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1. Introduction

Cross-reference simulation is a calculation
model combining multiple parallel simulation
codes when some simulation codes need to read the
data calculated by other simulation codes to do
their own calculation. The data communication
between different simulation codes is the most
important part of a cross-reference simulation. In
many research fields, cross-reference simulation is
used to study complicated phenomena involving
multiple simulations which may have substantial
differences in the spatial and temporal scales.

To execute cross-reference simulation
efficiently, a cross-reference simulation framework
called Code-To-Code-Adapter (CoToCoA)!'! is
being developed based on Message Passing
Interface (MPI)?1. CoToCoA is a framework to
connect a requester application to multiple worker
applications through a coupler application.
CoToCoA can be used to execute cross-reference
simulation in an efficient and smooth way called
strong cross-reference simulation. Different from
other cross-reference simulation frameworks like
preCICEP), CoToCoA mainly focuses on the data
communication between different simulation
codes. The user only needs to add minimal
modifications to the simulation codes to implement
the data communication when other couplers may

require several sophisticated settings. Therefore,

CoToCoA users can easily couple the simulation

codes which are developed by other developers.
There is one main simulation code in many
cross-reference simulations. To keep the efficiency
and stability of the whole cross-reference
simulation, the main simulation code's overhead
brought by data communication should be as little
as possible. One-sided communication is a
technology that allows one process to read or write
the memory of another process without its
response. In CoToCoA, MPI Remote Memory
Access (RMA) is used to implement one-sided
communication. With MPI RMA, other simulation
codes (usually executed as the workers) can
directly read the data calculated by the main
simulation code (usually executed as the requester).
Then the main simulation code's overhead comes

to a minimal level.

fimulation
start

: Gimulation 2
H end
Simulation
end

Fig. 1 The communication loss in continual MPI

RMA calls
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t=a+2 Ej no
t=a+1

t=a
t=a-1 @_
t=a-2 yes

imulation
end

Fig. 2 The utilization of data buffer can avoid the

communication loss in continual MPI RMA calls
When one-sided communication is utilized as
the communication method in CoToCoA, a large
amount of data may be lost due to the different
execution speeds. An example is shown in Fig. 1.
At some point, simulation 2 reads the data from
simulation 1 when the timestamp of simulation 1 is
a — 2. to do its calculation. Next time, simulation 2
reads the data when the timestamp of simulation 1
is a + 1. The data at time stamp a - / and time
stamp a are lost unavoidably.
2. Data buffer holding time-series data across
multiple applications
2.1 Create the specific data buffer
This paper develops a new CoToCoA function
utilizing a specific data buffer to avoid frequent
communication loss. Meanwhile, each process of
each worker can read a particular part of a n-
dimension data when CoToCoA user specifies the
start position and end position of the data. In
addition, each process of each worker reads
multiple time steps data instead of only one time

step data in one communication call. The working

principle of this function is shown in Fig. 2. A
specific data buffer temporarily saves the
calculated data, then the data will not be
overwritten in the next timestep. The workers read
data from the data buffer. Then no data will be lost

as long as the data buffer is not full.

UnitNum - 1 UnitNum - 1 Unithum - 1
UnitNum - 2 UnitNum - 2 Unithum - 2
UnitNum - 3 UnitNum - 3 UnitNum - 3
)

2 2 2

1 1 1

0 0 0
Process 0 Process 1 Process ReqProcNum - 15

Requester

Fig. 3 Construction of the specific data buffer

In the new function, a specific data buffer is
created in the memory of each process of the
requester and read by the workers. Each unit of this
data buffer saves the data calculated in each
timestep.

Fig. 3 shows the construction of the data
buffer, UnitNum is the number of buffer units,
ReqProcNum indicates the number of processes of
the requester. The value of UnitNum is determined
by the user-specified buffer size and the size of
data at each time step. The requester sequentially
saves calculated data in the data buffer after it does
its calculation in each time step. If the data buffer
is full, the new data will overwrite the oldest data.
2.2 Create derived datatype

In this new function, the non-contiguous data
communication is implemented by MPI's derived
datatype. Two derived datatype array is created in
each process of the workers. Datatype regqi;
denotes the layout of data in the data buffer for the

data communication between the requester's



process i and this worker's process j. Datatype
wrk;; denotes the layout of data in the receive

buffer for requester's process i and worker's

process j.
Requester Worker
y y
GEE '
b1
e
O—ITI_: 0 T
0 x 0 x
Data buffer Receiving buffer
For one process of this worker
Requester Worker
i y
6 7 L]
e
0 ] 1N 0
0 x
Data buffer Receiving buffer
For one process of the requester
Requester Worker
y
Datatype_req3.0 6|7 |8
. Datatype_wrk3,0
C \‘L\ i
L 1 o
Data buffer Receiving buffer

Fig. 4 The use of MPI’s derived datatype

Fig.4 is an example illustrating the layout of
the derived datatype. In this example, there is only
one worker. There are nine processes of the
requester and four processes of the worker. Each
process of the requester is in charge of one part of
the calculation. For each process of the worker, it
needs to read different layouts of data from
different process of the requester. For example, the
process 0 of the worker reads Datatype reqs,
layout of data from the data buffer in process 3 of
the requester, and saves it with Datatype wrks,
layout of data in its receiving buffer.
2.3 Read data from requester

To minimize the data communication

overhead of the workers, the number of
communication calls should be reduced as much as
possible. In the new function, the workers can read
data across multiple time steps by only one
(sometimes two) communication call.

There are two Execution Mode in the new
function. In Execution Mode 1, the requester will
not suspend when the data buffer is full. The
requester only needs to copy the calculated data to
the data buffer at the price of communication loss
(Communication loss still happens when the data
buffer is full). In Execution Mode 2, the requester
will wait for the workers when the data buffer is
full. No communication loss will happen but the

requester may sometimes suspend.

Requester Worker

UnitNum UnitNum

10
Read t1-t0

Data buffer

Receiving buffer

Fig. 5 Worker reads data from the data buffer

(situation 1)

Requester Worker
UnitNum UnitNum
10
t1-t0
Read
t1
Read
0 0
Data buffer Receiving buffer

Fig.6 Worker reads data from the data buffer
(situation 2)
Both in Execution Mode 1 and 2:
In general, workers read data from the data buffer

by only one time as shown in Fig. 5.



When a worker's process reads data across the
boundary of the data buffer, it needs to read two
times. An example is shown in Fig. 6.

Extra issue only in Execution Mode 2:

In Execution Mode 2, some data may not be read
by the workers because of the imbalanced
execution speed. A  CoToCoA  routine
CTCAW get_timestep is provided to get the exact
time step of current data.

The workers may read the data mixed with
different time steps due to the overwriting. An
example is as shown in Fig. 7. During the data
communication, The timestamp of the requester is
increased from #; old to t; new. The received data
from 0 to #; new — t, which is the yellow part in
the figure, may be mixed with different time steps
data unavoidably. Though overwriting is inevitable,
CoToCoA users can use

CTCAW get _overwrite_flag to distinguish if the

current timestamp data is mixed or not.

Requester Worker
UnitNum UnitNum

t1_new|

t1-10

ead

t1_old

t1_new - 10

Read

Data buffer Receiving buffer

Fig. 7 Worker reads data from the data buffer
(situation 3)

3. Evaluation result

An evaluation is implemented to measure the
performance of three different data communication
methods on the Vector Engine (VE) of SQUID.
They are traditional two-sided communication,
ordinary one-sided communication without data

buffer and the new function. In this evaluation,

data communication is between two processes
distributed in different VEs. The Size of the data
buffer is 4GB. The total timestep is 100N. Process
1 calculates 900 * 900 2-dimension integer data
array in each timestep. Meanwhile, Process 2 reads
600 * 600 2-dimension integer data array from
Coordinates (150, 150) to Coordinates (750, 750)
in the data buffer until there is no useful data in the
data buffer. This program is executed in Execution
Mode 1.

The evaluation result on VE of SQUID is as shown
in Fig. 8. According to the evaluation result, when
N < 7, the new function is 12.6% faster than
ordinary one-sided communication without data
buffer. However, when N >= 7, one-sided
communication with data buffer is 4.5% slower
than one-sided communication without data buffer.
The performance of the new function decreased
rapidly. The reason may be that there is a limitation
that will be broken through when N >= 7 in one
one-sided communication call. Then the data
communication is carried out in an implicit and

inefficient way.

B traditional two-sided communication @ one-sided communication without data buffer
o

160.00

140.00

g
g
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0.00
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Nvalue

Data communication time (ms)
g2
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Fig. 8 Data communication time in the evaluation
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1. Introduction

Rare-earth-based complexes with delocalized
electrons in macrocyclic ligands have significant
importance in various fields of research. Their
magnetic, optical, and electronic properties have been
studied intensively to fulfill the high demand for
ultrahigh-density data storage, magnetic sensor, and
quantum computing applications. Despite numerous
studies, an essential innovation is still needed to
control their quantum states. So far, two methods have
been used to control their quantum states: a magnetic
field and an electric current. The magnetic field is not
suitable for controlling a few molecules because the
other molecules in large areas can be affected. Another
technique, using an electric current, is a technique that
is often used. This effort is through the use of scanning
tunneling microscopy (STM) probes onto those that
have previously deposited on metallic substrates such
as gold (Au), lead (Pb), and other conductances.
Unfortunately, this effort is limited to the cases where
STM is involved.

A new type of electronic interaction was observed
in the excited state of the molecular compounds having
large magnetic anisotropies, bisphthalocyaninato
lanthanide(III) complexes, Pc,Ln~ [1]. In these
compounds, the interaction occurs between the total
angular momentum (J) of the lanthanide ion and the
orbital angular momentum (L) of cyclic m system
(phthalocyaninato) , as shown in Figure 1. It was found
that the interaction, referred to as “J—L interaction”,

can be in a ferromagnetic-type or an

antiferromagnetic-type manner. Since the interaction
can change the energy ordering of the sublevel
structure in the ground state via photogeneration of L,
the quantum state of molecular magnets is expected

can be controlled by this interaction through the

excitation—deexcitation process.

Figure 1 : J-L interaction in Pc,Ln~

This paper uses a computational chemistry
approach to report how the J—L interaction occurs in
various rare-earth-based macrocyclic complexes. Two
questions are set as follows. First, how to determine
the J-L interaction in lanthanide complexes with
porphyrin as aromatic ligand? Second, does changing
rare-earth-metal ion has any effect on the J-L
interaction? To answer these questions, we chose
several lanthanide ions such as Tb, Dy, Ho, Er, Tm, Yb
ions as the metal center and a non-aromatic

macrocyclic cyclen compound as the second ligand.

2. Computational Methods
The initial geometries of [Ln(TPP)(cyclen)]* (Ln =
Tb, Dy, Ho, Er, Tm, and Yb; TPP = 5,10,15,20-



tetraphenylporphyrinato;  cyclen = 1,4,7,10-
tetraazadodecane) were obtained from experimental
structures [2]. These structures were then modified
using the Avogadro program [3] to ensure appropriate
bond lengths, angles, orientation, and molecular
symmetry. Subsequently, geometry optimization
process was conducted using Gaussian 16, revision
C.01 [4] at the B3LYP level of theory. The basis set 6-
31G(d,p) was used for C, H, N, and O atoms [5], while
Stuttgart RSC 1997 basis sets were employed for metal
ion [6]. To obtain electronic structures, spin-orbit
states, and oscillator strength of the optimized
geometries, the complete active space self-consistent
field (CASSCF)/restricted active space state
interaction (RASSI)/SingleAniso calculations were

performed in OpenMolcas version 22.06 [7].

3. Results and Discussion
3.1 Ground-States

The ground-state electronic structure of [Ln(TPP)
(cyclen)]® complexes was determined using self-
consistent field (SCF) calculations followed by the
CASSCF method. In CASSCEF calculations, the seven
4f orbitals with varying
specifically n (n = 8(Tb), 9(Dy), 10(Ho), 11(Er),

electron occupancy,

12(Tm), 13(YD)) electrons were successfully placed in
between the typical occupied  and two degenerate
unoccupied 7 orbitals (m*) of porphyrin. Because the
molecule structures were designated to have C,
symmetry, those 4f orbitals are distributed into
irreducible representations (irrep) A and B, i.e., irrep A
for 4f,., 4f,., and 4f; orbitals, while irrep B for 4f3.,
4f;., 4fy,, and 4f). orbitals, as shown in Table 1.
Furthermore, the typical highest occupied molecular
orbital (HOMO) of the porphyrin was found to belong
to irrep A, while the lowest unoccupied molecular

orbital (LUMO) belonged to irrep B.

Table 1. Molecular orbitals of [Ln(TPP)(cyclen)]*

under C; symmetry viewed along z-axis.

Lanthanide
Irrep A
Irrep B
Irrep A
Irrep B
LUMO () LUMO+I1 (m*)

To obtain the multilevel ground-state electronic
structures of six lanthanide ions in [Ln(TPP)(cyclen)]”,
further calculations such as RASSI and Single Aniso
were then carried out. For each lanthanide complex, a
total of 2J+1 substates were obtained, where J is the
total angular momentum. Specifically, there are 13

substates for Tb, 16 substates for Dy, 17 substates for



Ho, 16 substates for Er, 13 substates for Tm, and 8
substates for Yb. These substates arise from the J = 6
(Tb), J=15/2 (Dy), J=8 (Ho), J=15/2 (Er), J=6 (Tm),
and J=7/2 (Yb), as shown in Figure 2.

In addition to determining the number of substates,
the composition of wave functions for each substates
was also determined. In the cases of Tb, Ho, and Tm,
the lowest substates were found to be composed of a
mixture of +J. and -J. (J: represents the z component
of J). Sequentially, the lowest substate for Tb, Ho, and
Tm is mainly composed of |+6), |+4), and |+6).
For Tb, the second lowest substate is separated by a
very small energy gap (less than 1 cm) from the
lowest substate, whereas for Ho and Tm, there is a
significant energy gap between the two lowest
substates. On the other hand, Dy, Er, and Yb
complexes exhibit doubly degenerate +J. and -J.
substates. The lowest substates for these lanthanide
|-11/2) and [+11/2) for Dy,
|-1/2) and [+1/2) for Er, and |-5/2) and |+5/

complexes are

2) for Yb. These findings are consistent with previous
experimental report [8], validating the accuracy of the
computational approach. In this stage, the primary
objective is to provide information regarding the
wavefunctions pertaining to the the lowest substates of
the ground state. This crucial information serves as the

fundamental basis for determining the J-L interaction.
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Figure 2 : Multilevel ground-state structure of

[Ln(TPP)(cyclen)]".

3.2 Excited-states

Using the results from the ground-state
calculations as an initial guess, the CASSCF
calculations for the excited states were carried out.
Two highest-occupied m orbitals (HOMOs) and two
lowest-unoccupied 7 orbitals (LUMOs) were added to
the active space so that the total electrons and orbitals
become n+4 and 11, respectively. In addition, RASSI
and Single Aniso modules with the specific keyword
for generating spin-orbit (SO) states, dipole transition
strengths, and other physical properties were then
executed.

For [Tb(TPP)(cyclen)]’, with a spin
multiplicity of 7 and 119 CIROOTs, a total of 833 SO
states were generated. Among these states, two excited
doublets associated with the Q-band were identified,
as depicted in Figure 3. The lower- and higher excited
doublet SO states are separated by 26,929 ¢cm’!' and
26,938 cm™! from the lowest ground state, respectively.
At the lowest ground state, the L. is equal to 2.94 and
S. is 2.96. These values indicate that J. is equal to 5.9,
consistent with the ground-state calculation. Notably,
the sum of L. and S for the excited doublet SO states
deviates from that of the ground state, i.e., 10.21 and
1.72 for the lower- and higher-excited doublet SO
states, respectively. These deviations correspond to the
orbital angular value of the porphyrin system (L) at
the Q-band, as previously reported [9]. At the lower
excited doublet SO state, Lrdemonstrates positive sign,
while at the higher excited doublet SO state, it exhibits
a negative sign. Since L has the same sign as J: at the
lower excited doublet SO states (more stable), the
interaction is interpreted as a ferromagnetic-type
manner (see Figure 3). For the magnitude of the
interaction, represented as 4z, can be determined by
calculating half of the energy between the lower- and
higher-excited doublet SO states. In this case, 4. was

obtained to be approximately 4.5 cm™.,
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Figure 3 : Schematic energy diagram of the spin-
orbit states associated with the Q-band of

[Ln(TPP)(cyclen)]” (Ln = Tb, Dy, Er and YD).

In the case of [Dy(TPP)(cyclen)]” complex, a
combination of spin multiplicity 6 and 189 CIROOTs
results 1134 SO states. Among these states, the lowest
doublet SO state exhibits L, = 3.43 and S, = 1.75,
which yields J. = 5.18, consistent with the values
obtained in the ground state calculation. For the
excited doublet SO states associated with the Q-band,
the sum of L. and S. amounts to 1.28 for the lower
excited doublet state and 9.38 for the higher excited
doublet states. This indicates that the L, has the
opposite sign to J. at the lower energy state, as shown
in Figure 3. Consequently, in this complex, the
coupling between J and L in of an antiferromagnetic-
type nature. Furthermore, the lower- and higher
excited doublet states are separated by 23,643 cm™! and
23,653 cm > respectively, from the lowest SO state. As
a result, 4;; was is estimated to be approximately 5.0
cm,

A total of 1260 SO states were obtained for
[Er(TPP)(cyclen)]” by combining a spin multiplicity
of 4 with 315 CIROOTs. The lowest doublet SO state
exhibits L. = 0.38 and S.: = 0.11. The doublet states

associated with the Q-band are separated by 32,190
cm’! and 32,192 cm!, respectively, from the lowest
doublet state. At the lower doublet excited SO state,
the sum of L. and S- is only 0.11 larger than that of the
ground-state (0.49). The difference, which was
previously expected to be attributed to L., is
significantly smaller compare to the cases of
[Tb(TPP)(cyclen)]" and [Dy(TPP)(cyclen)]".
Additionally , the A value obtained is very small,
approximately 1.0 cm’!. Interestingly, this small
difference was observed in a compound with a small
J-. Therefore, the small J. may contribute to the small
value of L, that with J:
[Er(TPP)(cyclen)]".

interact in the

To further investigate this
observation, it is necessary to perform calculation on
[Yb(TPP)(cyclen)]” based on its electronic ground
state. [Yb(TPP)(cyclen)]” possesses a primary J. =
|+5/2) at the lowest ground state, which lies between
the lowest J; values of [Dy(TPP)(cyclen)]" (|+11/2))
and [Er(TPP)(cyclen)]* (|£1/2)).

The calculation on [Yb(TPP)(cyclen)]" was
performed using the same methodology as the other
lanthanine(I1I)
multiplicity to 2 with 119 CIROOTs resulted in 238

complexes.  Setting the spin
SO states. The analysis focused on the lowest doublet
ground state and two doublet excited SO states
associated with Q-band. At the lowest doublet ground
SO state, the value of Jz was determined to be
approximately 1.61, obtained from the sum of L. =
1.37 and S: = 0.24. The L. value was then found to
undergo changes at the two doublet excited SO states
(lower doublet excited SO state = 31,876 cm™' , higher
doublet excited SO state = 31,883 ¢cm!). The L. is
increased by approximately 3.9 at the lower excited
SO states, while it reduced by approximately 4.18 at
the higher excited SO state (Note: The S- sign in the
doublet excited SO states is kept positive as well as
that in the lowest ground SO state). As discussed

previously, the changes in L. are attributed to the



presence of L. In this case, it was found that L. aligns
in a similar direction as J. at the lowest doublet, as
shown in Figure 3. This indicates a ferromagnetic-type
interaction between J. and L. Additionally, 4, was
determined to be appoximately 3.5 c¢ml. These
findings further support the previous hypothesis that
Lzand 4y, are closely related to the size of J..

Efforts have been made to determine the J-L
interaction in [Ho(TPP)(cyclen)]* and
[Tm(TPP)(cyclen)]" using various spin multiplicity
and numbers of CIROOT in the calculations. However,
despite successfully exciting electrons from 7 orbitals
to v orbitals, the identification of SO states associated
with the m—m* transition remains challenging. This
difficulty arise because degenerate doublet excited SO
states were not found in these complexes. Additionally,
as depicted in Figure 2, the two lowest substates of the
ground state do not exhibit degeneracy, leading to a
lack of degeneracy in the excited states related to these
substates as well. To overcome these challenges, a
different computational approach or analysis method
is required. Further investigations and refinements are
needed to accurately determine the J—L interaction
and understand the properties of the excited states in

[Ho(TPP)(cyclen)]" and [Tm(TPP)(cyclen)]".

5. Conclusion

Through ab initio calculations, the interaction
between J and L, referred to as “J—L interaction”, has
been determined in [Ln(TPP)(cyclen)]". This
interaction can manifest in two ways: ferromagnetic-
type and antiferromagnetic-type interaction. Thus far,
the ferromagnetic-type interaction has been observed
in  [Tb(TPP)(cyclen)]’, [Er(TPP)(cyclen)]’, and
[Yb(TPP)(cyclen)]", while the antiferromagnetic-type
interaction has been observed in [Dy(TPP)(cyclen)]".
The magnitude of this interaction is obtained by

calculating the half-energy separation between the two

doublet excited spin-orbit states. It is important to note

that the magnitude of the J. of the lanthanide ion can

influence the strength of this interaction.
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1. Introduction

Global warming is world class problem that
becomes more worrying over the years. A
promising solution comes from the conversion of
CO, (i.e., greenhouse gas) to higher-value
chemical such as methanol which can be achieved
by heterogenous catalysis. The advantage of this
conversion is two-fold: reducing the amount of
CO; in atmosphere and producing methanol
which can be used to generate electricity through
fuel cell [1]. Understanding the non-equilibrium
states (i.e., states when the transformation
occurs) of catalytic process of methanol synthesis
is the key factor in designing the best catalyst.
However, observing the non-equilibrium states is
inaccessible in most experiments due to the
atomistic size and time scale of the events.

Though computational approaches such as
Density Functional Theory (DFT) and Molecular
Dynamics (MD) can observe detail atomistic
events, it suffers from huge tradeoff between
speed and accuracy. For instance, DFT can be
used to accurately describe the stability of the
catalytic system by calculating the energy and the
atomic forces. However, it is computationally
expensive and typically applied only for models
with small size and short observation time. On the
other hand, MD method can be used to explicitly
simulate the trajectory of thousands to ten
thousand  of direct

atoms, enabling the

observation to the non-equilibrium states with

observation time up to seconds. Despite the
efficiency of MD for simulating large system, it
has unreliable accuracy when dealing with
chemical reactions, which are fundamental in the
heterogenous catalysis. This originates from the
inadequacy of the classical interatomic-potential
(i.e., function governing atomic interactions) in
MD to take into account the electronic structures
of the system, which is eventually obtainable from
DFT method.

In the emergence of data science, it is possible
to accelerate the MD simulation while
maintaining high accuracy at the DFT level. This
can be achieved by constructing a machine-
learning (ML) interatomic potential by learning
the energy and forces of atomic structures defined
in a set of DFT data. The ML then acts as a bridge
for the low-scale but accurate DFT, and the high-
scale but inaccurate MD, resulting in multiscale
simulation. Armed with this framework, we
conducted direct observation of non-equilibrium
states of initial stage of methanol synthesis on Cu-
based catalyst, including the three main reactants:
CO,, CO, and H,. We note that in this project,
these three reactants are still treated
independently. Interacting all the reactants is

much more complicated and becomes our project

in the future.



2. Multiscale Simulation

The framework of the multiscale simulation is
shown schematically in Fig. 1. There are four
important building blocks, namely DFT, ML, MD,
and the analysis tool that we called elucidator.

Each of them is discussed in the following.

STATE [2], QE [3] Training Data

DFT | ML
.i.)-

Non-equilibrium Interatomic
Elucidator

information Potential

MD

Dynamics

Simulation

ASE [5], Ovito [7]

LAMMPS [5]

Fig. 1 : The framework of multiscale simulation

2.1 Density Functional Theory (DFT)

DFT is used to start the framework by
generating the training data used as input in the
ML algorithm. In this project, we tried two
popular DFT software, namely STATE [2] and
Quantum Espresso [3]. The STATE is used in the
multiscale simulations of CO; and H, while
Quantum Espresso is used for the simulations of
CO. All of these reactants are interacted with Cu
surface. The training data of Cu-H system, Cu-
CO system, and Cu-CO;-H, system consist of
atomic environments within structures of the Cu
surface interacting with various configurations
molecules (both in gas and adsorbed states). The
typical training structure of Cu-H, Cu-CO, and
Cu-CO,-H are depicted in Fig 2, Fig 3, and Fig 4,
respectively. In practice, the DFT software can
run using MPI and OMP parallelization and thus
increase the efficiency of the calculations
especially in large super computer. We note that
the generation of database is the most time
consuming

considering the computational

expense of DFT.

2.2 Machine-Learning (ML)

After the database was generated, we proceed
to the construction of machine-learning
interatomic potential. In this project we used ML
algorithm called Gaussian Process Regression
(GPR) which is implemented in FLARE software
[4]. GPR is chosen since it can provide the
uncertainty of prediction based on the database
itself. This enables the learning scheme called
active learning in which the high uncertainty
value is used as the criterion for an atomic
environment to be included in the database. This
learning scheme thus ensures each data is
sufficiently different from each other, resulting in
a compact and low-correlated database. Further,
on-thely learning scheme can be implemented
by employing the force-field in dynamic
simulation to generate more high-uncertainty
data that can be used to improve the force-field
continuously. The GPR that is implemented in
FLARE can use OMP parallelization in a single

node.

Fig. 3 : The Cu-CO training structure



Fig. 4 : The Cu-CO»-H training structure

2.3 Molecular Dynamics (MD)

The LAMMPS [5] software is used to perform
large scale molecular dynamics in parallel both
using MPI and OMP parallelization. The
machine-learning interatomic potential is read by
the software and the energy and forces are
calculated at every timestep. The non-equilibrium
states of the catalysis then can be obtained from

the atomic trajectories of MD simulations.

2.4 Elucidator

Elucidator is a set of analysis tool that we used
to analyze the trajectory of the MD simulation.
This tool is Python-based program which relies on
two libraries, namely ASE [6] and Ovito [7].
Tasks that are performed wusing this tool
including: the analysis of splitting and
recombination rate of hydrogen, the surface
reconstruction of induced by CO, and the

vibrational states of CO; hydrogenation.

3. Validation of Machine Learning
Interatomic Potential

Before starting a production run of MD
simulations, it is necessary to validate the
accuracy of the interatomic potential produced by
ML. The validations were done in terms of mean
absolute error (MAE) of atomic forces (i.e., the
difference between the forces calculated by DFT
and the forces predicted by ML). All the results of

MAE for the Cu-H, Cu-C), and Cu-CO,-H
systems are shown in Fig 5, Fig 6, and Fig 7,
respectively. We found that the MAEs are smaller
than 50 meV/A, which is reasonably good,
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Fig. 5: Validation of atomic forces for Cu-H system
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4. Non-equilibrium states of H,, CO, and



C0, interacting with Gu surface

After confirming the accuracy of the
interatomic potential, the production run of MD
simulations was performed. The resulting
dynamics of H, interacting with Cu surface is
shown in Fig.8. The figure shows the splitting of
hydrogen molecules into two hydrogen atoms
(shown in red color). The hydrogen atom is
involved in almost every intermediate state of
methanol synthesis. Fig 9 shows the snapshot of
dynamics of Cu-CO system of which the CO co-
adsorbed on the Cu surface. The analysis of the
CO induced-surface reconstruction is ongoing.
The snapshot depicting the hydrogenation
process of CO; is shown in Fig 10. The current

simulation has able to show successful and

unsuccessful hydrogenation of CO,.

¥ -~

Fig. 8 : Snapshot of dynamics of Cu-H system

Fig. 9 : Snapshot of dynamics of Cu-CO system

Fig. 10 : Snapshot of dynamics of Cu-CO,-H system

5. Conclusion

Overall, we have been able to provide the direct
observation to the dynamics of reactants in the
methanol synthesis. The analysis of the resulting
dynamics is being prepared and expected to be
published in near future. When this research is
successfully completed, detail knowledge of
non-equilibrium states (the ‘missing link’ in
experimental and computational studies) can
be provided, which lead to more confident

understanding of heterogenous catalysis.
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