bartdk, A. P.; Csényi, G. Gaussian Approximation Potentials: A
Brief Tutorial Introduction. Int. J. Quantum Chem. 2015, 115, 1051—
1057.

(35) Behler, J. Perspective: Machine Learning Potentials for Atomistic
Simulations. J. Chem. Phys. 2016, 145, 170901.

(36) Chan, H.; Narayanan, B.; Cherukara, M. J.; Sen, F. G.; Sasikumar,
K,; Gray, S. K; Chan, M. K. Y.; Sankaranarayanan, S. K. R. S. Machine
Learning Classical Interatomic Potentials for Molecular Dynamics from
First-Principles Training Data. J. Phys. Chem. C 2019, 123, 6941—6957.

(37) Mueller, T.; Hernandez, A.; Wang, C. Machine Learning for
Interatomic Potential Models. J. Chem. Phys. 2020, 152, 050902.

(38) Miksch, A. M.; Morawietz, T.; Késtner, J.; Urban, A.; Artrith, N.
Strategies for the Construction of Machine-Learning Potentials for
Accurate and Efficient Atomic-Scale Simulations. Mach. Learn.: Sci.
Technol. 2021, DOI: 10.1088/2632-2153/abfd96.

(39) Rasmussen, C. E.; Williams, C. K. I. Gaussian Processes for
Machine Learning (Adaptive Computation and Machine Learning); The
MIT Press, 2006.

(40) Schélkopf, B.; Smola, A. J. Learning with kernels: support vector
machines, regularization, optimization, and beyond; MIT Press: Cam-
bridge, Mass, 2002.

(41) Tikhonov, A. N. Solution of incorrectly formulated problems and
the regularization method. Sov. Math. 1963, 4, 1035.

(42) Snelson, E.; Ghahramani, Z. Sparse Gaussian Processes Using
Pseudo-Inputs. Adv. Neural Inf. Process. Syst. 2008, 18, 1257—1264.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1021/acscentsci.5b00090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6463/aad926
https://doi.org/10.1088/1361-6463/aad926
https://doi.org/10.1038/s41578-019-0101-8
https://doi.org/10.1038/s41578-019-0101-8
https://doi.org/10.1038/s41578-018-0076-x
https://doi.org/10.1038/s41578-018-0076-x
https://doi.org/10.1038/s41578-018-0076-x
https://doi.org/10.1038/s41578-018-0005-z
https://doi.org/10.1038/s41578-018-0005-z
https://doi.org/10.1038/s41563-021-01015-1
https://doi.org/10.1038/s41563-021-01013-3
https://doi.org/10.1038/s41563-021-01013-3
https://doi.org/10.1063/1.4704546
https://doi.org/10.1103/RevModPhys.87.897
https://doi.org/10.1103/RevModPhys.87.897
https://doi.org/10.1146/annurev-matsci-070218-010143
https://doi.org/10.1146/annurev-matsci-070218-010143
https://doi.org/10.1021/cr300108a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300108a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300108a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aad3000
https://doi.org/10.1063/5.0004445
https://doi.org/10.1063/5.0004445
https://doi.org/10.1021/jz401931f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jz401931f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4917171
https://doi.org/10.1063/1.4917171
https://doi.org/10.1063/1.4917171
https://doi.org/10.1002/anie.201814053
https://doi.org/10.1002/anie.201814053
https://doi.org/10.1039/D0TC00096E
https://doi.org/10.1039/D0TC00096E
https://doi.org/10.1016/j.trechm.2020.10.007
https://doi.org/10.1016/j.trechm.2020.10.007
https://doi.org/10.1038/s41586-018-0337-2
https://doi.org/10.1002/advs.201900808
https://doi.org/10.1002/advs.201900808
https://doi.org/10.1038/s41578-020-00255-y
https://doi.org/10.1038/s41578-020-00255-y
https://doi.org/10.1038/s41524-017-0056-5
https://doi.org/10.1038/s41524-017-0056-5
https://doi.org/10.1038/s41524-019-0221-0
https://doi.org/10.1038/s41524-019-0221-0
https://doi.org/10.1088/2515-7639/ab084b
https://doi.org/10.1088/2515-7639/ab084b
https://doi.org/10.1021/acs.jpclett.9b03664?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/RevModPhys.91.045002
https://doi.org/10.1103/RevModPhys.91.045002
https://doi.org/10.1002/anie.201703114
https://doi.org/10.1002/anie.201703114
https://doi.org/10.1002/adma.201902765
https://doi.org/10.1002/adma.201902765
https://doi.org/10.1146/annurev-physchem-042018-052331
https://doi.org/10.1146/annurev-physchem-042018-052331
https://doi.org/10.1038/s41563-020-0777-6
https://doi.org/10.1038/s41563-020-0777-6
https://doi.org/10.1063/1.5003074
https://doi.org/10.1063/1.5003074
https://doi.org/10.1063/1.5003074
https://doi.org/10.1021/acs.jpca.9b08723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.9b08723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/qua.24927
https://doi.org/10.1002/qua.24927
https://doi.org/10.1063/1.4966192
https://doi.org/10.1063/1.4966192
https://doi.org/10.1021/acs.jpcc.8b09917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b09917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5126336
https://doi.org/10.1063/1.5126336
https://doi.org/10.1088/2632-2153/abfd96
https://doi.org/10.1088/2632-2153/abfd96
https://doi.org/10.1088/2632-2153/abfd96?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(43) Quinonero-Candela, J. Q.; Rasmussen, C. E. A unifying view of
sparse approximate Gaussian process regression. J. Machine Learn. Res.
2005, 6, 1939—1959.

(44) Mackay, D. Information Theory, Inference, and Learning
Algorithms; Cambridge Univ. Press: Cambridge, United Kingdom,
2003.

(45) Williams, C. K. I. On a Connection between Kernel PCA and
Metric Multidimensional Scaling. Mach. Learn. 2002, 46, 11—19.

(46) Cuturi, M. Positive Definite Kernels in Machine Learning. 2009;
ArXiv Prepr. ArXiv09115367.

(47) Schélkopf, B.; Smola, A.; Miiller, K.-R. Nonlinear Component
Analysis as a Kernel Eigenvalue Problem. Neural Comput. 1998, 10,
1299-1319.

(48) Williams, C. K. I; Seeger, M. In Advances in Neural Information
Processing Systems 13; Leen, T. K., Dietterich, T. G., Tresp, V., Eds,;
MIT Press, 2001; pp 682—688.

(49) Bartdk, A. P.; Payne, M. C.; Kondor, R; Csinyi, G. Gaussian
Approximation Potentials: The Accuracy of Quantum Mechanics,
Without the Electrons. Phys. Rev. Lett. 2010, 104, 136403.

(50) Solak, E.; Murray-Smith, R; Leithead, W.; Leith, D.; Rasmussen,
C. Derivative Observations in Gaussian Process Models of Dynamic
Systems. Advances in Neural Information Processing Systems; 2003; pp
1057—-1064.

(51) Musil, F; Grisafi, A;; Barték, A. P.; Ortner, C.; Csdnyi, G;
Ceriotti, M. Physics-inspired structural representations for molecules
and materials. Chem. Rev. 2021, DOI: 10.1021/acs.chemrev.1c00021.

(52) Barték, A. P.; Kondor, R.; Csényi, G. On Representing Chemical
Environments. Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 87,
184118S.

(53) Bernstein, N.; Bhattarai, B.; Csanyi, G.; Drabold, D. A.; Elliott, S.
R.; Deringer, V. L. Quantifying Chemical Structure and Machine-
Learned Atomic Energies in Amorphous and Liquid Silicon. Angew.
Chem., Int. Ed. 2019, 58, 7057—7061.

(54) Abraham, F. F.; Walkup, R;; Gao, H.; Duchaineau, M.; De La
Rubia, T. D.; Seager, M. Simulating materials failure by using up to one
billion atoms and the world’s fastest computer: Work-hardening. Proc.
Natl. Acad. Sci. U. S. A. 2002, 99, 5783—5787.

(55) Fumi, F. G.; Tosi, M. P. Ionic sizes and born repulsive parameters
in the NaCl-type alkali halides—1I. J. Phys. Chem. Solids 1964, 25, 31—
43.

(56) Herzbach, D.; Binder, K.; Miiser, M. H. Comparison of model
potentials for molecular-dynamics simulations of silica. J. Chem. Phys.
2005, 123, 124711.

(57) Li, Z.; Kermode, J. R.; De Vita, A. Molecular Dynamics with On-
the-Fly Machine Learning of Quantum-Mechanical Forces. Phys. Rev.
Lett. 2015, 114, 09640S.

(58) Glielmo, A.; Zeni, C.; De Vita, A. Efficient Nonparametric n-
Body Force Fields from Machine Learning. Phys. Rev. B: Condens.
Matter Mater. Phys. 2018, 97, 184307.

(59) Zeni, C.; Rossi, K.; Glielmo, A.; Fekete, A.; Gaston, N.; Baletto,
F.; De Vita, A. Building Machine Learning Force Fields for
Nanoclusters. J. Chem. Phys. 2018, 148, 241739.

(60) Lindsey, R. K.; Fried, L. E.; Goldman, N. ChIMES: A Force
Matched Potential with Explicit Three-Body Interactions for Molten
Carbon. J. Chem. Theory Comput. 2017, 13, 6222—6229.

(61) Vandermause, J.; Torrisi, S. B.; Batzner, S.; Xie, Y.; Sun, L.
Kolpak, A. M.; Kozinsky, B. On-the-Fly Active Learning of
Interpretable Bayesian Force Fields for Atomistic Rare Events. npj
Comput. Mater. 2020, 6, 20.

(62) Davidson, E. R. M.; Daff, T.; Csanyi, G.; Finnis, M. W. Grand
Canonical Approach to Modeling Hydrogen Trapping at Vacancies in
a-Fe. Phys. Rev. Materials 2020, 4, 063804.

(63) Braams, B. J.; Bowman, J. M. Permutationally Invariant Potential
Energy Surfaces in High Dimensionality. Int. Rev. Phys. Chem. 2009, 28,
577—606.

(64) Allen, A. E. A,; Dusson, G.; Ortner, C.; Csinyi, G. Atomic
permutationally invariant polynomials for fitting molecular force fields.
Mach. Learn.: Sci. Technol. 2021, 2, 025017.

(65) van der Oord, C.; Dusson, G.; Csényi, G.; Ortner, C. Regularised
Atomic Body-Ordered Permutation-Invariant Polynomials for the
Construction of Interatomic Potentials. Mach. Learn. Sci. Technol. 2020,
1, 015004.

(66) Behler, J.; Parrinello, M. Generalized Neural-Network
Representation of High-Dimensional Potential-Energy Surfaces. Phys.
Rev. Lett. 2007, 98, 146401.

(67) Shapeev, A. Moment Tensor Potentials: A Class of Systematically
Improvable Interatomic Potentials. Multiscale Model. Simul. 2016, 14,
1153—-1173.

(68) Drautz, R. Atomic Cluster Expansion for Accurate and
Transferable Interatomic Potentials. Phys. Rev. B: Condens. Matter
Mater. Phys. 2019, 99, 014104

(69) willatt, M. J.; Musil, F.; Ceriotti, M. Feature Optimization for
Atomistic Machine Learning Yields a Data-Driven Construction of the
Periodic Table of the Elements. Phys. Chem. Chem. Phys. 2018, 20,
29661—29668.

(70) Kocer, E.; Mason, J. K; Erturk, H. Continuous and Optimally
Complete Description of Chemical Environments Using Spherical
Bessel Descriptors. AIP Adv. 2020, 10, 015021.

(71) Pozdnyakov, S. N.; Willatt, M. J.; Barték, A. P.; Ortner, C.;
Csdnyi, G.; Ceriotti, M. Incompleteness of Atomic Structure
Representations. Phys. Rev. Lett. 2020, 125, 166001.

(72) Imbalzano, G.; Anelli, A.; Giofré, D.; Klees, S.; Behler, J.; Ceriotti,
M. Automatic Selection of Atomic Fingerprints and Reference
Configurations for Machine-Learning Potentials. J. Chem. Phys. 2018,
148, 241730.

(73) Nigam, J.; Pozdnyakov, S.; Ceriotti, M. Recursive Evaluation and
Iterative Contraction of N -Body Equivariant Features. J. Chem. Phys.
2020, 153, 121101.

(74) Natarajan, S. K; Caro, M. A. Particle Swarm Based Hyper-
Parameter Optimization for Machine Learned Interatomic Potentials.
2020; arxiv.org/abs/2101.00049.

(75) Seko, A.; Takahashi, A.; Tanaka, I. Sparse Representation for a
Potential Energy Surface. Phys. Rev. B: Condens. Matter Mater. Phys.
2014, 90, 024101.

(76) Seko, A.; Takahashi, A.; Tanaka, I. First-Principles Interatomic
Potentials for Ten Elemental Metals via Compressed Sensing. Phys. Rev.
B: Condens. Matter Mater. Phys. 2015, 92, 054113.

(77) Takahashi, A,; Seko, A.; Tanaka, I. Conceptual and Practical
Bases for the High Accuracy of Machine Learning Interatomic
Potentials: Application to Elemental Titanium. Phys. Rev. Mater.
2017, 1, 063801.

(78) Thompson, A. P.; Swiler, L. P.; Trott, C. R.; Foiles, S. M.; Tucker,
G. J. Spectral Neighbor Analysis Method for Automated Generation of
Quantum-Accurate Interatomic Potentials. J. Comput. Phys. 2018, 285,
316—330.

(79) willatt, M. J.; Musil, F.; Ceriotti, M. Atom-Density
Representations for Machine Learning. J. Chem. Phys. 2019, 150,
154110.

(80) Glielmo, A.; Sollich, P.; De Vita, A. Accurate Interatomic Force
Fields via Machine Learning with Covariant Kernels. Phys. Rev. B:
Condens. Matter Mater. Phys. 2017, 95, 214302.

(81) Bereau, T.; Andrienko, D.; Von Lilienfeld, O. A. Transferable
Atomic Multipole Machine Learning Models for Small Organic
Molecules. J. Chem. Theory Comput. 20185, 11, 3225—3233.

(82) Christensen, A. S.; Faber, F. A,; Anatole von Lilienfeld, O.
Operators in Quantum Machine Learning: Response Properties in
Chemical Space. J. Chem. Phys. 2019, 150, 064105.

(83) Liang, C.; Tocci, G.; Wilkins, D. M.; Grisafi, A.; Roke, S.;
Ceriotti, M. Solvent Fluctuations and Nuclear Quantum Effects
Modulate the Molecular Hyperpolarizability of Water. Phys. Rev. B:
Condens. Matter Mater. Phys. 2017, 96, 041407.

(84) Gastegger, M.; Behler, J.; Marquetand, P. Machine Learning
Molecular Dynamics for the Simulation of Infrared Spectra. Chem. Sci.
2017, 8, 6924—6935.

(85) Litman, Y.; Behler, J.; Rossi, M. Temperature Dependence of the
Vibrational Spectrum of Porphycene: a Qualitative Failure of Classical-
Nuclei Molecular Dynamics. Faraday Discuss. 2020, 221, 526.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1023/A:1012485807823
https://doi.org/10.1023/A:1012485807823
https://doi.org/10.1162/089976698300017467
https://doi.org/10.1162/089976698300017467
https://doi.org/10.1103/PhysRevLett.104.136403
https://doi.org/10.1103/PhysRevLett.104.136403
https://doi.org/10.1103/PhysRevLett.104.136403
https://doi.org/10.1021/acs.chemrev.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.87.184115
https://doi.org/10.1103/PhysRevB.87.184115
https://doi.org/10.1002/anie.201902625
https://doi.org/10.1002/anie.201902625
https://doi.org/10.1073/pnas.062054999
https://doi.org/10.1073/pnas.062054999
https://doi.org/10.1016/0022-3697(64)90159-3
https://doi.org/10.1016/0022-3697(64)90159-3
https://doi.org/10.1063/1.2038747
https://doi.org/10.1063/1.2038747
https://doi.org/10.1103/PhysRevLett.114.096405
https://doi.org/10.1103/PhysRevLett.114.096405
https://doi.org/10.1103/PhysRevB.97.184307
https://doi.org/10.1103/PhysRevB.97.184307
https://doi.org/10.1063/1.5024558
https://doi.org/10.1063/1.5024558
https://doi.org/10.1021/acs.jctc.7b00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41524-020-0283-z
https://doi.org/10.1038/s41524-020-0283-z
https://doi.org/10.1103/PhysRevMaterials.4.063804
https://doi.org/10.1103/PhysRevMaterials.4.063804
https://doi.org/10.1103/PhysRevMaterials.4.063804
https://doi.org/10.1080/01442350903234923
https://doi.org/10.1080/01442350903234923
https://doi.org/10.1088/2632-2153/abd51e
https://doi.org/10.1088/2632-2153/abd51e
https://doi.org/10.1088/2632-2153/ab527c
https://doi.org/10.1088/2632-2153/ab527c
https://doi.org/10.1088/2632-2153/ab527c
https://doi.org/10.1103/PhysRevLett.98.146401
https://doi.org/10.1103/PhysRevLett.98.146401
https://doi.org/10.1137/15M1054183
https://doi.org/10.1137/15M1054183
https://doi.org/10.1103/PhysRevB.99.014104
https://doi.org/10.1103/PhysRevB.99.014104
https://doi.org/10.1039/C8CP05921G
https://doi.org/10.1039/C8CP05921G
https://doi.org/10.1039/C8CP05921G
https://doi.org/10.1063/1.5111045
https://doi.org/10.1063/1.5111045
https://doi.org/10.1063/1.5111045
https://doi.org/10.1103/PhysRevLett.125.166001
https://doi.org/10.1103/PhysRevLett.125.166001
https://doi.org/10.1063/1.5024611
https://doi.org/10.1063/1.5024611
https://doi.org/10.1063/5.0021116
https://doi.org/10.1063/5.0021116
https://doi.org/10.1103/PhysRevB.90.024101
https://doi.org/10.1103/PhysRevB.90.024101
https://doi.org/10.1103/PhysRevB.92.054113
https://doi.org/10.1103/PhysRevB.92.054113
https://doi.org/10.1103/PhysRevMaterials.1.063801
https://doi.org/10.1103/PhysRevMaterials.1.063801
https://doi.org/10.1103/PhysRevMaterials.1.063801
https://doi.org/10.1016/j.jcp.2014.12.018
https://doi.org/10.1016/j.jcp.2014.12.018
https://doi.org/10.1063/1.5090481
https://doi.org/10.1063/1.5090481
https://doi.org/10.1103/PhysRevB.95.214302
https://doi.org/10.1103/PhysRevB.95.214302
https://doi.org/10.1021/acs.jctc.5b00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5053562
https://doi.org/10.1063/1.5053562
https://doi.org/10.1103/PhysRevB.96.041407
https://doi.org/10.1103/PhysRevB.96.041407
https://doi.org/10.1039/C7SC02267K
https://doi.org/10.1039/C7SC02267K
https://doi.org/10.1039/C9FD00056A
https://doi.org/10.1039/C9FD00056A
https://doi.org/10.1039/C9FD00056A
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(86) Sommers, G. M.; Calegari Andrade, M. F.; Zhang, L.; Wang, H,;
Car, R. Raman Spectrum and Polarizability of Liquid Water From Deep
Neural Networks. Phys. Chem. Chem. Phys. 2020, 22, 10592.

(87) Drautz, R. Atomic Cluster Expansion of Scalar, Vectorial, and
Tensorial Properties Including Magnetism and Charge Transfer. Phys.
Rev. B: Condens. Matter Mater. Phys. 2020, 102, 024104.

(88) Kondor, R. N-body Networks: a Covariant Hierarchical Neural
Network Architecture for Learning Atomic Potentials. 2018; arxiv.org/
abs/1803.01588.

(89) Thomas, N.; Smidt, T.; Kearnes, S. M.; Yang, L.; Li, L.; Kohlhoff,
K,; Riley, P. Tensor Field Networks: Rotation- and Translation-
Equivariant Neural Networks for 3D Point Clouds. 2018; arxiv.org/
abs/1802.08219.

(90) Anderson, B.; Hy, T. S.; Kondor, R. Cormorant: Covariant
Molecular Neural Networks. Advances in Neural Information Processing
Systems 2019, 14537—14546.

(91) Grisafi, A.; Wilkins, D. M.; Csanyi, G.; Ceriotti, M. Symmetry-
Adapted Machine Learning for Tensorial Properties of Atomistic
Systems. Phys. Rev. Lett. 2018, 120, 036002.

(92) Grisafi, A.; Wilkins, D. M.; Willatt, M. J.; Ceriotti, M. In Machine
Learning in Chemistry; Pyzer-Knapp, E. O., Laino, T., Eds.; American
Chemical Society: Washington, DC, 2019; Vol. 1326, pp 1-21.

(93) Stone, A. J. Transformation between Cartesian and Spherical
Tensors. Mol. Phys. 1975, 29, 1461—1471.

(94) Partridge, H.; Schwenke, D. W. The Determination of an
Accurate Isotope Dependent Potential Energy Surface for Water from
Extensive Ab Initio Calculations and Experimental Data. J. Chem. Phys.
1997, 106, 4618.

(95) Musil, F.; Veit, M.; Goscinski, A,; Fraux, G.; Willatt, M. J.;
Stricker, M.; Ceriotti, M. Efficient Implementation of Atom-Density
Representations. J. Chem. Phys. 2021, 154, 114109.

(96) Musil, F.; Veit, M.; Junge, T.; Stricker, M.; Goscinki, A.; Fraux,
G.; Ceriotti, M. LIBRASCAL. https://github.com/cosmo-epfl/
librascal.

(97) Hjorth Larsen, A.; Mortensen, J. J.; Blomqpvist, J.; Castelli, L. E.;
Christensen, R.; D, M,; Friis, J.; Groves, M. N.; Hammer, B.; Hargus,
C.; et al. The Atomic Simulation Environment—a Python Library for
Working with Atoms. J. Phys.: Condens. Matter 2017, 29, 273002.

(98) Kermode, J. R; Bartok, A. P.; Csanyi, G. QUIP. http://www.
libatoms.org/.

(99) Wilkins, D. M.; Grisaf, A.; Yang, Y.; Lao, K. U.; DiStasio, R. A.;
Ceriotti, M. Accurate Molecular Polarizabilities with Coupled Cluster
Theory and Machine Learning. Proc. Natl. Acad. Sci. U. S. A. 2019, 116,
3401—-3406.

(100) Blank, T. B.; Brown, S. D.; Calhoun, A. W.; Doren, D. J. Neural
Network Models of Potential Energy Surfaces. J. Chem. Phys. 1995, 103,
4129—4137.

(101) Manzhos, S.; Carrington, T., Jr A random-sampling high
dimensional model representation neural network for building
potential energy surfaces. J. Chem. Phys. 2006, 125, 084109.

(102) Braams, B. J.; Bowman, J. M. Permutationally invariant potential
energy surfaces in high dimensionality. Int. Rev. Phys. Chem. 2009, 28,
577—606.

(103) Lorenz, S.; Grof3, A, Scheffler, M. Representing high-
dimensional potential-energy surfaces for reactions at surfaces by
neural networks. Chem. Phys. Lett. 2004, 39S, 210—215.

(104) Smith, J. S.; Isayev, O.; Roitberg, A. E. ANI-1: an Extensible
Neural Network Potential with DFT Accuracy at Force Field
Computational Cost. Chem. Sci. 2017, 8, 3192—3203.

(105) Smith, J. S.; Nebgen, B. T.; Zubatyuk, R,; Lubbers, N.;
Devereux, C.; Barros, K; Tretiak, S.; Isayev, O.; Roitberg, A. E.
Approaching Coupled Cluster Accuracy with a General-Purpose Neural
Network Potential through Transfer Learning. Nat. Commun. 2019, 10,
2903.

(106) Artrith, N.; Urban, A. An Implementation of Artificial Neural-
Network Potentials for Atomistic Materials Simulations: Performance
for TiO,. Comput. Mater. Sci. 2016, 114, 135—150.

(107) Khorshidi, A.; Peterson, A. A. Amp: A modular approach to
machine learning in atomistic simulations. Comput. Phys. Commun.
2016, 207, 310—324.

(108) Zhang, L.; Han, J.; Wang, H.; Car, R; E, W. Deep Potential
Molecular Dynamics: A Scalable Model with the Accuracy of Quantum
Mechanics. Phys. Rev. Lett. 2018, 120, 143001.

(109) Lot, R.; Pellegrini, F.; Shaidu, Y.; Kiigiikbenli, E. PANNA:
Properties from Artificial Neural Network Architectures. Comput. Phys.
Commun. 2020, 256, 107402.

(110) Ghasemi, S. A.; Hofstetter, A.; Saha, S.; Goedecker, S.
Interatomic potentials for ionic systems with density functional
accuracy based on charge densities obtained by a neural network.
Phys. Rev. B: Condens. Matter Mater. Phys. 2015, 92, 045131.

(111) Behler, J. Chem. Rev. 2021, DOI: 10.1021/acs.chem-
rev.0c00868.

(112) Miwa, K.; Ohno, H. Molecular Dynamics Study on f-Phase
Vanadium Monohydride with Machine Learning Potential. Phys. Rev.
B: Condens. Matter Mater. Phys. 2016, 94, 184109.

(113) Zong, H.; Pilania, G.; Ding, X.; Ackland, G. J.; Lookman, T.
Developing an Interatomic Potential for Martensitic Phase Trans-
formations in Zirconium by Machine Learning. npj Comput. Mater.
2018, 4, 48.

(114) Botu, V.; Ramprasad, R. Adaptive Machine Learning Frame-
work to Accelerate Ab Anitio Molecular Dynamics. Int. J. Quantum
Chem. 20185, 115, 1074—1083.

(115) Botu, V.; Ramprasad, R. Learning Scheme to Predict Atomic
Forces and Accelerate Materials Simulations. Phys. Rev. B: Condens.
Matter Mater. Phys. 2015, 92, 094306.

(116) Khaliullin, R. Z.; Eshet, H.; Kiihne, T. D.; Behler, J.; Parrinello,
M. Graphite-Diamond Phase Coexistence Study Employing a Neural-
Network Mapping of the Ab Initio Potential Energy Surface. Phys. Rev.
B: Condens. Matter Mater. Phys. 2010, 81, 100103.

(117) Khaliullin, R.; Eshet, H.; Kiihne, T.; Behler, J.; Parrinello, M.
Nucleation Mechanism for the Direct Graphite-to-Diamond Phase
Transition. Nat. Mater. 2011, 10, 693—697.

(118) Li, W.; Ando, Y.; Minamitani, E.; Watanabe, S. Study of Li Atom
Diffusion in Amorphous Li;PO, with Neural Network Potential. J.
Chem. Phys. 2017, 147, 214106.

(119) Fujikake, S.; Deringer, V. L.; Lee, T. H.; Krynski, M; Elliott, S.
R.; Csényi, G. Gaussian Approximation Potential Modeling of Lithium
Intercalation in Carbon Nanostructures. J. Chem. Phys. 2018, 148,
241714.

(120) Wang, X,; Tan, J.; Han, C.; Wang, J.-].; Lu, L.; Dy, H,; Jia, C.-L,;
Deringer, V. L.; Zhou, J.; Zhang, W. Sub-Angstrom Characterization of
the Structural Origin for High In-Plane Anisotropy in 2D GeS,. ACS
Nano 2020, 14, 4456—4462.

(121) Szlachta, W. J.; Barték, A. P.; Csinyi, G. Accuracy and
Transferability of Gaussian Approximation Potential Models for
Tungsten. Phys. Rev. B: Condens. Matter Mater. Phys. 2014, 90, 104108.

(122) Deringer, V. L; Csanyi, G. Machine Learning Based
Interatomic Potential for Amorphous Carbon. Phys. Rev. B: Condens.
Matter Mater. Phys. 2017, 95, 094203.

(123) Jinnouchi, R.; Lahnsteiner, J.; Karsai, F.; Kresse, G.; Bokdam,
M. Phase Transitions of Hybrid Perovskites Simulated by Machine-
Learning Force Fields Trained on the Fly with Bayesian Inference. Phys.
Rev. Lett. 2019, 122, 225701.

(124) Jinnouchi, R; Karsai, F.; Kresse, G. On-the-Fly Machine
Learning Force Field Generation: Application to Melting Points. Phys.
Rev. B: Condens. Matter Mater. Phys. 2019, 100, 01410S.

(125) Jinnouchi, R.; Miwa, K; Karsai, F.; Kresse, G.; Asahi, R. On-the-
Fly Active Learning of Interatomic Potentials for Large-Scale Atomistic
Simulations. J. Phys. Chem. Lett. 2020, 11, 6946—6955.

(126) Podryabinkin, E. V.; Shapeev, A. V. Active Learning of Linearly
Parametrized Interatomic Potentials. Comput. Mater. Sci. 2017, 140,
171-180.

(127) Podryabinkin, E. V.; Tikhonov, E. V.; Shapeev, A. V.; Oganov,
A. R. Accelerating Crystal Structure Prediction by Machine-Learning
Interatomic Potentials with Active Learning. Phys. Rev. B: Condens.
Matter Mater. Phys. 2019, 99, 064114.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1039/D0CP01893G
https://doi.org/10.1039/D0CP01893G
https://doi.org/10.1103/PhysRevB.102.024104
https://doi.org/10.1103/PhysRevB.102.024104
https://doi.org/10.1103/PhysRevLett.120.036002
https://doi.org/10.1103/PhysRevLett.120.036002
https://doi.org/10.1103/PhysRevLett.120.036002
https://doi.org/10.1080/00268977500101281
https://doi.org/10.1080/00268977500101281
https://doi.org/10.1063/1.473987
https://doi.org/10.1063/1.473987
https://doi.org/10.1063/1.473987
https://doi.org/10.1063/5.0044689
https://doi.org/10.1063/5.0044689
https://github.com/cosmo-epfl/librascal
https://github.com/cosmo-epfl/librascal
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1088/1361-648X/aa680e
http://www.libatoms.org/
http://www.libatoms.org/
https://doi.org/10.1073/pnas.1816132116
https://doi.org/10.1073/pnas.1816132116
https://doi.org/10.1063/1.469597
https://doi.org/10.1063/1.469597
https://doi.org/10.1063/1.2336223
https://doi.org/10.1063/1.2336223
https://doi.org/10.1063/1.2336223
https://doi.org/10.1080/01442350903234923
https://doi.org/10.1080/01442350903234923
https://doi.org/10.1016/j.cplett.2004.07.076
https://doi.org/10.1016/j.cplett.2004.07.076
https://doi.org/10.1016/j.cplett.2004.07.076
https://doi.org/10.1039/C6SC05720A
https://doi.org/10.1039/C6SC05720A
https://doi.org/10.1039/C6SC05720A
https://doi.org/10.1038/s41467-019-10827-4
https://doi.org/10.1038/s41467-019-10827-4
https://doi.org/10.1016/j.commatsci.2015.11.047
https://doi.org/10.1016/j.commatsci.2015.11.047
https://doi.org/10.1016/j.commatsci.2015.11.047
https://doi.org/10.1016/j.cpc.2016.05.010
https://doi.org/10.1016/j.cpc.2016.05.010
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1016/j.cpc.2020.107402
https://doi.org/10.1016/j.cpc.2020.107402
https://doi.org/10.1103/PhysRevB.92.045131
https://doi.org/10.1103/PhysRevB.92.045131
https://doi.org/10.1021/acs.chemrev.0c00868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00868?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.94.184109
https://doi.org/10.1103/PhysRevB.94.184109
https://doi.org/10.1038/s41524-018-0103-x
https://doi.org/10.1038/s41524-018-0103-x
https://doi.org/10.1002/qua.24836
https://doi.org/10.1002/qua.24836
https://doi.org/10.1103/PhysRevB.92.094306
https://doi.org/10.1103/PhysRevB.92.094306
https://doi.org/10.1103/PhysRevB.81.100103
https://doi.org/10.1103/PhysRevB.81.100103
https://doi.org/10.1038/nmat3078
https://doi.org/10.1038/nmat3078
https://doi.org/10.1063/1.4997242
https://doi.org/10.1063/1.4997242
https://doi.org/10.1063/1.5016317
https://doi.org/10.1063/1.5016317
https://doi.org/10.1021/acsnano.9b10057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b10057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.90.104108
https://doi.org/10.1103/PhysRevB.90.104108
https://doi.org/10.1103/PhysRevB.90.104108
https://doi.org/10.1103/PhysRevB.95.094203
https://doi.org/10.1103/PhysRevB.95.094203
https://doi.org/10.1103/PhysRevLett.122.225701
https://doi.org/10.1103/PhysRevLett.122.225701
https://doi.org/10.1103/PhysRevB.100.014105
https://doi.org/10.1103/PhysRevB.100.014105
https://doi.org/10.1021/acs.jpclett.0c01061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.commatsci.2017.08.031
https://doi.org/10.1016/j.commatsci.2017.08.031
https://doi.org/10.1103/PhysRevB.99.064114
https://doi.org/10.1103/PhysRevB.99.064114
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(128) Artrith, N.; Behler, J. High-Dimensional Neural Network
Potentials for Metal Surfaces: A Prototype Study for Copper. Phys. Rev.
B: Condens. Matter Mater. Phys. 2012, 85, 045439.

(129) Zhang, L.; Lin, D.-Y.; Wang, H.; Car, R.; E, W. Active Learning
of Uniformly Accurate Interatomic Potentials for Materials Simulation.
Phys. Rev. Materials 2019, 3, 023804

(130) Sivaraman, G.; Krishnamoorthy, A. N.; Baur, M.; Holm, C,;
Stan, M.; Csényi, G.; Benmore, C.; Vizquez-Mayagoitia, A. Machine-
Learned Interatomic Potentials by Active Learning: Amorphous and
Liquid Hafnium Dioxide. npj Comput. Mater. 2020, 6, 104.

(131) Sivaraman, G.; Gallington, L.; Krishnamoorthy, A. N.; Stan, M.;
Csényi, G.; Vizquez-Mayagoitia, A.; Benmore, C. J. Experimentally
Driven Automated Machine-Learned Interatomic Potential for a
Refractory Oxide. Phys. Rev. Lett. 2021, 126, 156002.

(132) Kresse, G.; Furthmiiller, J. Efficient Iterative Schemes for Ab
Initio Total-Energy Calculations Using a Plane-Wave Basis Set. Phys.
Rev. B: Condens. Matter Mater. Phys. 1996, 54, 11169—11186.

(133) Brivio, F.; Frost, J. M.; Skelton, J. M.; Jackson, A. J.; Weber, O.
J.; Weller, M. T.; Goni, A. R.; Leguy, A. M. A,; Barnes, P. R. F.; Walsh, A.
Lattice Dynamics and Vibrational Spectra of the Orthorhombic,
Tetragonal, and Cubic Phases of Methylammonium Lead Iodide. Phys.
Rev. B: Condens. Matter Mater. Phys. 20185, 92, 144308.

(134) Tong, Q; Xue, L; Lv, J; Wang, Y.; Ma, Y. Accelerating
CALYPSO structure prediction by data-driven learning of a potential
energy surface. Faraday Discuss. 2018, 211, 31—43.

(135) Zong, H.; Robinson, V. N.; Hermann, A.; Zhao, L.; Scandolo,
S.; Ding, X; Ackland, G. J. Free electron to electride transition in dense
liquid potassium. Nat. Phys. 2021, 1—6.

(136) Pickard, C.J.; Needs, R. J. High-Pressure Phases of Silane. Phys.
Rev. Lett. 2006, 97, 045504.

(137) Pickard, C. J; Needs, R. J. Ab Initio Random Structure
Searching. J. Phys.: Condens. Matter 2011, 23, 053201.

(138) Deringer, V. L.; Csdnyi, G.; Proserpio, D. M. Extracting Crystal
Chemistry from Amorphous Carbon Structures. ChemPhysChem 2017,
18, 873—877.

(139) Bartdk, A. P.; Kermode, J.; Bernstein, N.; Csanyi, G. Machine
Learning a General-Purpose Interatomic Potential for Silicon. Phys. Rev.
X 2018, 8, 041048.

(140) Deringer, V. L.; Pickard, C. J.; Csanyi, G. Data-Driven Learning
of Total and Local Energies in Elemental Boron. Phys. Rev. Lett. 2018,
120, 156001.

(141) Tong, Q.; Gao, P.; Liu, H,; Xie, Y,; Lv, J.; Wang, Y.; Zhao, J.
Combining Machine Learning Potential and Structure Prediction for
Accelerated Materials Design and Discovery. J. Phys. Chem. Lett. 2020,
11, 8710—8720.

(142) Deringer, V. L.; Proserpio, D. M.; Csanyi, G.; Pickard, C. J.
Data-Driven Learning and Prediction of Inorganic Crystal Structures.
Faraday Discuss. 2018, 211, 45—59.

(143) Bernstein, N; Csanyi, G.; Deringer, V. L. De Novo Exploration
and Self-Guided Learning of Potential-Energy Surfaces. npj Comput.
Mater. 2019, S, 99.

(144) Mahoney, M. W.; Drineas, P. CUR Matrix Decompositions for
Improved Data Analysis. Proc. Natl. Acad. Sci. U. S. A. 2009, 106, 697—
702.

(145) Mavradic, J.; Mocanu, F. C.; Deringer, V. L.; Csanyi, G.; Elliott,
S. R. Similarity Between Amorphous and Crystalline Phases: The Case
of TiO,. J. Phys. Chem. Lett. 2018, 9, 2985—2990.

(146) Glass, C. W.; Oganov, A. R.; Hansen, N. USPEX—Evolutionary
Crystal Structure Prediction. Comput. Phys. Commun. 2006, 175, 713—
720.

(147) Kolsbjerg, E. L.; Peterson, A. A.; Hammer, B. Neural-network-
enhanced evolutionary algorithm applied to supported metal nano-
particles. Phys. Rev. B: Condens. Matter Mater. Phys. 2018, 97, 195424.

(148) Wang, Y.; Ly, J.; Zhu, L.; Ma, Y. Crystal Structure Prediction via
Particle-Swarm Optimization. Phys. Rev. B: Condens. Matter Mater. Phys.
2010, 82, 094116.

(149) Wang, Y; Ly, J.; Zhu, L; Ma, Y. CALYPSO: A Method for
Crystal Structure Prediction. Comput. Phys. Commun. 2012, 183,
2063—2070.

(150) Eldar, Y.; Lindenbaum, M.; Porat, M.; Zeevi, Y. Y. The Farthest
Point Strategy for Progressive Image Sampling. IEEE Trans. Image
Process. Publ. IEEE Signal Process. Soc. 1997, 6, 1305—15.

(151) Bartdk, A. P; De, S.; Poelking, C.; Bernstein, N.; Kermode, J. R.;
Csanyi, G.; Ceriotti, M. Machine Learning Unifies the Modeling of
Materials and Molecules. Sci. Adv. 2017, 3, e1701816.

(152) Rowe, P Deringer, V. L.; Gasparotto, P.; Csinyi, G,;
Michaelides, A. An Accurate and Transferable Machine Learning
Potential for Carbon. J. Chem. Phys. 2020, 153, 034702.

(153) Browning, N. J; Ramakrishnan, R; von Lilienfeld, O. A;
Roethlisberger, U. Genetic Optimization of Training Sets for Improved
Machine Learning Models of Molecular Properties. J. Phys. Chem. Lett.
2017, 8, 1351—-1359.

(154) Cersonsky, R. K; Helfrecht, B.; Engel, E. A.; Kliavinek, S.;
Ceriotti, M. Improving Sample and Feature Selection with Principal
Covariates Regression. Machine Learn.: Sci. Technol. 2021,
DOI: 10.1088/2632-2153/abfe7c.

(155) de Jong, S.; Kiers, H. A. Principal Covariates Regression.
Chemom. Intell. Lab. Syst. 1992, 14, 155—164.

(156) Justo, J. F.; Bazant, M. Z.; Kaxiras, E.; Bulatov, V. V,; Yip, S.
Interatomic potential for silicon defects and disordered phases. Phys.
Rev. B: Condens. Matter Mater. Phys. 1998, 58, 2539—2550.

(157) Tersoff, J. Empirical interatomic potential for silicon with
improved elastic properties. Phys. Rev. B: Condens. Matter Mater. Phys.
1988, 38, 9902—9908S.

(158) Purja Pun, G. P.; Mishin, Y. Optimized interatomic potential for
silicon and its application to thermal stability of silicene. Phys. Rev. B:
Condens. Matter Mater. Phys. 2017, 95, 224103.

(159) Lenosky, T.J.; Sadigh, B.; Alonso, E.; Bulatov, V. V.; Diaz de la
Rubia, T.; Kim, J.; Voter, A. F.; Kress, ]. D. Highly optimized empirical
potential model of silicon. Modell. Simul. Mater. Sci. Eng. 2000, 8, 825—
841.

(160) Stillinger, F. H.; Weber, T. A. Computer simulation of local
order in condensed phases of silicon. Phys. Rev. B: Condens. Matter
Mater. Phys. 1985, 31, 5262—5271.

(161) Buehler, M. J.; Van Duin, A. C. T.; William A Goddard, 1.
Multiparadigm Modeling of Dynamical Crack Propagation in Silicon
Using a Reactive Force Field. Phys. Rev. Lett. 2006, 96, 095505.

(162) Frauenheim, T.; Weich, F.; Kohler, T.; Uhlman, S.; Porezag, D.;
Seifert, G. Density-functional-based construction of transferable
nonorthogonal tight-binding potentials for Si and SiH. Phys. Rev. B:
Condens. Matter Mater. Phys. 1995, 52, 11492—11501.

(163) Deringer, V. L.; Caro, M. A.; Csanyi, G. A General-Purpose
Machine-Learning Force Field for Bulk and Nanostructured
Phosphorus. Nat. Commun. 2020, 11, 5461.

(164) Deringer, V. L.; Bernstein, N.; Csanyi, G.; Ben Mahmoud, C,;
Ceriotti, M.; Wilson, M.; Drabold, D. A; Elliott, S. R. Origins of
Structural and Electronic Transitions in Disordered Silicon. Nature
2021, 589, 59—64.

(165) Ruck, M.; Hoppe, D.; Wahl, B.; Simon, P.; Wang, Y.; Seifert, G.
Fibrous Red Phosphorus. Angew. Chem., Int. Ed. 2008, 44, 7616—7619.

(166) Bachhuber, F.; von Appen, J.; Dronskowski, R.; Schmidt, P.;
Nilges, T.; Pfitzner, A.; Weihrich, R. The Extended Stability Range of
Phosphorus Allotropes. Angew. Chem., Int. Ed. 2014, 53, 11629—11633.

(167) Liu, H.; Neal, A. T; Zhu, Z.; Luo, Z.; Xu, X,; Tomének, D.; Ye,
P. D. Phosphorene: An Unexplored 2D Semiconductor with a High
Hole Mobility. ACS Nano 2014, 8, 4033—4041.

(168) Watts, M. C.; Picco, L.; Russell-Pavier, F. S.; Cullen, P. L.;
Miller, T. S.; Bartus, S. P.; Payton, O. D.; Skipper, N. T.; Tileli, V.;
Howard, C. A. Production of Phosphorene Nanoribbons. Nature 2019,
568, 216—220.

(169) Jinnouchi, R.; Karsai, F; Verdi, C.; Asahi, R; Kresse, G.
Descriptors Representing Two- and Three-Body Atomic Distributions
and Their Effects on the Accuracy of Machine-Learned Inter-Atomic
Potentials. J. Chem. Phys. 2020, 152, 234102.

(170) Morawietz, T.; Sharma, V.; Behler, J. A neural network
potential-energy surface for the water dimer based on environment-
dependent atomic energies and charges. J. Chem. Phys. 2012, 136,
064103.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1103/PhysRevB.85.045439
https://doi.org/10.1103/PhysRevB.85.045439
https://doi.org/10.1103/PhysRevMaterials.3.023804
https://doi.org/10.1103/PhysRevMaterials.3.023804
https://doi.org/10.1038/s41524-020-00367-7
https://doi.org/10.1038/s41524-020-00367-7
https://doi.org/10.1038/s41524-020-00367-7
https://doi.org/10.1103/PhysRevLett.126.156002
https://doi.org/10.1103/PhysRevLett.126.156002
https://doi.org/10.1103/PhysRevLett.126.156002
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.92.144308
https://doi.org/10.1103/PhysRevB.92.144308
https://doi.org/10.1039/C8FD00055G
https://doi.org/10.1039/C8FD00055G
https://doi.org/10.1039/C8FD00055G
https://doi.org/10.1038/s41567-021-01244-w
https://doi.org/10.1038/s41567-021-01244-w
https://doi.org/10.1103/PhysRevLett.97.045504
https://doi.org/10.1088/0953-8984/23/5/053201
https://doi.org/10.1088/0953-8984/23/5/053201
https://doi.org/10.1002/cphc.201700151
https://doi.org/10.1002/cphc.201700151
https://doi.org/10.1103/PhysRevX.8.041048
https://doi.org/10.1103/PhysRevX.8.041048
https://doi.org/10.1103/PhysRevLett.120.156001
https://doi.org/10.1103/PhysRevLett.120.156001
https://doi.org/10.1021/acs.jpclett.0c02357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8FD00034D
https://doi.org/10.1038/s41524-019-0236-6
https://doi.org/10.1038/s41524-019-0236-6
https://doi.org/10.1073/pnas.0803205106
https://doi.org/10.1073/pnas.0803205106
https://doi.org/10.1021/acs.jpclett.8b01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cpc.2006.07.020
https://doi.org/10.1016/j.cpc.2006.07.020
https://doi.org/10.1103/PhysRevB.97.195424
https://doi.org/10.1103/PhysRevB.97.195424
https://doi.org/10.1103/PhysRevB.97.195424
https://doi.org/10.1103/PhysRevB.82.094116
https://doi.org/10.1103/PhysRevB.82.094116
https://doi.org/10.1016/j.cpc.2012.05.008
https://doi.org/10.1016/j.cpc.2012.05.008
https://doi.org/10.1109/83.623193
https://doi.org/10.1109/83.623193
https://doi.org/10.1126/sciadv.1701816
https://doi.org/10.1126/sciadv.1701816
https://doi.org/10.1063/5.0005084
https://doi.org/10.1063/5.0005084
https://doi.org/10.1021/acs.jpclett.7b00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2632-2153/abfe7c
https://doi.org/10.1088/2632-2153/abfe7c
https://doi.org/10.1088/2632-2153/abfe7c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0169-7439(92)80100-I
https://doi.org/10.1103/PhysRevB.58.2539
https://doi.org/10.1103/PhysRevB.38.9902
https://doi.org/10.1103/PhysRevB.38.9902
https://doi.org/10.1103/PhysRevB.95.224103
https://doi.org/10.1103/PhysRevB.95.224103
https://doi.org/10.1088/0965-0393/8/6/305
https://doi.org/10.1088/0965-0393/8/6/305
https://doi.org/10.1103/PhysRevB.31.5262
https://doi.org/10.1103/PhysRevB.31.5262
https://doi.org/10.1103/PhysRevLett.96.095505
https://doi.org/10.1103/PhysRevLett.96.095505
https://doi.org/10.1103/PhysRevB.52.11492
https://doi.org/10.1103/PhysRevB.52.11492
https://doi.org/10.1038/s41467-020-19168-z
https://doi.org/10.1038/s41467-020-19168-z
https://doi.org/10.1038/s41467-020-19168-z
https://doi.org/10.1038/s41586-020-03072-z
https://doi.org/10.1038/s41586-020-03072-z
https://doi.org/10.1002/anie.200503017
https://doi.org/10.1002/anie.201404147
https://doi.org/10.1002/anie.201404147
https://doi.org/10.1021/nn501226z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn501226z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1074-x
https://doi.org/10.1063/5.0009491
https://doi.org/10.1063/5.0009491
https://doi.org/10.1063/5.0009491
https://doi.org/10.1063/1.3682557
https://doi.org/10.1063/1.3682557
https://doi.org/10.1063/1.3682557
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(171) Morawietz, T.; Behler, J. A density-functional theory-based
neural network potential for water clusters including van der Waals
corrections. J. Phys. Chem. A 2013, 117, 7356

(172) Veit, M; Jain, S. K.; Bonakala, S.; Rudra, I; Hohl, D.; Csényi, G.
Equation of State of Fluid Methane from First Principles with Machine
Learning Potentials. J. Chem. Theory Comput. 2019, 15, 2574—2586.

(173) Babin, V.; Leforestier, C.; Paesani, F. Development of a "First
Principles” Water Potential with Flexible Monomers: Dimer Potential
Energy Surface, VRT Spectrum, and Second Virial Coefficient. J. Chem.
Theory Comput. 2013, 9, 5395—5403.

(174) Bartdk, A. P.; Gillan, M. J.; Manby, F. R;; Csanyi, G. Machine-
Learning Approach for One- and Two-Body Corrections to Density
Functional Theory: Applications to Molecular and Condensed Water.
Phys. Rev. B: Condens. Matter Mater. Phys. 2013, 88, 054104.

(175) Wengert, S.; Csanyi, G.; Reuter, K.; Margraf, J. T. Data-Efficient
Machine Learning for Molecular Crystal Structure Prediction. Chem.
Sci. 2021, 12, 4536—4546.

(176) Bogojeski, M.; Vogt-Maranto, L.; Tuckerman, M. E.; Miiller, K.-
R.; Burke, K. Quantum chemical accuracy from density functional
approximations via machine learning. Nat. Commun. 2020, 11, 1—11.

(177) Dral, P. O.; Owens, A; Dral, A;; Csinyi, G. Hierarchical
Machine Learning of Potential Energy Surfaces. J. Chem. Phys. 2020,
152, 204110.

(178) Sansone, G.; Karttunen, A. J.; Usvyat, D.; Schiitz, M,;
Brandenburg, J. G.; Maschio, L. On the Exfoliation and Anisotropic
Thermal Expansion of Black Phosphorus. Chem. Commun. 2018, 54,
9793-9796.

(179) Chmiela, S.; Tkatchenko, A.; Sauceda, H. E.; Poltavsky, L;
Schiitt, K. T.; Miiller, K-R. Machine Learning of Accurate Energy-
Conserving Molecular Force Fields. Sci. Adv. 2017, 3, No. e160301S.

(180) Chmiela, S.; Sauceda, H. E.; Miiller, K.-R;; Tkatchenko, A.
Towards Exact Molecular Dynamics Simulations with Machine-
Learned Force Fields. Nat. Commun. 2018, 9, 3887.

(181) Chmiela, S.; Sauceda, H. E.; Poltavsky, I; Miiller, K.-R;;
Tkatchenko, A. sGDML: Constructing Accurate and Data Efficient
Molecular Force Fields Using Machine Learning. Comput. Phys.
Commun. 2019, 240, 38—45.

(182) Liu, Y.-B; Yang, J.-Y.; Xin, G.-M,; Liu, L.-H.; Csanyi, G.; Cao,
B.-Y. Machine Learning Interatomic Potential Developed for Molecular
Simulations on Thermal Properties of $-Ga,O;. J. Chem. Phys. 2020,
153, 144501.

(183) Csanyi, G.; Albaret, T.; Moras, G.; Payne, M. C.; De Vita, A.
Multiscale Hybrid Simulation Methods for Material Systems. J. Phys.:
Condens. Matter 2005, 17, R691—R703.

(184) Partoens, B.; Peeters, F. M. From Graphene to Graphite:
Electronic Structure around the K Point. Phys. Rev. B: Condens. Matter
Mater. Phys. 2006, 74, 075404.

(185) Morawietz, T.; Singraber, A.; Dellago, C.; Behler, J. How van
Der Waals Interactions Determine the Unique Properties of Water.
Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 8368—8373.

(186) Sivaraman, G.; Guo, J.; Ward, L.; Hoyt, N.; Williamson, M.;
Foster, I; Benmore, C.; Jackson, N. Automated Development of
Molten Salt Machine Learning Potentials: Application to LiCL J. Phys.
Chem. Lett. 2021, 12, 4278—4285.

(187) Yue, S.; Muniz, M. C.; Calegari Andrade, M. F.; Zhang, L.; Car,
R.; Panagiotopoulos, A. Z. When do short-range atomistic machine-
learning models fall short? J. Chem. Phys. 2021, 154, 034111.

(188) Medders, G. R; Babin, V.; Paesani, F. Development of a “First-
Principles” Water Potential with Flexible Monomers. III. Liquid Phase
Properties. J. Chem. Theory Comput. 2014, 10, 2906—2910.

(189) Himanen, L.; Jiger, M. O. J.; Morooka, E. V.; Federici Canova,
F.; Ranawat, Y. S.; Gao, D. Z,; Rinke, P.; Foster, A. S. DScribe: Library
of Descriptors for Machine Learning in Materials Science. Comput.
Phys. Commun. 2020, 247, 106949.

(190) Poelking, C. SOAP++. http://github.com/capoe/benchml.

(191) Caro, M. A. Optimizing Many-Body Atomic Descriptors for
Enhanced Computational Performance of Machine Learning Based
Interatomic Potentials. Phys. Rev. B: Condens. Matter Mater. Phys. 2019,
100, 024112.

(192) Morgan, W. S,; Jorgensen, J. J.; Hess, B. C.; Hart, G. L. W.
Efficiency of Generalized Regular k-Point Grids. Comput. Mater. Sci.
2018, 153, 424—430.

(193) Deringer, V. L.; Bernstein, N.; Bartok, A. P.; Cliffe, M. J;
Kerber, R. N.; Marbella, L. E.; Grey, C. P.; Elliott, S. R.; Csanyi, G.
Realistic Atomistic Structure of Amorphous Silicon from Machine-
Learning-Driven Molecular Dynamics. J. Phys. Chem. Lett. 2018, 9,
2879-288S.

(194) George, J.; Hautier, G.; Bartok, A. P.; Csényi, G.; Deringer, V. L.
Combining Phonon Accuracy with High Transferability in Gaussian
Approximation Potential Models. J. Chem. Phys. 2020, 153, 044104.

(195) Jain, A; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D.;
Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.; Ceder, G.; Persson, K. a.
Commentary: The Materials Project: A Materials Genome Approach to
Accelerating Materials Innovation. APL Mater. 2013, 1, 011002.

(196) Babaei, H.; Guo, R.; Hashemi, A.; Lee, S. Machine-Learning-
Based Interatomic Potential for Phonon Transport in Perfect
Crystalline Si and Crystalline Si with Vacancies. Phys. Rev. Mater.
2019, 3, 074603.

(197) Togo, A.; Tanaka, L. First Principles Phonon Calculations in
Materials Science. Scr. Mater. 2015, 108, 1-35.

(198) Rosenbrock, C. W.; Gubaev, K.; Shapeev, A. V.; Partay, L. B.;
Bernstein, N.; Csanyi, G.; Hart, G. L. W. Machine-learned interatomic
potentials for alloys and alloy phase diagrams. npj Comput. Mater. 2021,
7, 1-9.

(199) Tamura, R.; Lin, J.; Miyazaki, T. Machine Learning Forces
Trained by Gaussian Process in Liquid States: Transferability to
Temperature and Pressure. J. Phys. Soc. Jpn. 2019, 88, 044601.

(200) Caro, M. A.; Csényi, G.; Laurila, T.; Deringer, V. L. Machine
Learning Driven Simulated Deposition of Carbon Films: From Low-
Density to Diamondlike Amorphous Carbon. Phys. Rev. B: Condens.
Matter Mater. Phys. 2020, 102, 174201.

(201) Tran, K; Neiswanger, W.; Yoon, J.; Zhang, Q.; Xing, E.; Ulissi,
Z.W. Methods for Comparing Uncertainty Quantifications for Material
Property Predictions. Mach. Learn.: Sci. Technol. 2020, 1, 025006.

(202) Musil, F.; Willatt, M. J.; Langovoy, M. A.; Ceriotti, M. Fast and
Accurate Uncertainty Estimation in Chemical Machine Learning. J.
Chem. Theory Comput. 2019, 15, 906—915.

(203) Raimbault, N.; Grisafi, A.; Ceriotti, M.; Rossi, M. Using
Gaussian Process Regression to Simulate the Vibrational Raman
Spectra of Molecular Crystals. New J. Phys. 2019, 21, 105001.

(204) Imbalzano, G.; Zhuang, Y.; Kapil, V.; Rossi, K;; Engel, E. A;
Grasselli, F.; Ceriotti, M. Uncertainty Estimation by Committee
Models for Molecular Dynamics and Thermodynamic Averages. J.
Chem. Phys. 2021, 154, 074102.

(205) Tibshirani, R. A comparison of some error estimates for neural
network models. Neural Comput. 1996, 8, 152.

(206) Janet, J. P.; Duan, C.; Yang, T.; Nandy, A; Kulik, H. J. A
Quantitative Uncertainty Metric Controls Error in Neural Network-
Driven Chemical Discovery. Chem. Sci. 2019, 10, 7913—7922.

(207) Novikov, I S.; Shapeev, A. V. Improving Accuracy of
Interatomic Potentials: More Physics or More Data? A Case Study of
Silica. Materials Today Communications 2019, 18, 74—80.

(208) Peterson, A. A; Christensen, R.; Khorshidi, A. Addressing
Uncertainty in Atomistic Machine Learning. Phys. Chem. Chem. Phys.
2017, 19, 10978—1098S.

(209) Breiman, L. Bagging Predictors. Mach. Learn. 1996, 24, 123.

(210) Politis, D. N; Romano, J. P. Large Sample Confidence Regions
Based on Subsamples under Minimal Assumptions. Ann. Stat. 1994, 22,
2031-2050.

(211) Heskes, T. Practical Confidence and Prediction Intervals. Adv.
Neural Inf. Process. Syst. 1997, 176—182.

(212) Ben Mahmoud, C.; Anelli, A.; Csanyi, G.; Ceriotti, M. Learning
the Electronic Density of States in Condensed Matter. Phys. Rev. B:
Condens. Matter Mater. Phys. 2020, 102, 235130.

(213) Torrie, G. M,; Valleau, J. P. Nonphysical Sampling Distributions
in Monte Carlo Free-Energy Estimation: Umbrella Sampling. J.
Comput. Phys. 1977, 23, 187—199.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1021/jp401225b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp401225b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp401225b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400863t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400863t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400863t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.88.054104
https://doi.org/10.1103/PhysRevB.88.054104
https://doi.org/10.1103/PhysRevB.88.054104
https://doi.org/10.1039/D0SC05765G
https://doi.org/10.1039/D0SC05765G
https://doi.org/10.1038/s41467-020-19093-1
https://doi.org/10.1038/s41467-020-19093-1
https://doi.org/10.1063/5.0006498
https://doi.org/10.1063/5.0006498
https://doi.org/10.1039/C8CC04855J
https://doi.org/10.1039/C8CC04855J
https://doi.org/10.1126/sciadv.1603015
https://doi.org/10.1126/sciadv.1603015
https://doi.org/10.1038/s41467-018-06169-2
https://doi.org/10.1038/s41467-018-06169-2
https://doi.org/10.1016/j.cpc.2019.02.007
https://doi.org/10.1016/j.cpc.2019.02.007
https://doi.org/10.1063/5.0027643
https://doi.org/10.1063/5.0027643
https://doi.org/10.1088/0953-8984/17/27/R02
https://doi.org/10.1103/PhysRevB.74.075404
https://doi.org/10.1103/PhysRevB.74.075404
https://doi.org/10.1073/pnas.1602375113
https://doi.org/10.1073/pnas.1602375113
https://doi.org/10.1021/acs.jpclett.1c00901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.1c00901?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0031215
https://doi.org/10.1063/5.0031215
https://doi.org/10.1021/ct5004115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct5004115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct5004115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cpc.2019.106949
https://doi.org/10.1016/j.cpc.2019.106949
http://github.com/capoe/benchml
https://doi.org/10.1103/PhysRevB.100.024112
https://doi.org/10.1103/PhysRevB.100.024112
https://doi.org/10.1103/PhysRevB.100.024112
https://doi.org/10.1016/j.commatsci.2018.06.031
https://doi.org/10.1021/acs.jpclett.8b00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.8b00902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0013826
https://doi.org/10.1063/5.0013826
https://doi.org/10.1063/1.4812323
https://doi.org/10.1063/1.4812323
https://doi.org/10.1103/PhysRevMaterials.3.074603
https://doi.org/10.1103/PhysRevMaterials.3.074603
https://doi.org/10.1103/PhysRevMaterials.3.074603
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1038/s41524-020-00477-2
https://doi.org/10.1038/s41524-020-00477-2
https://doi.org/10.7566/JPSJ.88.044601
https://doi.org/10.7566/JPSJ.88.044601
https://doi.org/10.7566/JPSJ.88.044601
https://doi.org/10.1103/PhysRevB.102.174201
https://doi.org/10.1103/PhysRevB.102.174201
https://doi.org/10.1103/PhysRevB.102.174201
https://doi.org/10.1088/2632-2153/ab7e1a
https://doi.org/10.1088/2632-2153/ab7e1a
https://doi.org/10.1021/acs.jctc.8b00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1367-2630/ab4509
https://doi.org/10.1088/1367-2630/ab4509
https://doi.org/10.1088/1367-2630/ab4509
https://doi.org/10.1063/5.0036522
https://doi.org/10.1063/5.0036522
https://doi.org/10.1162/neco.1996.8.1.152
https://doi.org/10.1162/neco.1996.8.1.152
https://doi.org/10.1039/C9SC02298H
https://doi.org/10.1039/C9SC02298H
https://doi.org/10.1039/C9SC02298H
https://doi.org/10.1016/j.mtcomm.2018.11.008
https://doi.org/10.1016/j.mtcomm.2018.11.008
https://doi.org/10.1016/j.mtcomm.2018.11.008
https://doi.org/10.1039/C7CP00375G
https://doi.org/10.1039/C7CP00375G
https://doi.org/10.1007/BF00058655
https://doi.org/10.1214/aos/1176325770
https://doi.org/10.1214/aos/1176325770
https://doi.org/10.1103/PhysRevB.102.235130
https://doi.org/10.1103/PhysRevB.102.235130
https://doi.org/10.1016/0021-9991(77)90121-8
https://doi.org/10.1016/0021-9991(77)90121-8
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(214) Ceriotti, M; Brain, G. A.; Riordan, O.; Manolopoulos, D. E.
The Inefficiency of Re-Weighted Sampling and the Curse of System
Size in High-Order Path Integration. Proc. R. Soc. London, Ser. A 2012,
468, 2—17.

(215) Cui, J; Krems, R. V. Efficient Non-Parametric Fitting of
Potential Energy Surfaces for Polyatomic Molecules with Gaussian
Processes. J. Phys. B: At,, Mol. Opt. Phys. 2016, 49, 224001.

(216) Cresswell, A. J.; Wheatley, R. J.; Wilkinson, R. D.; Graham, R. S.
Molecular Simulation of the Thermophysical Properties and Phase
Behaviour of Impure CO, Relevant to CCS. Faraday Discuss. 2016, 192,
415—-436.

(217) Kolb, B.; Marshall, P.; Zhao, B.; Jiang, B.; Guo, H. Representing
Global Reactive Potential Energy Surfaces Using Gaussian Processes. J.
Phys. Chem. A 2017, 121, 2552—2557.

(218) Uteva, E,; Graham, R. S.; Wilkinson, R. D.; Wheatley, R. J.
Interpolation of Intermolecular Potentials Using Gaussian Processes. J.
Chem. Phys. 2017, 147, 161706.

(219) Dral, P. O.; Owens, A.; Yurchenko, S. N.; Thiel, W. Structure-
based sampling and self-correcting machine learning for accurate
calculations of potential energy surfaces and vibrational levels. . Chem.
Phys. 2017, 146, 244108,

(220) Qu, C.; Yu, Q; Van Hoozen, B. L.; Bowman, J. M,; Vargas-
Herndndez, R. A. Assessing Gaussian Process Regression and
Permutationally Invariant Polynomial Approaches To Represent
High-Dimensional Potential Energy Surfaces. J. Chem. Theory Comput.
2018, 14, 3381—3396.

(221) Kiser, S.; Koner, D.; Christensen, A. S.; von Lilienfeld, O. A.;
Meuwly, M. Machine Learning Models of Vibrating H2CO:
Comparing Reproducing Kernels, FCHL, and PhysNet. J. Phys.
Chem. A 2020, 124, 8853—8865.

(222) Sugisawa, H.; Ida, T.; Krems, R. V. Gaussian Process Model of
51-Dimensional Potential Energy Surface for Protonated Imidazole
Dimer. J. Chem. Phys. 2020, 153, 114101.

(223) Bowman, G. R;; Beauchamp, K. A.; Boxer, G.; Pande, V. S.
Progress and Challenges in the Automated Construction of Markov
State Models for Full Protein Systems. J. Chem. Phys. 2009, 131,
124101.

(224) Babin, V.; Medders, G. R; Paesani, F. Development of a "First
Principles” Water Potential with Flexible Monomers. II: Trimer
Potential Energy Surface, Third Virial Coefficient, and Small Clusters.
J. Chem. Theory Comput. 2014, 10, 1599—1607.

(225) Cisneros, G. A.; Wikfeldt, K. T.; Ojamie, L.; Lu, J.; Xu, Y.;
Torabifard, H.; Bartdk, A. P.; Csanyi, G.; Molinero, V.; Paesani, F.
Modeling Molecular Interactions in Water: From Pairwise to Many-
Body Potential Energy Functions. Chem. Rev. 2016, 116, 7501—7528.

(226) Manzhos, S.; Carrington, T. Neural Network Potential Energy
Surfaces for Small Molecules and Reactions. Chem. Rev. 2020, PMID:
33021368. DOI: 10.1021/acs.chemrev.0c00665

(227) Schmitz, G.; Godtliebsen, I. H.; Christiansen, O. Machine
Learning for Potential Energy Surfaces: An Extensive Database and
Assessment of Methods. J. Chem. Phys. 2019, 150, 244113.

(228) Krems, R. V. Bayesian Machine Learning for Quantum
Molecular Dynamics. Phys. Chem. Chem. Phys. 2019, 21,13392—13410.

(229) Schmitz, G.; Christiansen, O. Gaussian Process Regression to
Accelerate Geometry Optimizations Relying on Numerical Differ-
entiation. J. Chem. Phys. 2018, 148, 241704.

(230) Proppe, J.; Gugler, S.; Reiher, M. Gaussian Process-Based
Refinement of Dispersion Corrections. J. Chem. Theory Comput. 2019,
15, 6046—6060.

(231) Unke, O. T.; Chmiela, S.; Sauceda, H. E.; Gastegger, M,;
Poltavsky, I; Schiitt, K. T.; Tkatchenko, A.; Mueller, K.-R. Chem. Rev.
2021, DOI: 10.1021/acs.chemrev.0c01111.

(232) Ramakrishnan, R.; Dral, P. O.; Rupp, M.; Von Lilienfeld, O. A.
Quantum Chemistry Structures and Properties of 134 Kilo Molecules.
Sci. Data 2014, 1, 1-7.

(233) Faber, F. A; Christensen, A. S.; Huang, B.; Anatole von
Lilienfeld, O. Alchemical and Structural Distribution Based Repre-
sentation for Universal Quantum Machine Learning. J. Chem. Phys.
2018, 148, 241717.

(234) Huang, B.; Anatole von Lilienfeld, O. Communication:
Understanding Molecular Representations in Machine Learning: The
Role of Uniqueness and Target Similarity. J. Chem. Phys. 2016, 145,
161102.

(235) Rupp, M.; Tkatchenko, A.; Miiller, K.-R.; von Lilienfeld, O. A.
Fast and Accurate Modeling of Molecular Atomization Energies with
Machine Learning. Phys. Rev. Lett. 2012, 108, 058301.

(236) Hansen, K; Biegler, F.; Ramakrishnan, R; Pronobis, W,;
Anatole von Lilienfeld, O.; Miiller, K. R.; Tkatchenko, A. Machine
Learning Predictions of Molecular Properties: Accurate Many-Body
Potentials and Nonlocality in Chemical Space. J. Phys. Chem. Lett. 2018,
6,2326—2331.

(237) Schiitt, K. T.; Sauceda, H. E.; Kindermans, P.-J.; Tkatchenko,
A.; Miiller, K.-R. SchNet - A Deep Learning Architecture for Molecules
and Materials. J. Chem. Phys. 2018, 148, 241722.

(238) Unke, O. T.; Meuwly, M. PhysNet: A Neural Network for
Predicting Energies, Forces, Dipole Moments, and Partial Charges. J.
Chem. Theory Comput. 2019, 15, 3678—3693.

(239) Zaverkin, V.; Kistner, J. Gaussian Moments as Physically
Inspired Molecular Descriptors for Accurate and Scalable Machine
Learning Potentials. J. Chem. Theory Comput. 2020, 16, 5410—5421.

(240) Stocker, S.; Csanyi, G.; Reuter, K; Margraf, J. T. Machine
Learning in Chemical Reaction Space. Nat. Commun. 2020, 11, SS0S.

(241) Dragoni, D.; Daff, T. D.; Csényi, G.; Marzari, N. Achieving DFT
Accuracy with a Machine-Learning Interatomic Potential: Thermo-
mechanics and Defects in Bcc Ferromagnetic Iron. Phys. Rev. Mater.
2018, 2, 013808.

(242) Maresca, F.; Dragoni, D.; Csanyi, G.; Marzari, N.; Curtin, W. A.
Screw Dislocation Structure and Mobility in Body Centered Cubic Fe
Predicted by a Gaussian Approximation Potential. npj Comput. Mater.
2018, 4, 69.

(243) Kostiuchenko, T.; Kérmann, F.; Neugebauer, J.; Shapeev, A.
Impact of Lattice Relaxations on Phase Transitions in a High-Entropy
Alloy Studied by Machine-Learning Potentials. npj Comput. Mater.
2019, S, SS.

(244) Ismail-Beigi, S.; Arias, T. A. Ab InitioStudy of Screw
Dislocations in Mo and Ta: A New Picture of Plasticity in bcc
Transition Metals. Phys. Rev. Lett. 2000, 84, 1499—1502.

(245) Cereceda, D.; Stukowski, A.; Gilbert, M. R;; Queyreau, S.;
Ventelon, L.; Marinica, M. C.; Perlado, J. M.; Marian, J. Assessment of
interatomic potentials for atomistic analysis of static and dynamic
properties of screw dislocations in W. J. Phys.: Condens. Matter 2013, 25,
085702.

(246) Lambert, H.; Fekete, A.; Kermode, J. R; Vita, A. D. Imeall: A
Computational Framework for the Calculation of the Atomistic
Properties of Grain Boundaries. Comput. Phys. Commun. 2018, 232,
256—263.

(247) Novikov, L; Grabowski, B.; Kormann, F.; Shapeev, A. Machine-
learning interatomic potentials reproduce vibrational and magnetic
degrees of freedom. 2020; arxiv.org/abs/2012.12763.

(248) Zhang, Z.; Csanyi, G.; Alfe, D. Partitioning of sulfur between
solid and liquid iron under Earth’s core conditions: Constraints from
atomistic simulations with machine learning potentials. Geochim.
Cosmochim. Acta 2020, 291, 5—18.

(249) Rowe, P.; Csanyi, G.; Alfe, D.; Michaelides, A. Development of a
Machine Learning Potential for Graphene. Phys. Rev. B: Condens. Matter
Mater. Phys. 2018, 97, 054303.

(250) Qian, C.; McLean, B.; Hedman, D.; Ding, F. A Comprehensive
Assessment of Empirical Potentials for Carbon Materials. APL Mater.
2021, 9, 061102.

(251) Thiemann, F. L.; Rowe, P.; Miiller, E. A,; Michaelides, A.
Machine Learning Potential for Hexagonal Boron Nitride Applied to
Thermally and Mechanically Induced Rippling. J. Phys. Chem. C 2020,
124, 22278-22290.

(252) Hoffmann, R.; Kabanov, A. A;; Golov, A. A.; Proserpio, D. M.
Homo Citans and Carbon Allotropes: For an Ethics of Citation. Angew.
Chem., Int. Ed. 2016, 55, 10962—10976.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1098/rspa.2011.0413
https://doi.org/10.1098/rspa.2011.0413
https://doi.org/10.1088/0953-4075/49/22/224001
https://doi.org/10.1088/0953-4075/49/22/224001
https://doi.org/10.1088/0953-4075/49/22/224001
https://doi.org/10.1039/C6FD00026F
https://doi.org/10.1039/C6FD00026F
https://doi.org/10.1021/acs.jpca.7b01182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.7b01182?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4986489
https://doi.org/10.1063/1.4989536
https://doi.org/10.1063/1.4989536
https://doi.org/10.1063/1.4989536
https://doi.org/10.1021/acs.jctc.8b00298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00298?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c05979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c05979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0023492
https://doi.org/10.1063/5.0023492
https://doi.org/10.1063/5.0023492
https://doi.org/10.1063/1.3216567
https://doi.org/10.1063/1.3216567
https://doi.org/10.1021/ct500079y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500079y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500079y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00644?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5100141
https://doi.org/10.1063/1.5100141
https://doi.org/10.1063/1.5100141
https://doi.org/10.1039/C9CP01883B
https://doi.org/10.1039/C9CP01883B
https://doi.org/10.1063/1.5009347
https://doi.org/10.1063/1.5009347
https://doi.org/10.1063/1.5009347
https://doi.org/10.1021/acs.jctc.9b00627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00627?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c01111?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/sdata.2014.22
https://doi.org/10.1063/1.5020710
https://doi.org/10.1063/1.5020710
https://doi.org/10.1063/1.4964627
https://doi.org/10.1063/1.4964627
https://doi.org/10.1063/1.4964627
https://doi.org/10.1103/PhysRevLett.108.058301
https://doi.org/10.1103/PhysRevLett.108.058301
https://doi.org/10.1021/acs.jpclett.5b00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5019779
https://doi.org/10.1063/1.5019779
https://doi.org/10.1021/acs.jctc.9b00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00181?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.0c00347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-19267-x
https://doi.org/10.1038/s41467-020-19267-x
https://doi.org/10.1103/PhysRevMaterials.2.013808
https://doi.org/10.1103/PhysRevMaterials.2.013808
https://doi.org/10.1103/PhysRevMaterials.2.013808
https://doi.org/10.1038/s41524-018-0125-4
https://doi.org/10.1038/s41524-018-0125-4
https://doi.org/10.1038/s41524-019-0195-y
https://doi.org/10.1038/s41524-019-0195-y
https://doi.org/10.1103/PhysRevLett.84.1499
https://doi.org/10.1103/PhysRevLett.84.1499
https://doi.org/10.1103/PhysRevLett.84.1499
https://doi.org/10.1088/0953-8984/25/8/085702
https://doi.org/10.1088/0953-8984/25/8/085702
https://doi.org/10.1088/0953-8984/25/8/085702
https://doi.org/10.1016/j.cpc.2018.04.029
https://doi.org/10.1016/j.cpc.2018.04.029
https://doi.org/10.1016/j.cpc.2018.04.029
https://doi.org/10.1016/j.gca.2020.03.028
https://doi.org/10.1016/j.gca.2020.03.028
https://doi.org/10.1016/j.gca.2020.03.028
https://doi.org/10.1103/PhysRevB.97.054303
https://doi.org/10.1103/PhysRevB.97.054303
https://doi.org/10.1063/5.0052870
https://doi.org/10.1063/5.0052870
https://doi.org/10.1021/acs.jpcc.0c05831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.0c05831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201600655
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(253) Pickard, C. J.; Needs, R. J. Hypothetical Low-Energy Chiral
Framework Structure of Group 14 Elements. Phys. Rev. B: Condens.
Matter Mater. Phys. 2010, 81, 014106.

(254) Albert, B.; Hillebrecht, H. Boron: Elementary Challenge for
Experimenters and Theoreticians. Angew. Chem., Int. Ed. 2009, 48,
8640—8668.

(255) Ogitsu, T.; Schwegler, E.; Galli, G. f-Rhombohedral Boron: At
the Crossroads of the Chemistry of Boron and the Physics of
Frustration. Chem. Rev. 2013, 113, 3425—3449.

(256) Yang, Q;; Lv,].; Tong, Q.; Du, X,; Wang, Y.; Zhang, S.; Yang, G.;
Bergara, A.; Ma, Y. Hard and Superconducting Cubic Boron Phase via
Swarm-Intelligence Structural Prediction Driven by a Machine-
Learning Potential. Phys. Rev. B: Condens. Matter Mater. Phys. 2021,
103, 024505.

(257) Bécker, S.; Hiser, M. Covalent Structures of Phosphorus: A
Comprehensive Theoretical Study. Z. Anorg. Allg. Chem. 1995, 621,
258—-286.

(258) Pfitzner, A.; Briu, M. F.; Zweck, J.; Brunklaus, G.; Eckert, H.
Phosphorus Nanorods-Two Allotropic Modifications of a Long-Known
Element. Angew. Chem., Int. Ed. 2004, 43, 4228—4231.

(259) Ahnert, S. E; Grant, W. P.; Pickard, C. J. Revealing and
Exploiting Hierarchical Material Structure Through Complex Atomic
Networks. npj Comput. Mater. 2017, 3, 1-8.

(260) Deringer, V. L.; Pickard, C. J.; Proserpio, D. M. Hierarchically
Structured Allotropes of Phosphorus from Data-Driven Exploration.
Angew. Chem., Int. Ed. 2020, 59, 15880—1588S.

(261) Schusteritsch, G.; Uhrin, M.; Pickard, C. J. Single-Layered
Hittorf’s Phosphorus: A Wide-Bandgap High Mobility 2D Material.
Nano Lett. 2016, 16, 2975—2980.

(262) Zhang, L.; Huang, H.; Zhang, B.; Gu, M.; Zhao, D.; Zhao, X; Li,
L.; Zhou, J.; Wu, K; Cheng, Y.; Zhang, J. Structure and Properties of
Violet Phosphorus and Its Phosphorene Exfoliation. Angew. Chem., Int.
Ed. 2020, 59, 1074—1080.

(263) Caro, M. A.; Deringer, V. L.; Koskinen, J.; Laurila, T.; Csanyi, G.
Growth Mechanism and Origin of High sp® Content in Tetrahedral
Amorphous Carbon. Phys. Rev. Lett. 2018, 120, 166101.

(264) Robertson, J. Diamond-Like Amorphous Carbon. Mater. Sci.
Eng, R 2002, 37, 129—281.

(265) Shiell, T. B.; McCulloch, D. G.; McKenzie, D. R.; Field, M. R;
Haberl, B.; Boehler, R.; Cook, B. A.; de Tomas, C.; Suarez-Martinez, 1;
Marks, N. A.; Bradby, J. E. Graphitization of Glassy Carbon after
Compression at Room Temperature. Phys. Rev. Lett. 2018, 120,
215701.

(266) Marks, N. A. Generalizing the Environment-Dependent
Interaction Potential for Carbon. Phys. Rev. B: Condens. Matter Mater.
Phys. 2000, 63, 035401.

(267) Marks, N. Thin Film Deposition of Tetrahedral Amorphous
Carbon: A Molecular Dynamics Study. Diamond Relat. Mater. 2008, 14,
1223—-1231.

(268) Jana, R.; Savio, D.; Deringer, V. L.; Pastewka, L. Structural and
Elastic Properties of Amorphous Carbon from Simulated Quenching at
Low Rates. Modell. Simul. Mater. Sci. Eng. 2019, 27, 085009.

(269) Palomiki, T.; Caro, M. A.; Wester, N.; Sainio, S.; Etula, J.;
Johansson, L.-S.; Han, J. G.; Koskinen, J.; Laurila, T. Effect of Power
Density on the Electrochemical Properties of Undoped Amorphous
Carbon (a-C) Thin Films. Electroanalysis 2019, 31, 746—755.

(270) Jana, R.; von Lautz, J.; Khosrownejad, S. M.; Andrews, W. B.;
Moseler, M.; Pastewka, L. Constitutive Relations for Plasticity of
Amorphous Carbon. J. Phys. Mater. 2020, 3, 035005.

(271) Powles, R. C.; Marks, N. A; Lau, D. W. M. Self-Assembly ofspz-
Bonded Carbon Nanostructures from Amorphous Precursors. Phys.
Rev. B: Condens. Matter Mater. Phys. 2009, 79, 075430.

(272) de Tomas, C.; Aghajamali, A.; Jones, J. L.; Lim, D. J.; Lépez, M.
J.; Suarez-Martinez, I; Marks, N. A. Transferability in Interatomic
Potentials for Carbon. Carbon 2019, 155, 624—634.

(273) Deringer, V. L.; Merlet, C.; Hu, Y.; Lee, T. H,; Kattirtzi, J. A,;
Pecher, O.; Csanyi, G.; Elliott, S. R.; Grey, C. P. Towards an Atomistic
Understanding of Disordered Carbon Electrode Materials. Chem.
Commun. 2018, 54, 5988—5991.

(274) Huang, ].-X.; Csanyi, G.; Zhao, J.-B.; Cheng, J.; Deringer, V. L.
First-Principles Study of Alkali-Metal Intercalation in Disordered
Carbon Anode Materials. J. Mater. Chem. A 2019, 7, 19070—19080.

(275) Deringer, V. L.; Caro, M. A; Jana, R;; Aarva, A;; Elliott, S. R;
Laurila, T.; Csényi, G.; Pastewka, L. Computational Surface Chemistry
of Tetrahedral Amorphous Carbon by Combining Machine Learning
and Density Functional Theory. Chem. Mater. 2018, 30, 7438—7445.

(276) Wooten, F.; Winer, K.; Weaire, D. Computer Generation of
Structural Models of Amorphous Si and Ge. Phys. Rev. Lett. 1985, 54,
1392—-1395.

(277) Barkema, G. T.; Mousseau, N. High-Quality Continuous
Random Networks. Phys. Rev. B: Condens. Matter Mater. Phys. 2000, 62,
4985—4990.

(278) Pantelides, S. T. Defects in Amorphous Silicon: A New
Perspective. Phys. Rev. Lett. 1986, 57, 2979—2982.

(279) Pham, T. L,; Kino, H.; Terakura, K.; Miyake, T.; Dam, H. C.
Novel Mixture Model for the Representation of Potential Energy
Surfaces. J. Chem. Phys. 2016, 145, 154103.

(280) Pedersen, A.; Pizzagalli, L.; Jénsson, H. Optimal Atomic
Structure of Amorphous Silicon Obtained from Density Functional
Theory Calculations. New J. Phys. 2017, 19, 063018.

(281) Li, W.; Ando, Y. Dependence of a Cooling rate on Structural
and Vibrational Properties of Amorphous Silicon: A Neural Network
Potential-Based Molecular Dynamics Study. J. Chem. Phys. 2019, 151,
114101.

(282) Eckhoff, M.; Behler, J. From Molecular Fragments to the Bulk:
Development of a Neural Network Potential for MOEF-S. J. Chem.
Theory Comput. 2019, 15, 3793—3809.

(283) Caro, M. A,; Aarva, A; Deringer, V. L.; Csdnyi, G.; Laurila, T.
Reactivity of Amorphous Carbon Surfaces: Rationalizing the Role of
Structural Motifs in Functionalization Using Machine Learning. Chem.
Mater. 2018, 30, 7446—7455.

(284) Goryaeva, A. M.; Lapointe, C.; Dai, C.; Déres, J.; Maillet, J.-B.;
Marinica, M.-C. Reinforcing Materials Modelling by Encoding the
Structures of Defects in Crystalline Solids into Distortion Scores. Nat.
Commun. 2020, 11, 4691.

(285) Mocanu, F. C.; Konstantinou, K.; Lee, T. H.; Bernstein, N.;
Deringer, V. L.; Csényi, G.; Elliott, S. R. Modeling the Phase-Change
Memory Material, Ge,Sb,Tes, with a Machine-Learned Interatomic
Potential. J. Phys. Chem. B 2018, 122, 8998—9006.

(286) Konstantinou, K.; Mocanu, F. C; Lee, T.-H,; Elliott, S. R.
Revealing the Intrinsic Nature of the Mid-Gap Defects in Amorphous
Ge,Sb,Tes. Nat. Commun. 2019, 10, 306S.

(287) Wauttig, M.; Yamada, N. Phase-Change Materials for
Rewriteable Data Storage. Nat. Mater. 2007, 6, 824—832.

(288) Wauttig, M.; Bhaskaran, H.; Taubner, T. Phase-Change
Materials for Non-Volatile Photonic Applications. Nat. Photonics
2017, 11, 465—476.

(289) Akola, J.; Jones, R. O. Amorphous Structures of Ge/Sb/Te
Alloys: Density Functional Simulations. Phys. Status Solidi B 2012, 249,
1851—1860.

(290) Zhang, W.; Deringer, V. L.; Dronskowski, R.; Mazzarello, R.;
Ma, E.; Wuttig, M. Density-Functional Theory Guided Advances in
Phase-Change Materials and Memories. MRS Bull. 2015, 40, 856—869.

(291) Ronneberger, I; Zhang, W.; Mazzarello, R. Crystal Growth of
Ge,Sb,Tes at High Temperatures. MRS Commun. 2018, 8,1018—1023.

(292) Kalikka, J.; Akola, J.; Jones, R. O. Crystallization Processes in the
Phase Change Material Ge,Sb,Tes: Unbiased Density Functional/
Molecular Dynamics Simulations. Phys. Rev. B: Condens. Matter Mater.
Phys. 2016, 94, 134105.

(293) Sosso, G. C.; Miceli, G.; Caravati, S.; Behler, J.; Bernasconi, M.
Neural Network Interatomic Potential for the Phase Change Material
GeTe. Phys. Rev. B: Condens. Matter Mater. Phys. 2012, 85, 174103.

(294) Sosso, G. C.; Donadio, D.; Caravati, S.; Behler, J.; Bernasconi,
M. Thermal transport in phase-change materials from atomistic
simulations. Phys. Rev. B: Condens. Matter Mater. Phys. 2012, 86,
104301.

(295) Sosso, G. C; Miceli, G.; Caravati, S.; Giberti, F.; Behler, J.;
Bernasconi, M. Fast Crystallization of the Phase Change Compound

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1103/PhysRevB.81.014106
https://doi.org/10.1103/PhysRevB.81.014106
https://doi.org/10.1002/anie.200903246
https://doi.org/10.1002/anie.200903246
https://doi.org/10.1021/cr300356t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300356t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300356t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.103.024505
https://doi.org/10.1103/PhysRevB.103.024505
https://doi.org/10.1103/PhysRevB.103.024505
https://doi.org/10.1002/zaac.19956210215
https://doi.org/10.1002/zaac.19956210215
https://doi.org/10.1002/anie.200460244
https://doi.org/10.1002/anie.200460244
https://doi.org/10.1038/s41524-017-0035-x
https://doi.org/10.1038/s41524-017-0035-x
https://doi.org/10.1038/s41524-017-0035-x
https://doi.org/10.1002/anie.202005031
https://doi.org/10.1002/anie.202005031
https://doi.org/10.1021/acs.nanolett.5b05068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201912761
https://doi.org/10.1002/anie.201912761
https://doi.org/10.1103/PhysRevLett.120.166101
https://doi.org/10.1103/PhysRevLett.120.166101
https://doi.org/10.1016/S0927-796X(02)00005-0
https://doi.org/10.1103/PhysRevLett.120.215701
https://doi.org/10.1103/PhysRevLett.120.215701
https://doi.org/10.1103/PhysRevB.63.035401
https://doi.org/10.1103/PhysRevB.63.035401
https://doi.org/10.1016/j.diamond.2004.10.047
https://doi.org/10.1016/j.diamond.2004.10.047
https://doi.org/10.1088/1361-651X/ab45da
https://doi.org/10.1088/1361-651X/ab45da
https://doi.org/10.1088/1361-651X/ab45da
https://doi.org/10.1002/elan.201800738
https://doi.org/10.1002/elan.201800738
https://doi.org/10.1002/elan.201800738
https://doi.org/10.1088/2515-7639/ab953c
https://doi.org/10.1088/2515-7639/ab953c
https://doi.org/10.1103/PhysRevB.79.075430
https://doi.org/10.1103/PhysRevB.79.075430
https://doi.org/10.1016/j.carbon.2019.07.074
https://doi.org/10.1016/j.carbon.2019.07.074
https://doi.org/10.1039/C8CC01388H
https://doi.org/10.1039/C8CC01388H
https://doi.org/10.1039/C9TA05453G
https://doi.org/10.1039/C9TA05453G
https://doi.org/10.1021/acs.chemmater.8b02410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b02410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b02410?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.54.1392
https://doi.org/10.1103/PhysRevLett.54.1392
https://doi.org/10.1103/PhysRevB.62.4985
https://doi.org/10.1103/PhysRevB.62.4985
https://doi.org/10.1103/PhysRevLett.57.2979
https://doi.org/10.1103/PhysRevLett.57.2979
https://doi.org/10.1063/1.4964318
https://doi.org/10.1063/1.4964318
https://doi.org/10.1088/1367-2630/aa732e
https://doi.org/10.1088/1367-2630/aa732e
https://doi.org/10.1088/1367-2630/aa732e
https://doi.org/10.1063/1.5114652
https://doi.org/10.1063/1.5114652
https://doi.org/10.1063/1.5114652
https://doi.org/10.1021/acs.jctc.8b01288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.8b03353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-18282-2
https://doi.org/10.1038/s41467-020-18282-2
https://doi.org/10.1021/acs.jpcb.8b06476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b06476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b06476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-10980-w
https://doi.org/10.1038/s41467-019-10980-w
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1038/nphoton.2017.126
https://doi.org/10.1002/pssb.201200393
https://doi.org/10.1002/pssb.201200393
https://doi.org/10.1557/mrs.2015.227
https://doi.org/10.1557/mrs.2015.227
https://doi.org/10.1557/mrc.2018.131
https://doi.org/10.1557/mrc.2018.131
https://doi.org/10.1103/PhysRevB.94.134105
https://doi.org/10.1103/PhysRevB.94.134105
https://doi.org/10.1103/PhysRevB.94.134105
https://doi.org/10.1103/PhysRevB.85.174103
https://doi.org/10.1103/PhysRevB.85.174103
https://doi.org/10.1103/PhysRevB.86.104301
https://doi.org/10.1103/PhysRevB.86.104301
https://doi.org/10.1021/jz402268v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

GeTe by Large-Scale Molecular Dynamics Simulations. J. Phys. Chem.
Lett. 2013, 4, 4241—4246.

(296) Gabardi, S.; Baldi, E.; Bosoni, E.; Campi, D.; Caravati, S.; Sosso,
G. C.; Behler, J; Bernasconi, M. Atomistic Simulations of the
Crystallization and Aging of GeTe Nanowires. J. Phys. Chem. C 2017,
121, 23827—-23838.

(297) Sosso, G. C.; Bernasconi, M. Harnessing Machine Learning
Potentials to Understand the Functional Properties of Phase-Change
Materials. MRS Bull. 2019, 44, 705—709.

(298) Mocany, F. C.; Konstantinou, K; Elliott, S. R. Quench-Rate and
Size-Dependent Behaviour in Glassy Ge,Sb,Tes Models Simulated
with a Machine-Learned Gaussian Approximation Potential. J. Phys. D:
Appl. Phys. 2020, 53, 244002.

(299) Zhou, Y.-X.; Zhang, H.-Y.; Deringer, V. L.; Zhang, W. Structure
and Dynamics of Supercooled Liquid Ge,Sb,Tes from Machine-
Learning-Driven Simulations. Phys. Status Solidi RRL 2021, 15,
2000403.

(300) Schumacher, M.; Weber, H.; Jévari, P.; Tsuchiya, Y.; Youngs, T.
G. A,; Kaban, 1; Mazzarello, R. Structural, Electronic and Kinetic
Properties of the Phase-Change Material Ge,Sb,Te; in the Liquid State.
Sci. Rep. 2016, 6, 27434.

(301) Konstantinou, K.; Mavradi¢, J.; Mocanu, F. C.; Elliott, S. R.
Simulation of Phase-Change-Memory and Thermoelectric Materials
using Machine-Learned Interatomic Potentials: Sb,Te;. Phys. Status
Solidi B 2020, DOI: 10.1002/pssb.202000416.

(302) Dangi¢, D.; Hellman, O.; Fahy, S.; Savi¢, L. The Origin of the
Lattice Thermal Conductivity Enhancement at the Ferroelectric Phase
Transition in GeTe. npj Comput. Mater. 2021, 7, 57.

(303) Brommer, K. D.; Needels, M.; Larson, B.; Joannopoulos, J. D.
Ab Initio Theory of the Si(111)-(7 X 7) Surface Reconstruction: A
Challenge for Massively Parallel Computation. Phys. Rev. Lett. 1992, 68,
1355—1358.

(304) Laurila, T.; Sainio, S.; Caro, M. A. Hybrid Carbon Based
Nanomaterials for Electrochemical Detection of Biomolecules. Prog.
Mater. Sci. 2017, 88, 499—594.

(305) Aarva, A; Deringer, V. L; Sainio, S.; Laurila, T.; Caro, M. A.
Understanding X-ray Spectroscopy of Carbonaceous Materials by
Combining Experiments, Density Functional Theory, and Machine
Learning. Part I: Fingerprint Spectra. Chem. Mater. 2019, 31, 9243—
9258S.

(306) Aarva, A; Deringer, V. L.; Sainio, S.; Laurila, T.; Caro, M. A.
Understanding X-ray Spectroscopy of Carbonaceous Materials by
Combining Experiments, Density Functional Theory, and Machine
Learning. Part II: Quantitative Fitting of Spectra. Chem. Mater. 2019,
31, 9256—9267.

(307) Peltola, E.; Aarva, A.; Sainio, S.; Heikkinen, J. J.; Wester, N.;
Jokinen, V.; Koskinen, J.; Laurila, T. Biofouling Affects the Redox
Kinetics of Outer and Inner Sphere Probes on Carbon Surfaces
Drastically Differently - Implications to Biosensing. Phys. Chem. Chem.
Phys. 2020, 22, 16630—16640.

(308) Timmermann, J.; Kraushofer, F.; Resch, N.; Li, P.; Wang, Y.;
Mao, Z.; Riva, M,; Lee, Y.; Staacke, C.; Schmid, M.; Scheurer, C,;
Parkinson, G. S.; Diebold, U.; Reuter, K. IrO, Surface Complexions
Identified through Machine Learning and Surface Investigations. Phys.
Rev. Lett. 2020, 125, 206101.

(309) Reuter, K.; Scheffler, M. Composition, Structure, and Stability
of RuO,(110) as a Function of Oxygen Pressure. Phys. Rev. B: Condens.
Matter Mater. Phys. 2001, 65, 035406.

(310) Hu, L.; Huang, B.; Liu, F. Atomistic Mechanism Underlying the
Si(111)-(7 X 7) Surface Reconstruction Revealed by Artificial Neural-
Network Potential. Phys. Rev. Lett. 2021, 126, 176101.

(311) Elias, J. S.; Artrith, N.; Bugnet, M.; Giordano, L.; Botton, G. A,;
Kolpak, A. M.; Shao-Horn, Y. Elucidating the Nature of the Active
Phase in Copper/Ceria Catalysts for CO Oxidation. ACS Catal. 2016,
6, 1675—1679.

(312) Wang, Y.; Ding, J.; Fan, Z,; Tian, L.; Li, M.; Lu, H.; Zhang, Y,;
Ma, E.; Li, J; Shan, Z. Tension-Compression Asymmetry in
Amorphous Silicon. Nat. Mater. 2021, DOI: 10.1038/s41563-021-
01017-z.

(313) Hegediis, J.; Elliott, S. R. Microscopic Origin of the Fast
Crystallization Ability of Ge-Sb-Te Phase-Change Memory Materials.
Nat. Mater. 2008, 7, 399—405.

(314) Sosso, G. C.; Deringer, V. L,; Elliott, S. R; Csanyi, G.
Understanding the Thermal Properties of Amorphous Solids Using
Machine-Learning-Based Interatomic Potentials. Mol. Simul. 2018, 44,
866—880.

(315) Qian, X; Yang, R. Temperature Effect on the Phonon
Dispersion Stability of Zirconium by Machine Learning Driven
Atomistic Simulations. Phys. Rev. B: Condens. Matter Mater. Phys.
2018, 98, 224108.

(316) Qian, X; Peng, S; Li, X; Wei, Y,; Yang, R. Thermal
Conductivity Modeling Using Machine Learning Potentials: Applica-
tion to Crystalline and Amorphous Silicon. Mater. Today Physics 2019,
10, 100140.

(317) Zhang, C.; Sun, Q. Gaussian Approximation Potential for
Studying the Thermal Conductivity of Silicene. J. Appl. Phys. 2019, 126,
105103.

(318) Byggmistar, J.; Hamedani, A.; Nordlund, K.; Djurabekova, F.
Machine-Learning Interatomic Potential for Radiation Damage and
Defects in Tungsten. Phys. Rev. B: Condens. Matter Mater. Phys. 2019,
100, 144108S.

(319) Hamedani, A.; Byggmistar, J.; Djurabekova, F.; Alahyarizadeh,
G.; Ghaderi, R;; Minuchehr, A.; Nordlund, K. Insights into the Primary
Radiation Damage of Silicon by a Machine Learning Interatomic
Potential. Mater. Res. Lett. 2020, 8, 364—372.

(320) Byggmistar, J; Nordlund, K; Djurabekova, F. Gaussian
approximation potentials for body-centered-cubic transition metals.
Phys. Rev. Materials 2020, 4, 093802.

(321) Tersoff, J. New Empirical Approach for the Structure and
Energy of Covalent Systems. Phys. Rev. B: Condens. Matter Mater. Phys.
1988, 37, 6991—7000.

(322) Dominguez-Gutiérrez, F. J.; Byggmistar, J.; Nordlund, K;
Djurabekova, F.; von Toussaint, U. Computational study of crystal
defect formation in Mo by a machine learning molecular dynamics
potential. Modell. Simul. Mater. Sci. Eng. 2021, 29, 055001.

(323) Artrith, N. Machine Learning for the Modeling of Interfaces in
Energy Storage and Conversion Materials. J. Phys.: Energy 2019, 1,
032002.

(324) Deringer, V. L. Modelling and Understanding Battery Materials
with Machine-Learning-Driven Atomistic Simulations. J. Phys. Energy
2020, 2, 041003.

(325) Shao, Y.; Knijff, L.; Dietrich, F. M.; Hermansson, K.; Zhang, C.
Modelling Bulk Electrolytes and Electrolyte Interfaces with Atomistic
Machine Learning. Batteries Supercaps 2021, 4, 585—595.

(326) Guo, H.; Wang, Q; Stuke, A.; Urban, A.; Artrith, N. Accelerated
Atomistic Modeling of Solid-State Battery Materials With Machine
Learning. Front. Energy Res. 2021, 9, 26S.

(327) Forse, A. C; Merlet, C.; Griffin, J. M.; Grey, C. P. New
Perspectives on the Charging Mechanisms of Supercapacitors. J. Am.
Chem. Soc. 2016, 138, 5731—5744.

(328) Stratford, J. M.; Allan, P. K; Pecher, O.; Chater, P. A.; Grey, C.
P. Mechanistic Insights into Sodium Storage in Hard Carbon Anodes
Using Local Structure Probes. Chem. Commun. 2016, 52, 12430—
12433.

(329) Artrith, N.; Urban, A.; Ceder, G. Constructing First-Principles
Phase Diagrams of Amorphous Li,Si using Machine-Learning-Assisted
Sampling with an Evolutionary Algorithm. J. Chem. Phys. 2018, 148,
241711.

(330) Onat, B.; Cubuk, E. D.; Malone, B. D.; Kaxiras, E. Implanted
Neural Network Potentials: Application to Li-Si Alloys. Phys. Rev. B:
Condens. Matter Mater. Phys. 2018, 97, 094106.

(331) Ko, T. W.; Finkler, J. A,; Goedecker, S.; Behler, J. A Fourth-
Generation High-Dimensional Neural Network Potential with
Accurate Electrostatics Including Non-local Charge Transfer. Nat.
Commun. 2021, 12, 398.

(332) Ko, T. W,; Finkler, J. A,; Goedecker, S.; Behler, J. General-
Purpose Machine Learning Potentials Capturing Nonlocal Charge
Transfer. Acc. Chem. Res. 2021, 54, 808—817.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1021/jz402268v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b09862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b09862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1557/mrs.2019.202
https://doi.org/10.1557/mrs.2019.202
https://doi.org/10.1557/mrs.2019.202
https://doi.org/10.1088/1361-6463/ab77de
https://doi.org/10.1088/1361-6463/ab77de
https://doi.org/10.1088/1361-6463/ab77de
https://doi.org/10.1002/pssr.202000403
https://doi.org/10.1002/pssr.202000403
https://doi.org/10.1002/pssr.202000403
https://doi.org/10.1038/srep27434
https://doi.org/10.1038/srep27434
https://doi.org/10.1002/pssb.202000416
https://doi.org/10.1002/pssb.202000416
https://doi.org/10.1002/pssb.202000416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41524-021-00523-7
https://doi.org/10.1038/s41524-021-00523-7
https://doi.org/10.1038/s41524-021-00523-7
https://doi.org/10.1103/PhysRevLett.68.1355
https://doi.org/10.1103/PhysRevLett.68.1355
https://doi.org/10.1016/j.pmatsci.2017.04.012
https://doi.org/10.1016/j.pmatsci.2017.04.012
https://doi.org/10.1021/acs.chemmater.9b02049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CP02251A
https://doi.org/10.1039/D0CP02251A
https://doi.org/10.1039/D0CP02251A
https://doi.org/10.1103/PhysRevLett.125.206101
https://doi.org/10.1103/PhysRevLett.125.206101
https://doi.org/10.1103/PhysRevB.65.035406
https://doi.org/10.1103/PhysRevB.65.035406
https://doi.org/10.1103/PhysRevLett.126.176101
https://doi.org/10.1103/PhysRevLett.126.176101
https://doi.org/10.1103/PhysRevLett.126.176101
https://doi.org/10.1021/acscatal.5b02666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02666?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-021-01017-z
https://doi.org/10.1038/s41563-021-01017-z
https://doi.org/10.1038/s41563-021-01017-z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-021-01017-z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat2157
https://doi.org/10.1038/nmat2157
https://doi.org/10.1080/08927022.2018.1447107
https://doi.org/10.1080/08927022.2018.1447107
https://doi.org/10.1103/PhysRevB.98.224108
https://doi.org/10.1103/PhysRevB.98.224108
https://doi.org/10.1103/PhysRevB.98.224108
https://doi.org/10.1016/j.mtphys.2019.100140
https://doi.org/10.1016/j.mtphys.2019.100140
https://doi.org/10.1016/j.mtphys.2019.100140
https://doi.org/10.1063/1.5119281
https://doi.org/10.1063/1.5119281
https://doi.org/10.1103/PhysRevB.100.144105
https://doi.org/10.1103/PhysRevB.100.144105
https://doi.org/10.1080/21663831.2020.1771451
https://doi.org/10.1080/21663831.2020.1771451
https://doi.org/10.1080/21663831.2020.1771451
https://doi.org/10.1103/PhysRevMaterials.4.093802
https://doi.org/10.1103/PhysRevMaterials.4.093802
https://doi.org/10.1103/PhysRevB.37.6991
https://doi.org/10.1103/PhysRevB.37.6991
https://doi.org/10.1088/1361-651X/abf152
https://doi.org/10.1088/1361-651X/abf152
https://doi.org/10.1088/1361-651X/abf152
https://doi.org/10.1088/2515-7655/ab2060
https://doi.org/10.1088/2515-7655/ab2060
https://doi.org/10.1088/2515-7655/abb011
https://doi.org/10.1088/2515-7655/abb011
https://doi.org/10.1002/batt.202000262
https://doi.org/10.1002/batt.202000262
https://doi.org/10.3389/fenrg.2021.695902
https://doi.org/10.3389/fenrg.2021.695902
https://doi.org/10.3389/fenrg.2021.695902
https://doi.org/10.1021/jacs.6b02115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02115?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6CC06990H
https://doi.org/10.1039/C6CC06990H
https://doi.org/10.1063/1.5017661
https://doi.org/10.1063/1.5017661
https://doi.org/10.1063/1.5017661
https://doi.org/10.1103/PhysRevB.97.094106
https://doi.org/10.1103/PhysRevB.97.094106
https://doi.org/10.1038/s41467-020-20427-2
https://doi.org/10.1038/s41467-020-20427-2
https://doi.org/10.1038/s41467-020-20427-2
https://doi.org/10.1021/acs.accounts.0c00689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

(333) Lahrar, E. H.; Belhboub, A.; Simon, P.; Metlet, C. Ionic Liquids
under Confinement: From Systematic Variations of the Ion and Pore
Sizes toward an Understanding of the Structure and Dynamics in
Complex Porous Carbons. ACS Appl. Mater. Interfaces 2020, 12, 1789.

(334) Wang, X.; Wang, Z.; Garcia de Arquer, F. P,; Dinh, C.-T;
Ozden, A,; Li, Y. C; Nam, D.-H,; Lj, J.; Liu, Y.-S.; Wicks, J.; et al.
Efficient Electrically Powered CO,-to-Ethanol via Suppression of
Deoxygenation. Nat. Energy 2020, S, 478.

(335) Saeedimasine, M.; Brandt, E. G.; Lyubartsev, A. P. Atomistic
Perspective on Biomolecular Adsorption on Functionalized Carbon
Nanomaterials under Ambient Conditions. J. Phys. Chem. B 2021, 12§,
416—430.

(336) Xie, T.; Grossman, J. C. Hierarchical Visualization of Materials
Space with Graph Convolutional Neural Networks. J. Chem. Phys. 2018,
149, 174111.

(337) Cheng, B.; Engel, E. A.; Behler, J.; Dellago, C.; Ceriotti, M. Ab
Initio Thermodynamics of Liquid and Solid Water. Proc. Natl. Acad. Sci.
U. S. A 2019, 116, 1110—1115.

(338) Zhang, L.; Han, J.; Wang, H.; Car, R;; E, W. Deep Potential
Molecular Dynamics: A Scalable Model with the Accuracy of Quantum
Mechanics. Phys. Rev. Lett. 2018, 120, 143001.

(339) Grisafi, A.; Ceriotti, M. Incorporating Long-Range Physics in
Atomic-Scale Machine Learning. J. Chem. Phys. 2019, 151, 204105.

(340) Grisafi, A.; Nigam, J.; Ceriotti, M. Multi-Scale Approach for the
Prediction of Atomic Scale Properties. Chem. Sci. 2021, 12,2078—2090.

(341) Adamo, C.; Barone, V. Toward Reliable Density Functional
Methods without Adjustable Parameters: The PBEOModel. J. Chem.
Phys. 1999, 110, 6158.

(342) Tkatchenko, A.; Scheffler, M. Accurate Molecular Van Der
Waals Interactions from Ground-State Electron Density and Free-
Atom Reference Data. Phys. Rev. Lett. 2009, 102, 073005.

(343) Tkatchenko, A.; Robert A DiStasio, J.; Car, R.; Scheffler, M.
Accurate and Efficient Method for Many-Body van der Waals
Interactions. Phys. Rev. Lett. 2012, 108, 236403.

(344) Ceriotti, M.; Manolopoulos, D. E. Efficient First-Principles
Calculation of the Quantum Kinetic Energy and Momentum
Distribution of Nuclei. Phys. Rev. Lett. 2012, 109, 100604.

(345) Gaus, M.; Goez, A.; Elstner, M. Parametrization and Benchmark
of DFTB3 for Organic Molecules. J. Chem. Theory Comput. 2013, 9,
338—354.

(346) Reilly, A. M.; Cooper, R. L; Adjiman, C. S.; Bhattacharya, S.;
Boese, A. D.; Brandenburg, J. G.; Bygrave, P. J.; Bylsma, R.; Campbell, J.
E.; Car, R;; et al. Report on the Sixth Blind Test of Organic Crystal
Structure Prediction Methods. Acta Crystallogr., Sect. B: Struct. Sci,
Cryst. Eng. Mater. 2016, 72, 439—459.

(347) Westermayr, J.; Gastegger, M.; Menger, M. E. S. J; Mai, S;
Gonzilez, L.; Marquetand, P. Machine Learning Enables Long Time
Scale Molecular Photodynamics Simulations. Chem. Sci. 2019, 10,
8100—8107.

(348) Westermayr, J.; Marquetand, P. Machine Learning for
Electronically Excited States of Molecules. Chem. Rev. 2020,
DOI: 10.1021/acs.chemrev.0c00749.

(349) Dral, P. O.; Barbatti, M. Molecular Excited States through a
Machine Learning Lens. Nat. Rev. Chem. 2021, 5, 388.

(350) Glick, Z. L.; Metcalf, D. P.; Koutsoukas, A.; Spronk, S. A;
Cheney, D. L.; Sherrill, C. D. AP-Net: An atomic-pairwise neural
network for smooth and transferable interaction potentials. J. Chem.
Phys. 2020, 153, 044112.

(351) Cheng, B.; Mazzola, G.; Pickard, C. J.; Ceriotti, M. Evidence for
Supercritical Behaviour of High-Pressure Liquid Hydrogen. Nature
2020, 58S, 217-220.

(352) Montavon, G.; Rupp, M.; Gobre, V.; Vazquez-Mayagoitia, A.;
Hansen, K.; Tkatchenko, A.; Miiller, K. R.; Anatole Von Lilienfeld, O.
Machine Learning of Molecular Electronic Properties in Chemical
Compound Space. New J. Phys. 2013, 15, 095003.

(353) Ramakrishnan, R.; Anatole von Lilienfeld, O. Many Molecular
Properties from One Kernel in Chemical Space. Chimia 2015, 69, 182—
186.

(354) Faber, F. A.; Hutchison, L.; Huang, B.; Gilmer, J.; Schoenholz,
S. S.; Dahl, G. E,; Vinyals, O.; Kearnes, S.; Riley, P. F.; Anatole von
Lilienfeld, O. Prediction Errors of Molecular Machine Learning Models
Lower than Hybrid DFT Error. J. Chem. Theory Comput. 2017, 13,
5255—5264.

(355) Rai, B. K; Bakken, G. A. Fast and Accurate Generation of Ab
Initio Quality Atomic Charges Using Nonparametric Statistical
Regression. J. Comput. Chem. 2013, 34, 1661—1671.

(356) Artrith, N.; Morawietz, T.; Behler, J. High-Dimensional Neural-
Network Potentials for Multicomponent Systems: Applications to Zinc
Oxide. Phys. Rev. B: Condens. Matter Mater. Phys. 2011, 83, 153101.

(357) Popelier, P. L. A. QCTFF: On the construction of a novel
protein force field. Int. J. Quantum Chem. 2018, 115, 1005—1011.

(358) Bereau, T; DiStasio, R. A.; Tkatchenko, A.; von Lilienfeld, O. A.
Non-Covalent Interactions across Organic and Biological Subsets of
Chemical Space: Physics-Based Potentials Parametrized from Machine
Learning. J. Chem. Phys. 2018, 148, 241706.

(359) Musil, F.; De, S.; Yang, J.; Campbell, . E.; Day, G. M.; Ceriotti,
M. Machine Learning for the Structure-Energy-Property Landscapes of
Molecular Crystals. Chem. Sci. 2018, 9, 1289—1300.

(360) Stecher, T.; Bernstein, N.; Csanyi, G. Free Energy Surface
Reconstruction from Umbrella Samples Using Gaussian Process
Regression. J. Chem. Theory Comput. 2014, 10, 4079—4097.

(361) John, S. T.; Csanyi, G. Many-Body Coarse-Grained Interactions
Using Gaussian Approximation Potentials. J. Phys. Chem. B 2017, 121,
10934—10949.

(362) McDonagh, J. L.; Shkurti, A.; Bray, D.J.; Anderson, R. L.; Pyzer-
Knapp, E. O. Utilizing Machine Learning for Efficient Parameterization
of Coarse Grained Molecular Force Fields. J. Chem. Inf. Model. 2019, 59,
4278—4288.

(363) Wang, J.; Olsson, S.; Wehmeyer, C.; Pérez, A.; Charron, N. E,;
de Fabritiis, G.; Noé¢, F.; Clementi, C. Machine Learning of Coarse-
Grained Molecular Dynamics Force Fields. ACS Cent. Sci. 2019, S,
755=767.

(364) Scherer, C.; Scheid, R.; Andrienko, D.; Bereau, T. Kernel-Based
Machine Learning for Efficient Simulations of Molecular Liquids. J.
Chem. Theory Comput. 2020, 16, 3194—3204.

(365) Wang, J.; Charron, N.; Husic, B.; Olsson, S.; No¢, F.; Clementi,
C. Multi-body effects in a coarse-grained protein force field. J. Chem.
Phys. 2021, 154, 164113.

(366) Shahriari, B.; Swersky, K.; Wang, Z.; Adams, R. P.; de Freitas, N.
Taking the Human Out of the Loop: A Review of Bayesian
Optimization. Proc. IEEE 2016, 104, 148—175.

(367) Denzel, A.; Kistner, J. Gaussian Process Regression for
Geometry Optimization. J. Chem. Phys. 2018, 148, 094114.

(368) Bisbo, M. K.; Hammer, B. Efficient Global Structure
Optimization with a Machine-Learned Surrogate Model. Phys. Rev.
Lett. 2020, 124, 086102.

(369) Peterson, A. A. Acceleration of Saddle-Point Searches with
Machine Learning. J. Chem. Phys. 2016, 145, 074106.

(370) Koistinen, O.-P.; Dagbjartsdéttir, F. B.; Asgeirsson, V.; Vehtari,
A.; Jonsson, H. Nudged Elastic Band Calculations Accelerated with
Gaussian Process Regression. J. Chem. Phys. 2017, 147, 152720.

(371) Koistinen, O.-P.; Asgeirsson, V.; Vehtari, A.; Jénsson, H.
Nudged Elastic Band Calculations Accelerated with Gaussian Process
Regression Based on Inverse Interatomic Distances. J. Chem. Theory
Comput. 2019, 15, 6738—6751.

(372) Meyer, R.; Schmuck, K. S.; Hauser, A. W. Machine Learning in
Computational Chemistry: An Evaluation of Method Performance for
Nudged Elastic Band Calculations. J. Chem. Theory Comput. 2019, 15,
6513—6523.

(373) Yamashita, T.; Sato, N.; Kino, H.; Miyake, T.; Tsuda, K;
Oguchi, T. Crystal Structure Prediction Accelerated by Bayesian
Optimization. Phys. Rev. Mater. 2018, 2, 013803.

(374) Xia, K.; Gao, H.; Liu, C.; Yuan, J.; Sun, J.; Wang, H.-T.; Xing, D.
A Novel Superhard Tungsten Nitride Predicted by Machine-Learning
Accelerated Crystal Structure Search. Sci. Bull. 2018, 63, 817—824.

(375) Kanamori, K;; Toyoura, K.;; Honda, J.; Hattori, K.; Seko, A,;
Karasuyama, M.; Shitara, K.; Shiga, M.; Kuwabara, A; Takeuchi, I.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1021/acsami.9b16740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b16740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b16740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b16740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41560-020-0607-8
https://doi.org/10.1038/s41560-020-0607-8
https://doi.org/10.1021/acs.jpcb.0c08622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c08622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c08622?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5047803
https://doi.org/10.1063/1.5047803
https://doi.org/10.1073/pnas.1815117116
https://doi.org/10.1073/pnas.1815117116
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1103/PhysRevLett.120.143001
https://doi.org/10.1063/1.5128375
https://doi.org/10.1063/1.5128375
https://doi.org/10.1039/D0SC04934D
https://doi.org/10.1039/D0SC04934D
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.108.236402
https://doi.org/10.1103/PhysRevLett.108.236402
https://doi.org/10.1103/PhysRevLett.109.100604
https://doi.org/10.1103/PhysRevLett.109.100604
https://doi.org/10.1103/PhysRevLett.109.100604
https://doi.org/10.1021/ct300849w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300849w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S2052520616007447
https://doi.org/10.1107/S2052520616007447
https://doi.org/10.1039/C9SC01742A
https://doi.org/10.1039/C9SC01742A
https://doi.org/10.1021/acs.chemrev.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00749?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-021-00278-1
https://doi.org/10.1038/s41570-021-00278-1
https://doi.org/10.1063/5.0011521
https://doi.org/10.1063/5.0011521
https://doi.org/10.1038/s41586-020-2677-y
https://doi.org/10.1038/s41586-020-2677-y
https://doi.org/10.1088/1367-2630/15/9/095003
https://doi.org/10.1088/1367-2630/15/9/095003
https://doi.org/10.2533/chimia.2015.182
https://doi.org/10.2533/chimia.2015.182
https://doi.org/10.1021/acs.jctc.7b00577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.23308
https://doi.org/10.1002/jcc.23308
https://doi.org/10.1002/jcc.23308
https://doi.org/10.1103/PhysRevB.83.153101
https://doi.org/10.1103/PhysRevB.83.153101
https://doi.org/10.1103/PhysRevB.83.153101
https://doi.org/10.1002/qua.24900
https://doi.org/10.1002/qua.24900
https://doi.org/10.1063/1.5009502
https://doi.org/10.1063/1.5009502
https://doi.org/10.1063/1.5009502
https://doi.org/10.1039/C7SC04665K
https://doi.org/10.1039/C7SC04665K
https://doi.org/10.1021/ct500438v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500438v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500438v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.7b09636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.9b00646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00913?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b01256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b01256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0041022
https://doi.org/10.1109/JPROC.2015.2494218
https://doi.org/10.1109/JPROC.2015.2494218
https://doi.org/10.1063/1.5017103
https://doi.org/10.1063/1.5017103
https://doi.org/10.1103/PhysRevLett.124.086102
https://doi.org/10.1103/PhysRevLett.124.086102
https://doi.org/10.1063/1.4960708
https://doi.org/10.1063/1.4960708
https://doi.org/10.1063/1.4986787
https://doi.org/10.1063/1.4986787
https://doi.org/10.1021/acs.jctc.9b00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevMaterials.2.013803
https://doi.org/10.1103/PhysRevMaterials.2.013803
https://doi.org/10.1016/j.scib.2018.05.027
https://doi.org/10.1016/j.scib.2018.05.027
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Exploring a Potential Energy Surface by Machine Learning for
Characterizing Atomic Transport. Phys. Rev. B: Condens. Matter
Mater. Phys. 2018, 97, 125124.

(376) Garrido Torres, J. A.; Jennings, P. C.; Hansen, M. H.; Boes, J. R.;
Bligaard, T. Low-Scaling Algorithm for Nudged Elastic Band
Calculations Using a Surrogate Machine Learning Model. Phys. Rev.
Lett. 2019, 122, 156001.

(377) Jergensen, M. S.; Mortensen, H. L.; Meldgaard, S. A.; Kolsbjerg,
E.L.; Jacobsen, T. L.; Serensen, K. H.; Hammer, B. Atomistic Structure
Learning. J. Chem. Phys. 2019, 151, 054111.

(378) Mortensen, H. L.; Meldgaard, S. A.; Bisbo, M. K.; Christiansen,
M.-P. V.; Hammer, B. Atomistic Structure Learning Algorithm with
Surrogate Energy Model Relaxation. Phys. Rev. B: Condens. Matter
Mater. Phys. 2020, 102, 075427.

(379) Rupp, M.; Ramakrishnan, R; Anatole von Lilienfeld, O.
Machine Learning for Quantum Mechanical Properties of Atoms in
Molecules. J. Phys. Chem. Lett. 2015, 6, 3309—3313.

(380) Anker, L. S.; Jurs, P. C. Prediction of Carbon-13 Nuclear
Magnetic Resonance Chemical Shifts by Artificial Neural Networks.
Anal. Chem. 1992, 64, 1157—1164.

(381) Meiler, J. PROSHIFT: Protein Chemical Shift Prediction Using
Artificial Neural Networks. J. Biomol. NMR 2003, 26, 25—37.

(382) Han, B,; Liu, Y,; Ginzinger, S. W.; Wishart, D. S. SHIFTX2:
Significantly Improved Protein Chemical Shift Prediction. J. Biomol.
NMR 2011, 50, 43—57.

(383) Pickard, C. J.; Mauri, F. All-Electron Magnetic Response with
Pseudopotentials: NMR Chemical Shifts. Phys. Rev. B: Condens. Matter
Mater. Phys. 2001, 63, 245101.

(384) Thonhauser, T.; Ceresoli, D.; Mostofi, A. A.; Marzari, N.; Resta,
R.; Vanderbilt, D. A Converse Approach to the Calculation of NMR
Shielding Tensors. J. Chem. Phys. 2009, 131, 101101.

(385) Cuny, J.; Xie, Y.; Pickard, C. J.; Hassanali, A. A. Ab Initio Quality
NMR Parameters in Solid-State Materials Using a High-Dimensional
Neural-Network Representation. J. Chem. Theory Comput. 2016, 12,
765-773.

(386) Paruzzo, F. M.; Hofstetter, A.; Musil, F.; De, S.; Ceriotti, M.;
Emsley, L. Chemical Shifts in Molecular Solids by Machine Learning.
Nat. Commun. 2018, 9, 4501.

(387) Paruzzo, F. M.; Hofstetter, A.; Musil, F.; De, S.; Ceriotti, M.;
Emsley, L. ShiftML Website. 2018; http://shiftml.org.

(388) Engel, E. A; Anelli, A.; Hofstetter, A.; Paruzzo, F.; Emsley, L.;
Ceriotti, M. A Bayesian Approach to NMR Crystal Structure
Determination. Phys. Chem. Chem. Phys. 2019, 21, 23385—23400.

(389) Hofstetter, A.; Balodis, M.; Paruzzo, F. M.; Widdifield, C. M.;
Stevanato, G.; Pinon, A. C.; Bygrave, P. J.; Day, G. M.; Emsley, L. Rapid
Structure Determination of Molecular Solids Using Chemical Shifts
Directed by Unambiguous Prior Constraints. J. Am. Chem. Soc. 2019,
141, 16624—16634.

(390) Huang, X.; Braams, B. J.; Bowman, J. M. Ab Initio Potential
Energy and Dipole Moment Surfaces for HyO,*. J. Chem. Phys. 20085,
122, 44308.

(391) Yu, Q.; Bowman, J. M. Classical, Thermostated Ring Polymer,
and Quantum VSCF/VCI Calculations of IR Spectra of H, O 3 +and H
o O 4 + (Eigen) and Comparison with Experiment. J. Phys. Chem. A
2019, 123, 1399—1409.

(392) Veit, M.; Wilkins, D. M.; Yang, Y.; DiStasio, R. A.; Ceriotti, M.
Predicting Molecular Dipole Moments by Combining Atomic Partial
Charges and Atomic Dipoles. J. Chem. Phys. 2020, 153, 024113.

(393) Wilkins, D. M.; Grisafi, A; Yang, Y.; Lao, K. U.; A. DiStasio, R.,
Jr; Ceriotti, M. AlphaML Website. 2018; http://alphaml.org.

(394) Zhang, L.; Chen, M.; Wu, X,; Wang, H.; E, W.; Car, R. Deep
Neural Network for the Dielectric Response of Insulators. Phys. Rev. B:
Condens. Matter Mater. Phys. 2020, 102, 041121.

(395) McQuarrie, D. A. Statistical Mechanics; Harper & Row: New
York, 1975.

(396) Roke, S.; Gonella, G. Nonlinear Light Scattering and
Spectroscopy of Particles and Droplets in Liquids. Annu. Rev. Phys.
Chem. 2012, 63, 353—378.

(397) Kapil, V,; Wilkins, D. M.; Lan, J.; Ceriotti, M. Inexpensive
Modeling of Quantum Dynamics Using Path Integral Generalized
Langevin Equation Thermostats. J. Chem. Phys. 2020, 152, 124104.

(398) Fabrizio, A.; Grisafi, A.; Meyer, B.; Ceriotti, M.; Corminboeuf,
C. Electron Density Learning of Non-Covalent Systems. Chem. Sci.
2019, 10, 9424.

(399) Brockherde, F.; Vogt, L.; Li, L.; Tuckerman, M. E.; Burke, K;
Miiller, K. R. Bypassing the Kohn-Sham Equations with Machine
Learning. Nat. Commun. 2017, 8, 872.

(400) Alred, J. M.; Bets, K. V.; Xie, Y.; Yakobson, B. I. Machine
Learning Electron Density in Sulfur Crosslinked Carbon Nanotubes.
Compos. Sci. Technol. 2018, 166, 3—9.

(401) Chandrasekaran, A.; Kamal, D.; Batra, R.; Kim, C.; Chen, L.;
Ramprasad, R. Solving the Electronic Structure Problem with Machine
Learning. npj Comput. Mater. 2019, S, 22.

(402) Fowler, A. T; Pickard, C.J.; Elliott, . A. Managing Uncertainty
in Data-Derived Densities to Accelerate Density Functional Theory. J.
Phys. Mater. 2019, 2, 034001.

(403) Zepeda-Niiiez, L.; Chen, Y.; Zhang, J.; Jia, W.; Zhang, L.; Lin,
L. Deep Density: Circumventing the Kohn-Sham Equations via
Symmetry Preserving Neural Networks. J. Comput. Phys. 2021, 110523

(404) Grisafi, A.; Fabrizio, A.; Meyer, B.; Wilkins, D. M;
Corminboeuf, C.; Ceriotti, M. Transferable Machine-Learning Model
of the Electron Density. ACS Cent. Sci. 2019, 5, 57—64.

(405) Fabrizio, A.; Briling, K; Grisafi, A.; Corminboeuf, C. Learning
(from) the Electron Density: Transferability, Conformational and
Chemical Diversity. Chimia 2020, 74, 232.

(406) Whitten, J. L. Coulombic Potential Energy Integrals and
Approximations. J. Chem. Phys. 1973, 58, 4496—4501.

(407) Fabrizio, A.; Ksenia, R. B.; Girardier, D. D.; Corminboeuf, C.
Learning On-Top: Regressing the On-Top Pair Density for Real-Space
Visualization of Electron Correlation. J. Chem. Phys. 2020, 153, 204111

(408) Dronskowski, R. Computational Chemistry of Solid State
Materials: A Guide for Materials Scientists, Chemists, Physicists and
Others; Wiley-VCH: Weinheim, 2005.

(409) Rubner, Y.; Tomasi, C.; Guibas, L. J. A Metric for Distributions
with Applications to Image Databases. Proceedings of the Sixth
International Conference on Computer Vision; Washington, DC, USA,
1998; pp 59—66.

(410) Umeno, Y.; Kubo, A. Prediction of electronic structure in
atomistic model using artificial neural network. Comput. Mater. Sci.
2019, 168, 164.

(411) del Rio, B. G.; Kuenneth, C.; Tran, H. D.; Ramprasad, R. An
Efficient Deep Learning Scheme To Predict the Electronic Structure of
Materials and Molecules: The Example of Graphene-Derived
Allotropes. J. Phys. Chem. A 2020, 124, 9496.

(412) Fung, V.; Huy, G.; Ganesh, P.; Sumpter, B. G. Machine Learned
Features from Density of States for Accurate Adsorption Energy
Prediction. Nat. Commun. 2021, 12, 88.

(413) Ellis, J. A.; Cangi, A.; Modine, N. A.; Stephens, J. A.; Thompson,
A. P.; Rajamanickam, S. Accelerating Finite-temperature Kohn-Sham
Density Functional Theory with Deep Neural Networks. 2020;
arxiv.org/abs/2010.04905.

(414) Yeo, B. C; Kim, D; Kim, C.; Han, S. Pattern Learning
Electronic Density of States. Sci. Rep. 2019, 9, 5879.

(415) Alavi, A.; Kohanoff, J.; Parrinello, M.; Frenkel, D. Ab Initio
Molecular Dynamics with Excited Electrons. Phys. Rev. Lett. 1994, 73,
2599-2602.

(416) Lopanitsyna, N.; Ben Mahmoud, C.; Ceriotti, M. Finite-
Temperature Materials Modeling from the Quantum Nuclei to the Hot
Electron Regime. Phys. Rev. Materials 2021, S, 043802.

(417) Lysogorskiy, Y.; van der Oord, C.; Bochkarev, A.; Menon, S.;
Rinaldi, M.; Hammerschmidt, T.; Mrovec, M.; Thompson, A.; Csényi,
G.; Ortner, C,; Drautz, R. Performant implementation of the atomic
cluster expansion (PACE): Application to copper and silicon. npj
Comput. Mater. 2021, DOI: 10.1038/s41524-021-00559-9.

(418) Stukowski, A. Visualization and Analysis of Atomistic
Simulation Data with OVITO-the Open Visualization Tool. Modell.
Simul. Mater. Sci. Eng. 2010, 18, 015012.

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1103/PhysRevB.97.125124
https://doi.org/10.1103/PhysRevB.97.125124
https://doi.org/10.1103/PhysRevLett.122.156001
https://doi.org/10.1103/PhysRevLett.122.156001
https://doi.org/10.1063/1.5108871
https://doi.org/10.1063/1.5108871
https://doi.org/10.1103/PhysRevB.102.075427
https://doi.org/10.1103/PhysRevB.102.075427
https://doi.org/10.1021/acs.jpclett.5b01456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.5b01456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00034a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac00034a015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1023060720156
https://doi.org/10.1023/A:1023060720156
https://doi.org/10.1007/s10858-011-9478-4
https://doi.org/10.1007/s10858-011-9478-4
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1103/PhysRevB.63.245101
https://doi.org/10.1063/1.3216028
https://doi.org/10.1063/1.3216028
https://doi.org/10.1021/acs.jctc.5b01006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b01006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-06972-x
http://shiftml.org
https://doi.org/10.1039/C9CP04489B
https://doi.org/10.1039/C9CP04489B
https://doi.org/10.1021/jacs.9b03908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1834500
https://doi.org/10.1063/1.1834500
https://doi.org/10.1021/acs.jpca.8b11603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b11603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b11603?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0009106
https://doi.org/10.1063/5.0009106
http://alphaml.org
https://doi.org/10.1103/PhysRevB.102.041121
https://doi.org/10.1103/PhysRevB.102.041121
https://doi.org/10.1146/annurev-physchem-032511-143748
https://doi.org/10.1146/annurev-physchem-032511-143748
https://doi.org/10.1063/1.5141950
https://doi.org/10.1063/1.5141950
https://doi.org/10.1063/1.5141950
https://doi.org/10.1039/C9SC02696G
https://doi.org/10.1038/s41467-017-00839-3
https://doi.org/10.1038/s41467-017-00839-3
https://doi.org/10.1016/j.compscitech.2018.03.035
https://doi.org/10.1016/j.compscitech.2018.03.035
https://doi.org/10.1038/s41524-019-0162-7
https://doi.org/10.1038/s41524-019-0162-7
https://doi.org/10.1088/2515-7639/ab0b4a
https://doi.org/10.1088/2515-7639/ab0b4a
https://doi.org/10.1016/j.jcp.2021.110523
https://doi.org/10.1016/j.jcp.2021.110523
https://doi.org/10.1021/acscentsci.8b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.8b00551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2533/chimia.2020.232
https://doi.org/10.2533/chimia.2020.232
https://doi.org/10.2533/chimia.2020.232
https://doi.org/10.1063/1.1679012
https://doi.org/10.1063/1.1679012
https://doi.org/10.1063/5.0033326
https://doi.org/10.1063/5.0033326
https://doi.org/10.1016/j.commatsci.2019.06.005
https://doi.org/10.1016/j.commatsci.2019.06.005
https://doi.org/10.1021/acs.jpca.0c07458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c07458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c07458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.0c07458?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-20342-6
https://doi.org/10.1038/s41467-020-20342-6
https://doi.org/10.1038/s41467-020-20342-6
https://doi.org/10.1038/s41598-019-42277-9
https://doi.org/10.1038/s41598-019-42277-9
https://doi.org/10.1103/PhysRevLett.73.2599
https://doi.org/10.1103/PhysRevLett.73.2599
https://doi.org/10.1103/PhysRevMaterials.5.043802
https://doi.org/10.1103/PhysRevMaterials.5.043802
https://doi.org/10.1103/PhysRevMaterials.5.043802
https://doi.org/10.1038/s41524-021-00559-9
https://doi.org/10.1038/s41524-021-00559-9
https://doi.org/10.1038/s41524-021-00559-9?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0965-0393/18/1/015012
https://doi.org/10.1088/0965-0393/18/1/015012
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

(419) Ramakrishnan, R; Dral, P. O.; Rupp, M.; von Lilienfeld, O. A.
Big Data Meets Quantum Chemistry Approximations: The A-Machine
Learning Approach. J. Chem. Theory Comput. 2015, 11 (), 2087—2096.

(420) Young, T. A.; Johnston-Wood, T.; Deringer, V. L.; Duarte, F. A
transferable active-learning strategy for reactive. Chemical Science 2021,
DOI: 10.1039/D1SCO01823F.

10141

https://doi.org/10.1021/acs.chemrev.1c00022
Chem. Rev. 2021, 121, 10073—10141


https://doi.org/10.1021/acs.jctc.5b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00099?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC01825F
https://doi.org/10.1039/D1SC01825F
https://doi.org/10.1039/D1SC01825F?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

