Neural-network-enabled molecular dynamics study of HfO, phase transitions
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The advances of machine-learned force fields have opened up molecular dynamics (MD) simu-
lations for compounds for which ab-initio MD is too resource-intensive and phenomena for which
classical force fields are insufficient. Here we describe a neural-network force field parametrized to
reproduce the r2SCAN potential energy landscape of HfO,. Based on an automatic differentiable
implementation of the isothermal-isobaric (N PT') ensemble with flexible cell fluctuations, we study
the phase space of HfO2. We find excellent predictive capabilities regarding the lattice constants and
experimental X-ray diffraction data. The phase transition away from monoclinic is clearly visible at
a temperature around 2000 K, in agreement with available experimental data and previous calcula-
tions. Another abrupt change in lattice constants occurs around 3000 K. While the resulting lattice
constants are closer to cubic, they exhibit a small tetragonal distortion, and there is no associated
change in volume. We show that this high-temperature structure is in agreement with the available

high-temperature diffraction data.

I. INTRODUCTION

The atomistic modelling of structural phase transi-
tions and the resulting changes in macroscopic material
properties can have a profound impact on the develop-
ment of new technologies. However, ab-initio methods
have been hamstrung by the severe computational cost
they incur and thus their predictive reach has been lim-
ited in practice. On the other end of the spectrum lie
classical interatomic potentials. These are typically tai-
lored to a few specific use cases for which they allow a
descriptive simulation to be run in reasonable time, but
prove challenging when trying to extend their applica-
bility.

Machine-learned force fields (MLFF) are emerging
as a third possibility, offering not only predictive and
transferable ab-initio-like accuracy but also a reason-
able computational cost. MLFFs have powered a broad
variety of exploratory structural phase transition stud-
ies which were previously handicapped by resource lim-
itations. This includes molecular dynamics (MD) sim-
ulations [IH4] but also alternative strategies such as
nested sampling [B 6] and effective harmonic potentials
(EHPs).[7]

The present study is concerned with hafnia, HfO,,
which is generally thought to undergo temperature-
induced phase transitions from monoclinic (P2;/¢) to
tetragonal (P45/nmc) to cubic (Fm3m) structures.|§]
Although the last of these phases has garnered signifi-
cant attention in connection to its stability at high tem-
peratures, the experimental and theoretical evidence re-
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garding its cubic nature remains inconclusive. While
earlier high-temperature X-ray diffraction studies re-
port it[9] [10], a more recent study found it to be virtu-
ally indistinguishable from a tetragonal phase.[I] We re-
cently used EHPs in combination with a MLFF to study
the thermal expansion and phase-transitions in HfOq.[7]
We found a P2 /c-to-P4y/nme transition at temper-
atures consistent with experimental results. However,
while the cubic phase was found to be mechanically sta-
ble at high temperatures, it was not found to be ther-
modynamically stable under any applied temperature
and pressure condition.[7] The absence of cubic phases
in the EHP study[7] contradicts ab-initio MD (AIMD)
simulations of HfO, which indicated the appearance of
the cubic phase at high temperatures [II]. While the
disagreement between the different experimental find-
ings and the computational results could be due to
defect stabilization of the high-symmetry cubic phase
[12], the disagreement between the two purely computa-
tional approaches (EHP and AIMD) |7, [11] is somewhat
puzzling. Both computational approaches (EHP and
AIMD) were backed by similar ab-initio methods and
performed on non-defect-laden stoichiometric phases.
The situations somewhat resembles that of hafnia’s “sis-
ter” compound ZrQOs, where a study based on MLFF-
backed MD simulation [2] reported finding the cubic
phase at high temperatures, whereas an EHP study
found it be thermodynamically unstable relative to the
tetragonal phase at any realistic temperature [13].

One possible explanation for the discrepancies in ear-
lier studies could be differences in the interpretation
of results rather than the methodologies themselves.
In X-ray diffraction, distinguishing between cubic and
tetragonal phases relies on the absence of peaks spe-
cific to the tetragonal phase. However, at the relevant
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temperatures around 3000 K, only a limited number of
low-angle peaks are typically observed making it diffi-
cult to unambiguously determine the underlying sym-
metry. Similarly, identifying of the underlying equilib-
rium structure when performing MD simulations can be
challenging. It is worth pointing out that the MD stud-
ies indicating the presence of the high-temperature cu-
bic phases in HfO4 [11] and ZrOs [2] were both based on
the observation of averaged lattice constants from NPT
simulations. Rather large fluctuations can be expected
in the underlying trajectories and the conclusions could
be affected by how these trajectories are interpreted.

To elucidate why the earlier studies reach different
conclusions, we perform a neural-network force field
(NNFF)-backed MD study of HfO,. We take advan-
tage of the possibilities offered by automatic differen-
tiation and extend the NPT formalism implemented
in JAX-MD [I4], to include flexible cell shape changes,
which allows for a direct study of phase transitions.
We combine those developments in an extensive MD
investigation of the temperature-dependent behavior of
stoichiometric hafnia. We discuss the interpretation of
the obtained trajectory files and find two phase transi-
tions: one from monoclinic to tetragonal at a tempera-
ture around 2000 K and another to a cell with a small
tetragonal distortion at around 3000 K. The findings
are shown to be in agreement with the available diffrac-
tion data.

II. METHODS
A. Density Functional Theory

The DFT data used to train the NNFF were based
on the structures used for the previous EHP study of
HfO, [7]. These were recalculated using the r?’SCAN
meta-generalized gradient functional [I5] within the
projector-augmented-wave formalism [16] as imple-
mented in VASP [I7, [I8]. The original dataset was ex-
tended by an additional 200 “flipped” structures. Each
of those is generated by extracting a sample from the
existing database and randomly changing the chemical
identity of some of the constituent atoms (from Hf to
O and vice-versa), allowing for a richer sampling of e.g.
Hf-Hf bonds. An energy cutoff of 600eV and a I'-only
k-point mesh was used for all calculations.

B. Neural-Network Force Field

We use the NEURALIL architecture described in
Refs. 19 20. Specifically, we choose a committee of
NNFFs with five ResNet-style layers consisting of 128
: 64 : 32: 16 : 16 neurons each and augmented with

a Morse potential. The network is constructed with a
cutoff radius of r. = 5 A for the local element-specific
spherical Bessel functions, an embedding dimension of
4 and a total of 128 basis functions. The loss function

is defined as
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with AEF = Eppr — Exn and Afiq = fia,DFT — fia;NN
where the indices 7 run over the atoms in the unit cell
and the a run over Cartesian axes. The optimization of
the loss landscape described by Eq. was performed
using the Versatile Learned Optimizer (VeLO) [21] for
21 epochs. Compared to our previous work [7] this
constitutes a reduction in training time by two orders
of magnitude, similar to our earlier findings for VeL.O
[20). With this architecture we find the NNFF closely
reproduces the training data, showing mean absolute
errors over the validation data of 5meV atom™! and
155meV A~ for energies and forces, respectively.
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C. Molecular dynamics

Flexible-cell MD calculations were performed using a
modified version of JAX-MD described in detail in the
next section [I4]. A 768-atom HfOs supercell and tem-
peratures ranging from 500 K to 3250 K at ambient pres-
sure, p = 1bar, were used. A timestep of At = 0.5fs
was chosen after careful evaluation of convergence and
the simulations covered a total of 120 ps. The coupling
constants used to construct the mass-like quantities,
Qk, Q). and W, were set to 7p = 50fs and 7, = 500 fs,
respectively, ensuring efficient equilibration while pre-
venting excessive oscillations.

D. X-ray diffraction patterns

To obtain X-ray diffraction (XRD) patterns from the
molecular dynamics trajectories we use the formalism
described in the work by Zhang et al. [22], where the
static structure factor is calculated as
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The data is then smoothed and consolidated using the
SCIKIT-LEARN [23] implementation of a RadiusNeigh-
borRegressor with a radius rxgp = 0.5 and a local
Gaussian weighting with o = 0.02.




III. FLEXIBLE CELL MD VIA AUTOMATIC
DIFFERENTIATION

As NEURALIL is built on top of the JAX framework
[24], it integrates well with JAX-MD [I4], an MD library
also based on JAX. An implementation of a Nosé-Hoover
chain barostat [25] taking only isotropic cell changes
into account was already available in JAX-MD [14]. The
barostat is based on the theory developed by Martyna,
Tuckerman, Tobias and Klein (MTTK), which provides
a particularly elegant formulation of the NPT ensem-
ble. In contrast to e.g. the Berendsen prescription [26],
the MTTK barostat allows sampling of the correct en-
semble [27] and thus provides physically meaningful re-
sults. Furthermore, it is less susceptible to the large-
scale oscillations [28] and hysteresis phenomena some-
times exhibited by systems driven by the basic Hoover
barostat [29, [30] or even the Parrinello-Rahman baro-
stat [31].

While the barostat accounting only for isotropic cell
changes is sufficient for gaseous or liquid systems, flex-
ible cell changes are necessary for the study of phase
transitions in solids. Thus, the JAX-MD code was ex-
tended to incorporate the additional functionality of
anisotropic or flexible cell changes [32]. We do not de-
tail the full theory here as it is excellently described
elsewhere (e.g. in Ref. [33)), but limit the discussion to
the issues related to implementing it in an automatic
differentiation framework. While the present method-
ology was applied to a descriptor-based NNFF, it can
be be applied equally well to one based on a message-
passing NN [34]. The pressure tensor used to effect the
time propagation of the generalized “box momentum”
is given by
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with h representing the matrix of cell vectors. p and r
are 3n,¢-vectors containing the particle momenta and
position vectors respectively. m; denote the nuclear
masses and the ¢ and Greek letter indices are used like
in Eq. . 0.p Tepresents a component of the stress
tensor, o, which can be obtained through automatic
differentiation of the position- and cell-dependent en-
ergy function E (r; h):

o - 1 OE[r,h(1+¢€)
~ det(h) Oe 0

(4)

The corresponding equations of motion describe
the movement of the ions and their containing cell
when interacting with a thermostat and barostat.
To solve those equations, we resort to the Liouville
factorization[32] with a Nosé-Hoover chain coupling for
both the thermostat and barostat. This code extension
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Figure 1. A comparison of the volume (top), lattice param-
eter (bottom left) and angle (bottom right) trajectory of an
isotropic and a flexible-cell molecular dynamics run of HfO»
at T = 298 K.

is also implemented on top of JAX, rendering it fully au-
tomatically differentiable, and great care is taken to op-
timize the number of descriptor evaluations which con-
stitute the bulk of run time, to optimize for efficiency.
To assess the integrity and correctness of the code, we
benchmarked it against the preexisting isotropic imple-
mentation. As an example consider Fig. [l where we
show the volume, the lattice constants and the cell an-
gles along the trajectory of a 768-atom HfO4 system ob-
tained using the flexible (blue) and the isotropic (green)
barostat. For the flexible barostat, an arbitrary starting
configuration is chosen, as can be seen by the rapidly
adapting lattice constants in the panel in the bottom
left. For the isotropic barostat, naturally, the propor-
tion of the constants needs to be correct, as isotropic
fluctuations cannot change it. Hence, the last 50 ps of
the flexible-cell trajectory were averaged to obtain a
reasonable starting point. The averages and standard
deviations of the volume agree within less than 1 % and
20 %, respectively, between the isotropic and flexible
simulation. The differences observed in the fluctuations
are to be expected, as the constraint of isotropy leads
to sampling a different distribution.

IV. RESULTS AND DISCUSSION
A. Volumetric analysis

In Fig. 2] we compare the volumetric thermal ex-
pansion obtained using MD with the above-described
methodology with experimental results [9, [10] [35] and
our previous theoretical work carried out using EHPs



12.6 1 mFm3m
12.4 4 P4,nmc
-P21C
& 1221 mPa3m
£ 150
©
< 11.8
>
11.6
8
11.4 - CExp. 1 {) Exp. 3@®MD
/ AExp. 2= EHP
112 T T T T T T T
0 500 1000 1500 2000 2500 3000

T (K)

Figure 2. Volume as a function of temperature as obtained
using MD (gold markers) compared with EHP results (solid
lines) and several experimental investigations of different
phases (Exp. 1: Ref.[35, Exp. 2: Ref. [0, Exp. 3: Ref. [10)

[7]. As mentioned earlier, the MD results are obtained
under ambient pressure conditions (1bar) and using a
NNFTF trained to parameterize the potential energy sur-
face of the r2SCAN functional. In the previous EHP
work, the artifactual elongation of lattice constants in-
troduced by the underlying PBE functional was com-
pensated by the introduction of an artificial pressure
of P = 4GPa [7]. We find that the r?SCAN NNFF
reproduces the experimental volume very well without
additional pressure and thus shows excellent predictive
capabilities for HfO,. In particular, the transition en-
tailing a compression in volume is clearly visible around
2000 K in accordance with the P2y /c to P4s/nmc tran-
sition [§]. HfO, is typically assumed to also exhibit a
phase transition to a cubic structure in the tempera-
ture region above 2500 K. However, the earlier EHP-
predicted volumes obtained enforcing the cubic space
groups F'm3m and P43m substantially underestimate
the cell volume, thereby calling this interpretation into
question [7]. Tt is noteworthy that the present vol-
ume predictions obtained from the MD trajectories are
compatible with the available experimental data in the
high-temperature region above 2500 K even though no
abrupt change in volume is predicted.

B. MD trajectory analysis

To further investigate the high-temperature behav-
ior of HfO2 we analyse the lattice constants throughout
a NPT MD trajectory. The lattice constants can un-
dergo significant fluctuations during such runs, and the
interpretation of their averages can be complicated or
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Figure 3. Lattice constants obtained from the NPT MD
trajectory at P = 1bar and 3000 K. From top to bottom:
(first) the raw trajectory data, (second) the result of apply-
ing a moving average across 500fs, (third) the same, but
after sorting the lattice parameters, and (fourth) the aspect
ratio [X; see Eq. (5))]. The horizontal dashed lines represent
the respective averages.

biased by the analysis procedure. Particularly in re-
gions of metastability, the analysis of MD trajectories
can be subject to ambiguity. As an example, consider
the top panel of Fig. [3] where a trajectory at 3000 K
is shown. Simply averaging over the trajectory of cell
parameters, as is indicated by the horizontal dashed
lines, might prompt the conclusion that the material is
present in a cubic phase. However, the running average,
depicted in the second panel, reveals that conclusion to
be an artifact created by mixing together clearly non-
cubic configurations where the elongated axis changes
its orientation at around 70ps. In the third panel of
Fig. [3] the impact of that artifact is limited by sorting
the running average of cell parameters at each timestep.
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Figure 4. Average aspect ratio (X; see Eq. (])) as a function
of temperature. The error bars indicate the standard devi-
ation along the trajectory.

C. Aspect ratio

To better understand the behavior of the structure,
a metric is required that does not depend on, e.g., the
identification of the “long” axis. We thus introduce a
three-dimensional aspect ratio, N, defined as
N:i,with-lzﬁ7
1cub Ve

()
where V; (V.) is the volume of the largest (smallest)
sphere that can be inscribed (circumscribed) in the cell
(iie. Tewp = %) We choose this normalization so
that N attains its maximum value of 1 if the structure
is perfectly cubic. The aspect ratio obtained for the
3000 K trajectory is illustrated in the bottom panel of
Fig.[3] The value of N is seen to fluctuate around 0.845
without being influenced by the change of orientation
at 70 ps.

In Fig. 4] we show the value of N averaged over
each trajectory as a function of temperature. First,
a step-like change, larger than the standard deviation,
is observed around 2000 K, indicating the monoclinic
to tetragonal phase transition taking place. At 3000 K
another step-like transition takes place indicating that
the material is indeed increasing its cubicity. The tem-
perature is in good agreement with the threshold of-
ten reported for a high-temperature phase transition
in experimental studies. However, the N is still signif-
icantly smaller than one and, judging by the figure, it
is highly unlikely that a cubic structure can be reached
before melting. While a transition from monoclinic is
clearly visible and agreement with literature is excel-
lent, a transition to cubic is more ambiguous.
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Figure 5. Average lattice parameters as a function of tem-
perature in comparison with experiment. (top) The lat-
tice constants (a, b, ¢) and (bottom) the angles («, 8,7) as a
function of temperature. The experimental values are taken
from: Exp. 1: Ref.[35] Exp. 2: Ref.[9, Exp. 3: Ref. [10.

D. Phase transitions

To investigate the potential phase transitions in more
detail, we show the lattice parameters as a function of
temperature in Fig. [5l Looking at the lattice constants
in Fig. [f] we see an acceptable agreement with experi-
mental results and a transition to an orthorhombic or
tetragonal phase at 2000 K. The angles o and ~ are
oscillating around a mean of 90°, whereas the collapse
of the angle S from ~ 100° to 90° at 2000 K serves as
clear indication for the transition away from monoclinic
in very good agreement with the measurements by Hag-

gerty et al. [35].

The transition at around 3000 K that could be ob-
served in the aspect ratio, Fig. [d] can also be seen in
the lattice constants [Fig. 5| top]. However, they do not
indicate a fully cubic phase and the transition is better
described as one to a structure with a small tetrago-
nal distortion. The main experimental evidence for the
high-temperature F'm3m HfO, structure comes from X-
ray diffraction patterns. Fig. [f] illustrates the patterns
obtained in two recent experimental studies in red|36]
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Figure 6. XRD patterns obtained from molecular dynamics
(green) through Eq. . Experimental data are taken from
reports by Tobase et al. [36] (red) and Hong et al. [I0]
(violet) using WebPlotDigitizer [37]. Those experimental
data are converted from 26 to r* using the reported energy
(64.1keV) [9] and wave length (A=0.124 A) [10] of the in-
cident beams. The peak positions are obtained assuming
lattice constants a = 5.263 A (Fm3m)) and a = 3.7123 A
and ¢ = 5.290 A (I4/mmm)

and violet[I0]. The peak positions are in good agree-
ment with what would be expected for the Fm3m space
group as shown by the black lines below. However, the
extreme temperature means that only low angle peaks
were observed. Fig. [4 and Fig. [§] would indicate that a
small tetragonal distortion is still present at high tem-
perature. The bottom of Fig. [6] shows that the peak
positions of the I4/mmm space group, which would re-
sult from a small tetragonal distortion of the Fmdm
space group, give an equally good agreement with the
available experimental data. To confirm that the MD
trajectories are not in disagreement with the available
high-temperature experimental evidence, we calculated
the static structure factor from the 3000 K trajectory
according to Eq. . This is shown with the green curve
and a good agreement with the experimental peak po-
sitions can be observed.

V. CONCLUSION

We have implemented a flexible-cell NPT molecular
dynamics workflow using automatic differentiation and
trained a suitable neural-network force field on HfO,
data obtained using the r2SCAN functional. These de-
velopments have been employed to perform molecular-
dynamics simulations of HfO, in the temperature range
from 500 K to 3250 K. The lattice constants are in very
good agreement with experiment and previous simu-
lations, and clearly indicating a departure from mon-
oclinic symmetry around 2000 K. We have found no
clear signs of a transition towards any cubic phase at
high temperatures. We find a small tetragonal distor-
tion and show that the simulated X-ray diffraction pat-
terns and lattice constants are still in good agreement
with experimental data. We suggest I4/mmm as a
high-temperature space group in agreement with both
simulated and experimental data.

CODE AVAILABILITY

The code implementing flexible-cell N PT molecular
dynamics on top of JAX-MD has been archived on Zen-
odo with D.0O.I. 10.5281 /zenodo.10787829. A compati-
ble version of NEURALIL, including example scripts for
training and evaluation, has been archived on Zenodo
with D.O.I. 10.5281/zenodo.10786377. Both are dis-
tributed under an Apache 2 open source license.

DATA AVAILABILITY

A dataset containing the structures used for training
and validation and their calculated energies and forces,
the parameters of the neural-network force field, and
a 3000 K MD trajectory are available on Zenodo with
D.0.1. 10.5281 /zenodo.10793828.
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