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Unravelling the atomic scale diffusion that can occur at the surface, at the interface or into the bulk
is challenging: multi-scale modelling approach usually requires intensive prospective calculations and
moreover huge human investment. In this article, the Static Mode (SM) approach is coupled with
Quantum Mechanics (QM) calculations in order to guide the exploration of the energy landscape, by
optimizing the choice of events that are significant for the evolution of the system. SM enable the
determination of the strain field of a set of atoms submitted to external and localized stresses, like
atomic displacements. Here, we present a workflow based on the systematic SM exploration, with the
objective to reduce both exploration time and human load when used with ab initio level calculations.
The QMSM coupling allows to screen, score and select relevant directions that are further used to
initiate and study diffusion in atomic systems. The most relevant deformations are next refined
and relaxed with DFT calculations. In this paper, the overall QMSM approach is described and we
discuss its use for the identification of atomic diffusion in two different systems of interest: grafting
of a molecule on an oxide surface and studying dynamical behavior of point-defect in bulk crystalline
material.

1 Introduction
Multi-scale modeling has become a strategic tool for understand-
ing, optimizing and designing new materials with improved per-
formance in many industrial fields, from microelectronics to aero-
nautics and pharmacology. By bridging a wide range of time
and length scales, simulations provide insights into the structural,
electronic and kinetic properties of materials. However, despite
their effectiveness in guiding researchers and engineers in their
developments, the associated human cost remains too high to al-
low their systematic use. The current challenge is therefore to
propose more suitable and predictive tools based on atomic gran-
ularity, while allowing to access the macroscopic properties of the
materials of interest.

At this level, the main lock is the exhaustive exploration of the
energy landscape, i.e. the identification of the atomic events to
be taken into account in higher scale models. The different lo-
cal atomic configurations and the associated energy barriers must
be identified through ab initio approaches. Among them, Density
Functional Theory (DFT)1 is extensively used as a good compro-
mise between efficiency and accuracy. Nevertheless, it requires
a human investment that is not adapted to the exploration of
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complex Potential Energy Surfaces (PES) as needed in materi-
als engineering. Several other methodologies exist to build a li-
brary of events such as free-energy methods or trajectory-based
methods, all of them being costly in terms of resources and com-
putational time. We can notably cite Molecular Dynamics (MD)
and associated biased methods like umbrella sampling2, metady-
namics3, Activation-Relaxation Technique (ART)4. Metadynam-
ics and umbrella sampling use collective variables and sample the
space to explore the PES. They precisely investigate a restricted
region defined by the user and require a good knowledge of the
system. ART and MD are less restrictive about a priori knowledge
of the system and allow to explore a larger area, which, in turn,
increases the simulation time. Thus, the challenge is to find a
compromise between the computational cost and the accessible
area to explore. Significant efforts are also deployed to make this
search more automated and exhaustive5–7.

In this challenging context, we propose to couple the Static
Mode approach (SM)8 with DFT calculations to guide the lat-
ter and reduce the user intervention. The Static Mode method
was initially designed to compute all possible deformations of a
macromolecular assembly subject to external stresses, like inter-
molecular interactions. In such systems, like biomolecules, ac-
counting for full-atom flexibility is a pre-requisite to access func-
tional properties. Nevertheless, their PES is too complex to be
explored in an exhaustive way and within an acceptable compu-
tational time through conventional approaches like MD. The SM
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method does not aim at providing the complete pathway of a con-
formational change. However, it constitutes a simplified approach
that enables the systematic determination of the strain field of a
set of atoms submitted to an external and localized stress. SM are
therefore an accurate indicator of the propensity of a system to
accommodate a restraint.

SM calculation is based on the Hessian matrix, which is gener-
ated from an equilibrium conformation obtained after submitting
the system to a total energy minimization through any model,
quantum or classical, as chosen by the user. A Static Mode corre-
sponds to the deformation field of a system submitted to the dis-
placement of a given atom in a given direction x, y, z of the carte-
sian space. For a system containing N atoms, 3N− 6 SM can be
computed, stored and combined to further map the deformations
induced by a specific perturbation. This post-treatment proce-
dure, based on pre-calculated deformations, allows to apply sin-
gle or multiple stresses while immediately computing the induced
conformational response. Such perturbations can be designed by
the user to address specific questions, as discussed later. In this
manner, the SM approach was validated and applied to various bi-
ological systems, SM being used to simulate protein folding upon
electrostatic interactions9, active site stability upon mutations10,
conformational change upon ligand binding11, molecular proper-
ties upon functionalization12, to name but a few. Through these
different cases, SM predictive nature has been consolidated and
shown to be associated with a very low computational cost, then
offering a versatile range of possibilities.

In this paper, our approach combining Quantum Mechanics and
Static Modes (QMSM) is presented. We propose to use the Static
Modes to guide DFT calculations and save time in exploring the
energy landscape by optimizing the choice of events that are sig-
nificant for the evolution of the system. In the following, we de-
scribe this coupling and present its application to different sys-
tems that have already been treated in the literature, thus allow-
ing a qualitative and quantitative comparison of the results. We
first explore different grafting modes of a model DNA strand on
an alumina surface, while in a second time, we focus on the dif-
fusion of point defects in crystalline silicon.

2 Methods
2.1 The QMSM coupling

The QMSM procedure is summarized in Fig. 1 and presented
here.

Step 1 - SM calculation. As previously explained, we start from
an equilibrium configuration obtained from geometry optimiza-
tion (here by DFT calculations). From this relaxed configuration
and the associated Hessian matrix, SM are computed within the
harmonic approximation. In this frame, the Hessian matrix ele-
ments Hi j, i.e. the second derivatives of the energy with respect
to the displacements xi, x j can be used to express the force vector
Fi =−∑ j Hi jx j(1). Next, a constraint is imposed on the l-th atom
by considering a given displacement xl resulting from the appli-
cation of the associated force Fl , which acts as a reaction force.

Fig. 1 Presentation of the QMSM workflow. SM are calculated (step
1) and used to screen the strain fields induced by imposed atomic dis-
placements (step 2). The associated deformations are further scored and
ranked (step 3). The most relevant SM are then selected (step 4) and
used to guide DFT calculations in search of new conformations (step 5).

Solving the set of equations (1) finally provides a vector contain-
ing the 3N atomic displacements imposed by the constraint xl ,
which is always set to 1 Å so that the resulting deformation field
is normalized to this elementary stress. (see8 for more details
about the SM calculation). This vector, called a Static Mode, cor-
responds to the collective response of the system to a single stress.
This operation is performed for stresses imposed to each atom, in
each direction x,y,z, allowing to build the complete SM data bank.

Step 2 - Screening. In the following step, SM are used to screen
the deformations induced by the systematic displacement of each
atom n in all directions of a discrete space. To define these direc-
tions, we use a sphere mesh centered on each atom of interest,
each mesh point being used to create an atomic displacement.
With a sufficiently fine mesh, we can admit that we explore all
possible directions. Each constrained displacement ~d then allows
the determination of the induced strain field Mi, through a simple
linear combination of the Static Modes. Using mn, a 3N×3 matrix
containing the three SM of the atom n, the resulting deformation

can be written as Mi =
3
∑

j=0
mni, j d j. The vector Mi can be further

applied to the starting structure to obtain a new set of coordi-
nates. This process is systematically achieved for each atom of
the system, leading to screen all possible deformations.

Step 3 - Scoring. Those deformations are then characterized with
a geometric or energetic criterion defined by the user, depending
on the response to be scored and ranked. This step is more de-
tailed through the description of an example in the next section.

Step 4 - Selection. Depending on the scores, i.e. the criterion val-
ues obtained in the previous step, the best ranked deformations
are selected to be used as inputs for subsequent DFT calculations,
in search of new configurations.

Step 5 - DFT calculations. As detailed later in the article, DFT
calculations can be performed in two different ways, based on
two types of information provided by the SM selection process:
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i) SM strain field can be applied to the structure, which is fur-
ther relaxed in search of a new minimum; ii) the optimal stress
~d, generating this deformation, can be used as a guide for a con-
strained calculation, applying a drag method for instance. Both
are tested and discussed. Let us finally specify that SM calculation
is run through an independent package. The energy model used
upstream to generate the starting structure, and downstream for
the post-treatment, can be fully chosen by the user.

2.2 Step by step procedure
The QMSM procedure is now illustrated on a model system. As
shown on Fig. 2 (a), we have chosen a molecule composed of 12
atoms and evaluated its internal rotation along the axis defined
by atoms 11 and 12. To this end, we monitored and optimized
the variations of the dihedral angle defined by atoms 9-11-12-10,
and referred to as θ .

Steps 1-2. Once the SM are obtained, the first step consists in
screening all the deformations induced by constrained atomic dis-
placements. To this end, for each atom to be constrained, we ap-
ply the following procedure in a systematic way. For the sake of
clarity, we chose to focus on atom 11, which induces the largest
θ angle variation. To sample all possible stresses, a sphere mesh
centered on this atom is created, as shown on Fig. 2 (a). Mesh
parameters can be set by the user (600 equidistributed points are
used here). Combining the three SM associated with atom 11, we
compute the strain fields induced by the displacement of atom
11 toward each mesh point, the magnitude of each displacement
being fixed to 1.00 Å.

Step 3. The following step consists in characterizing the 600 de-
formed structures obtained from step 2. To this end, a criterion al-
lowing a quantitative scoring needs to be defined. This criterion is
a scalar value calculated from the geometry of the deformed sys-
tem. Multiple criteria can be envisaged depending on the study
objectives. As an example, one can estimate the energetic cost of
the deformation to consider it as favorable or not. In the present
example, we choose the variation of the θ angle from its initial
value (∼ -180 ◦). The corresponding variations are represented
on Fig. 2 (a) for each point of the mesh, blue and red colors cor-
respond to large and small variations, respectively.

Step 4. The next step consists in selecting the best ranked defor-
mations, that is, the deformations associated with the largest θ

angle variation. The stress applied on atom 11, which induces the
largest rotation (50 ◦, see Fig. 2(c)), is represented with a blue ar-
row on Fig. 2 (b). The optimized stresses obtained for each atom
through the same process are also shown on this figure, together
with the associated dihedral variation on Fig. 2 (c).

Step 5. Finally, the resulting strain field (shown with green ar-
rows on Fig. 2 (d)) associated to atom 11 displacement (blue
arrow) can be used as an input for subsequent calculations, for
example, an energy minimization in search of a new conformer.
The relaxation of the deformed structure allows to reach a new
minimum energy structure, shown on Fig. 2 (e). The overall pro-
cess can be iterated from the new geometry if needed.

(a) (b)

(c)

(d) (e)

Fig. 2 (a) Representation of the model system composed of 12 atoms.
A spherical mesh grid centered on atom 11 is used to define all possible
stresses applied on this atom and screen the induced deformations. The
associated variations of the θ angle are shown with a red to blue color
scale, for increasing values. (b) Optimized stresses obtained from the
screening applied to each atom and associated with the largest θ angle
variations are shown with blue arrows. (c) Resulting variations of the θ

angle for each optimized stresses. The largest variation is obtained for a
stress applied on atom 11. (d) Strain field (green arrows) resulting from
the optimized stress applied on atom 11 (blue arrow). (e) In red, the
new configuration obtained from the energy minimization of the deformed
structure shown in d.

3 Grafting of model DNA strand on an oxide
surface

Direct and tailored assembly of organic and/or biological
molecules through the control of their interaction and grafting on
surfaces is of technological interest. Such assemblies find applica-
tions in many industrial domains as adhesion13,14, energy15–17,
sensor18,19, health20–22, environment23,24. To achieve such com-
plex architectures, several crucial features must be ensured: is it
possible to graft the molecules on these surfaces? what are the na-
ture and the strength of the bond between the organic molecule
and the substrate? which functional groups are the most effi-
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cient? is assembly well-ordered or chaotic? if so, which are the
most relevant grafting modes and how to reach them? or how to
prevent unwanted configurations? etc.

Facing such fundamental issues and complexity of the
molecule-substrate interactions, characterizing grafting modes in
details at the atomic scale might be regarded as the first step in
mitigation strategies to help for a controlled design.

Numerous theoretical studies are carried out on the adsorption
of molecules on surface25–29. Even if those calculations are valu-
able and accurate, most of them are limited to static calculations
using ab initio relaxation, simply characterizing the most favor-
able grafted, i.e. adsorbed configurations. These calculations
claim to be exhaustive, however they do not take into account
the modified flexibility of the molecules or the loss of flexibility
of these molecules once their configuration has been modified,
whereas their intrinsic ability to change their conformation has
changed, particularly in the presence of an anchoring point.

(a)

(b)

Fig. 3 (a) Model of DNA strand, a 2’-deoxythymidine-5’-monophosphate
(dTMP). HOP2 atom is highlighted for its central role in this study. (b)
Top view of the Al2O3 (0001) surface. Red, light blue, dark blue, white,
brown and silver colors represent oxygen, carbon, nitrogen, hydrogen,
phosphorus and aluminium atoms respectively. Labelling of the distinct
anchoring points on Al2O3 (0001) reached during the adsorption and
following DFT-driven method (Al-dft) or free exploration QMSM method
(Al-qmsm) is given in (b).

In such a context, our previous study investigated the graft-

ing of a model DNA strand on alumina surface (Al2O3) with
the goal to achieve smart tailored assembly of nano-objects us-
ing the DNA complementarity30. The model DNA strand, a 2’-
deoxythymidine-5’-monophosphate (dTMP) exhibiting all DNA
chemical moieties, and the top-view of the Al2O3 surface are
shown on Fig. 3. Several adsorption modes have been identi-
fied using a thorough study coupling IR measurements and DFT
calculations, each of them differing from the anchoring point(s)
between the dTMP and the Al2O3 (0001) surface. In the DFT
study, a static approach was applied by screening and mapping
all the possible configurations adopted by the dTMP, as obtained
after relaxation of the isolated dTMP molecule as a function of
the Al2O3 surface topology. No modification (distortion, rota-
tion) of the dTMP was considered when positioning the dTMP
above the surface, the configurations were obtained by position-
ing the dTMP perfectly on top of the anchoring points. Moreover,
the possibility to reach some of the most stable configurations
from pre-adsorbed state to another one was not discussed. Two
of the adsorbed configurations obtained in Ref. [30] are shown on
Fig. 4 (A) and (C), named Up and Down-DFT respectively. Those
configurations differ by the number of bonds formed with the alu-
mina surface. In the case of Up configuration, three O-Al bonds
are formed between the dTMP (thymine and sugar) and the sur-
face. In the case of Down-DFT, a fourth bond is formed between
the phosphate group that is grafted to the surface involving OP1
and Al-dft atoms, while HOP2 also binds to the surface, forming
a H-bond with OP2 atom.

In the following, we use the QMSM coupling to investigate the
grafting of the phosphate group on the alumina surface starting
from the configuration Up (Fig. 4 (A)). More information on DFT
calculations in given in the Computational Detail section. Two
main strategies are applied to unravel the mechanisms responsi-
ble for the grafting of phosphate group:
(i) knowing the final configuration that must be reached as a tar-
get configuration Down-DFT (Fig. 4 (C)). The procedure to carry
out a driven QMSM exploration to target a known configuration
is detailed in section 3.1.
(ii) using only QMSM coupling from configuration Up to explore
unknown path without pre-knowledge of the final configuration.
In section 3.2, depicted as a free exploration using QMSM, a final
configuration shown in Fig. 4 (H) is obtained and named Down-
QMSM.

3.1 Driven QMSM exploration to reach a target configura-
tion

As postulated by the DFT study30, both adsorbed configurations
Up and Down-DFT exist. Considering the similarity between these
configurations, we assume that it exists a diffusion path linking
them: the configuration Down-DFT can be reached from configu-
ration Up when grafting OP1 atom from the phosphate group on
Al-dft atom of Al2O3 surface (see Fig. 3).

To explicitly reach the target Down-DFT configuration
(Fig. 4 (C)), we consider all the possible deformations calcu-
lated with the SM that allow reducing the distance between OP1
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Fig. 4 Adsorption of dTMP on Al2O3(0001) surface using QMSM: a driven exploration is shown in blue and a free exploration in orange. Side-view
snapshots of the stable and metastable configurations along the MEP are provided from (A) to (C) and (E) to (H). (A) Up: relaxed adsorbed
configuration obtained with DFT. (B) and (C): Driven exploration from Up to Down-DFT - Blue path: (B) Intermediate where the original H-bond
between HOP2 and O4’ atoms is broken and (C) Down-DFT: adsorbed state relaxed with DFT where the phosphate group is grafted to the Al-dft
surface atom. (E) to (H): Free exploration from Up to Down-QMSM - Orange path: (E), (F) and (G) show the first, second and third intermediate
configuration, respectively. (H) Down-QMSM: relaxed adsorbed configuration obtained through the free exploration where the phosphate group is
grafted to the Al-qmsm surface atom. (D) Top-view of the Al2O3 (0001) surface where Down-DFT (blue) and Down-QMSM (orange) configurations
are superposed, highlighting the difference in their adsorbed states. The activation barriers are given above the arrow between two configurations and
the energy of each configuration is given below each compared to (A).

and Al-dft atoms to directly form the target bond d(OP1–Al-
dft). All optimized stresses with respect to this criterion are pro-
vided in Supp. Mat. S1 (a)†. The five most favorable ones are
investigated and the associated strain fields are also provided in
Supp. Mat. S1 (b) to (f)†. None of these applied deformations is
able to relax toward the target configuration: once deformed, and
independently of the stress applied up to 2.00 Å, the system gets
back to its initial configuration for three of them, or reaches a new
final configuration that will be discussed later. Looking closely
at the strain fields and the associated structural relaxations, we
clearly identify that the origin of the deadlock is the H-bond ex-
isting between the HOP2 atom from the phosphate group and the
O4’ atom from the sugar (d(HOP2-O4’) = 1.83 Å, Fig. 5 (a)),
avoiding the phosphate group to dive toward the surface.

Consequently, we investigate, from the SM, the stresses able
to break the H-bond existing between O4’ and HOP2: the crite-
rion relative to QMSM coupling is set as elongating the distance
d(HOP2-O4’). All optimized stresses calculated using SM method
are provided in Fig. 5 (a). The deformation that allows to break
the HOP2-O4’ bond (see Fig. 5 (b)) is obtained by applying the
SM associated with the OP2 atom, as revealed in Fig. 5 (a). Once
this deformation is applied and the system relaxed, a new mini-
mum is reached, where the HOP2-O4’ bond is broken, compared
to the isolated relaxed configuration (Fig. 4 (B)). In such config-
uration, the system is less stable by 0.07 eV compared to configu-
ration Up.

QMSM is finally applied again on the new identified inter-

mediate to select the relevant deformation allowing the previ-
ous criterion to reach a new minimum, i.e. reducing d(OP1–Al-
dft). All optimized stresses from (B) configuration are given in
Supp. Mat. S2†. Once more, from this configuration (B), it ap-
pears difficult for the system to evolve and modify its configura-
tion toward the target. The system deformation due to the SM
application on P atom is shown in Fig. 5 (c), forcing the system
to move toward Down-DFT, which finally relaxes in that configu-
ration. This last diffusion stabilizes the system by -2.02 eV.

Finally, knowing the existence of this necessary intermediate
minimum along the Minimum Energy Path (MEP), we are able
to run NEB calculations to determine the activation barrier of the
two-step diffusion. The full MEP is detailed on Fig. 6 (blue curve).
From the configuration Up (A) to the first intermediate (B), where
HOP2-O4’ is broken, an activation barrier of 0.08 eV is obtained.
The second activation barrier to rotate the phosphate group from
intermediate (B) to configuration Down-DFT is large of 0.13 eV.

As a critical discussion, one might argue that a simple NEB cal-
culation could have been run between the two configurations Up
and Down-DFT, as usually performed. In such an approach, a
linear interpolation would have been applied between the two
known states, resulting in a bad description of the actual MEP
of the diffusion. This approach would also miss the intermedi-
ate state corresponding to the breaking of H-bond, which finally
appears to be a key step of the grafting process. Here, QMSM
permits to identify this key step mechanism that unlocks the pre-
adsorbed Up configuration.
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(a) Optimized stresses

(b) Deformation: (A) to (B) (c) Deformation: (B) to (C)

(d) Deformation: (A) to (E) (e) Deformation: (E) to (F)

(f) Deformation: (F) to (G) (g) Deformation: (G) to (H)

Fig. 5 (a) Variations of the distance d(HOP2-O4’) induced by the
stresses optimized on each atom of the configuration Up. The arrow
length is proportional to the criterion magnitude. (b) and (c) refer to
the strain field (green arrows) associated with the optimized stress (blue
arrow) relative to the driven exploration (blue path in Fig. 4). (d), (e),
(f) and (g) refer to the strain field associated with the optimized stress
relative to the free exploration (orange path in Fig. 4).

Fig. 6 Minimum energy paths obtained with driven (blue path) and free
(orange path) explorations for the grafting of dTMP on Al2O3(0001)
surface using QMSM. Letters refer to configurations of Fig. 4. The non-
labelled minimum appearing between F and G configurations corresponds
to the OH group rotation and is not further discussed in the article.

Much more, it appears that the actual deformation allowing
H-bond to break is not so simple: clearly influenced by the final
result, the intuitive move that the user would have applied as a
first approximation, would have been to drive the system going in
the direction of the surface, or to repel the two atoms in the exact
opposite direction of the actual bond HOP2-O4’. It is finally re-
vealed with the QMSM approach that it is better to apply a stress
in the upward direction on the OP2 atom (see Fig. 5 (b)), going
in the opposite direction of the surface plane. This last upward
motion is the mechanism that makes the PO3 group rotate and
prepare for adsorption.

Finally, note that to allow the grafting between the configura-
tions (B) and Down-DFT (blue MEP), we placed at the limit of the
validity domain of the SM method: a stress of 2.50 Å was applied
to make the system going out of its potential well and to search
for a given state. This clearly indicates that strong constraints can
be introduced when searching for a driven or pre-guided config-
uration with usual methods such as the NEB method.

For a sake of completeness, we applied other methods to look
for the Down-DFT configuration. A drag method, keeping fixed
only one atom of the phosphate group in the direction toward the
surface, was carried out as usually applied to avoid introducing
too much stress in the system, and performed on all the phos-
phate group atoms, one after the other. None of those tests has
resulted in Down-DFT configuration, all of them have resulted in
Down-QMSM, which will be described in the next section. Using
a drag method, it is nevertheless possible to obtain the Down-DFT
configuration: both the x, y and z coordinates of the P atom were
kept fixed during the constrained relaxation and using the SM to
drive and impose the direction of the P atom move toward the
target Al-dft atom. If such a highly-constrained drag method is
carried out without using SM as a guide, the final obtained con-
figuration is not Al-dft atom. Those calculations still validate that
we have to apply a strong constraint to get the desired configu-
ration. Moreover, we can note that SM allows the user to drive a
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calculation toward a target configuration, since even a strong con-
straint can result in non desired state. Here, performing the drag
method with a correct estimate of the deformation field imposed
even by a small move, allows to find the expected configuration.

Finally, based on the difficulty of exploring the DFT target ad-
sorbed configuration, we conclude that Down-DFT is not the most
supposedly to be studied. It is thus necessary to prospect while
letting the system evolve through free exploration and keeping a
high degree of freedom.

3.2 Free exploration from a given configuration
The second exploration aims at using QMSM from configuration
Up, and follows step by step the deformations proposed, with the
sole constraint that the phosphate group must meet the surface.
For such exploration, SM are used to determine the deformations
that reduce the sum of the distances between all the phosphate
group atoms (4 O atoms, 2 H atoms and 1 P atom) with the sur-
face plane. This example illustrates a free exploration from a
given relaxed state and let the system evolves only guided by its
intrinsic flexibility.

Using SM and starting from configuration Up (Fig. 4 (A)), we
determine all optimized stresses that allows to respect the reduc-
tion of the sum previously described (all deformations meeting
this criterion are provided in Supp. Mat. S3†). As shown on Fig. 5,
the stress that induces the most favorable deformation is applied
on P atom and allows the O atom to bind to the surface with a
non-anticipated Al atom (labelled Al-qmsm on Fig. 3 (b)), which
is different from Al-dft.

On the first intermediate in Fig. 4 (E), we note that the H-bond
between the phosphate group and the sugar still exists (d(HOP2-
O4’) = 1.85 Å). In such configuration (E), the system is stabilized
by -1.09 eV. Finally, from this identified minimum, we pursue the
exploration and apply again the deformations that would allow
the system to evolve toward another grafting of the phosphate
group on the surface, using the QMSM method. The deformation
field induced by the stress imposed on HOP2 atom is shown in
Fig. 5 (e) (the complete histogram is given in Supp. Mat. S4†). A
new reaction intermediate is obtained, where the H-bond still ex-
ists, but is formed with an O atom present on the thymine and
already grafted on the surface. This atom is labelled OTh on
Fig. 3 (a) (d(HOP2-OTh) = 1.68 Å). At this stage, in (F) con-
figuration (Fig. 4 (F)), the system still stabilizes by -0.17 eV (see
Supp. Mat. S5† for the whole histogram). Again, the strain field is
calculated to optimize the distance between the phosphate group
and the surface. P atom displacement optimizes this criterion and
the induced deformation field is shown in Fig. 4 (F). Then the
new minimum (G) (Fig. 4 (G)) is obtained, which stabilizes the
system by -0.30 eV. Finally, a final search for meaningful deforma-
tions is made from this new intermediate (see Supp. Mat. S6† for
the whole histogram) where the displacement of the OP2 atom
appears as the most promising, resulting in the system deforma-
tion provided in Fig. 5 (g). By applying this last deformation,
we manage to graft the phosphate group on the surface with two
anchoring points, where the H atom finally leaves the phosphate
group to bind to the surface. This final configuration is still stabi-

lized with an energy gain of -0.21 eV.

Finally, we use the NEB method to calculate the activation bar-
riers between each of the identified intermediates. The orange
MEP on Fig. 6, even if the final configuration is less stable by
0.25 eV than Down-DFT configuration, shows that no activation
barriers from (E) to (H) (the largest one is 0.02 eV from (F) to
(G)) exists along this second investigated diffusion.

Thanks to QMSM, we find key reaction intermediates that pre-
serve important interactions like H-bond, while accounting for the
intrinsic deformations occurring within the molecule. The phos-
phate group HOP2 atom, initially forming an H bond with the
O4’ sugar atom, plays a central role in the overall diffusion of the
phosphate group. The hydrogen bond remains present along the
migration, jumping from interaction to interaction with the oxy-
gen atoms present on the dTMP, which finally allows to pass from
minimum to minimum along the diffusion of the phosphate group
without crossing any barrier (Fig. 6 (orange MEP)).

Table 1 reports the values of typical angles (G and χ in Fig. 3)
of the dTMP during the grafting on the surface comparing driven
vs. free exploration. Along driven exploration, G varies up to 6 ◦

whereas along free exploration the variation is about 27 ◦, same
for χ angle where the largest amplitude variation is reached dur-
ing the free exploration (16 ◦ vs. 12 ◦). A free exploration allows
to introduce a greater flexibility than the driven exploration.

QMSM coupling as applied in this section demonstrates that
a very broad criterion, i.e. moving a group of atoms and not
only forcing one atom, can result in a more realistic atomistic
mechanism that takes into account the important interactions and
deformations of a complex system along the diffusion.

Table 1 Geometric information (G and χ angles) of the dTMP on reached
configuration when grafted on the alumina surface as described in Fig. 4

Path Config. G (◦) χ (◦)
Alone -77.02 -122.61
A -179.26 70.80

Driven B -179.28 68.94
exploration C -173.09 58.87

E 168.81 55.25
Free F 159.65 54.28
exploration G 146.64 59.31

H 152.92 59.31

4 Diffusion in crystalline materials
Diffusion in crystalline materials31 finds many applications in
industrial domains as micro-electronics32,33, energy34,35, nu-
clear36,37, corrosion38 for instance. For such applications, it is
necessary to link the atomic scale description to the macroscopic
scale features for the design and/or optimization toward tailored
final properties. For example, it may be necessary to perfectly
place an atom at a given location in the material during the man-
ufacturing process or to predict its final configuration, but also to
be able to predict the penetration of desired or undesired species
that may or may not weaken the material. All these questions
require an exhaustive knowledge of the mode of diffusion of the
studied species with the hope of mastering it experimentally and
technologically by controlling the conditions of manufacture or
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use. Obtaining an exhaustive library of all possible events for
these defects represents a real challenge for the materials science
community, even for the simplest of these defects.

For this study, we focus on two very well-know point defects in
silicon to which related behaviour of silicon self-interstitials can
alter the functioning of the microelectronic devices: the mono-
interstitial (I1) defect shown as an additional atom placed in
the silicon crystalline lattice and the tetra-interstitial (I4) cluster,
where four additional interstitial atoms form a stable agglomer-
ate of atoms. Many theoretical studies have been carried out on
these defects to make a link between atomic configuration and
global material properties39–42. Many explorations with differ-
ent energetic models have been achieved43–46. The more precise
results fitting with experiment are obtained with ab initio calcula-
tion47–50. In this part, we apply QMSM method, to both demon-
strate that the QMSM method can reach an exhaustive screening
with limited calculation time by exploiting the symmetry of so
well-organized crystalline materials and identify some relevant
mechanisms of migration.

4.1 Diffusion of mono-interstitial atom I1 in silicon bulk

The mono-interstitial I1 in crystalline silicon has two stable config-
urations with neutral charge49. The more stable configuration is
the Dumbbell configuration (Fig. 7), characterized by two atoms
sharing the site of one. The other possible state is the Hexago-
nal configuration (less stable by 0.04 eV compared to Dumbbell)
(Fig. 8) where the interstitial atom is positioned between six sili-
con atoms on the diamond lattice. Both configurations present a
great number of symmetry planes and axes. When it comes to the
question of how these point defects diffuse, due to this high de-
gree of symmetry and rotational invariant, multiple possibilities
of diffusion direction and final configurations appear, while paths
to reach them must be solved in details.

4.1.1 Defining an energy criterion to guide the exploration

In the previous application (Section 3), we have used a geometric
criterion, chosen to monitor the propensity of the system to un-
dergo an assumed structural rearrangement. Here, we choose to
guide the evolution of the system following an energy criterion,
in order to identify the deformations associated with a low ener-
getic cost, but without prior knowledge of the configuration to be
reached. In this study, the energy criterion is based on the Keating
formalism51 where the strain energy of the system (EKeating (see
Eq. 1)) is calculated to evaluate the local strain, i.e. the devia-
tion of the deformed structure from a reference configuration, as
already used for studying the Si/SiO2 interface52.

EKeating =
1
2 ∑

i
kb(bi−b0)

2 +
1
2 ∑

i j
kθ (cosθi j− cosθ0)

2 (1)

where kb is the bond stretching constant (eV/Å), kθ the angle
bending constant (eV), bi and b0 are respectively the bond length
of the ith bond and its equilibrium distance (Å), θi j and θ0 are the
angle between the ith and the jth bonds and the equilibrium an-
gle. Parameters are extracted from Table I [KT(s-h) parameters]

in Ref.53. The strain energy is taken to be zero for the reference
structure when starting the QMSM exploration (either Dumbbell
or Hexagonal configurations) and positive for any deviation from
it. The total strain energy is obtained by summing over all bonds
shorter than 2.50 Å. This value was set considering the equilib-
rium Si-Si bond length, including elastic distortions that appear
during atomic diffusion.

4.1.2 QMSM results from exploration on mono-interstitial
system

QMSM coupling, according to Fig. 1, is used to investigate the dif-
fusion of the I1 defect both from the Dumbbell and the Hexagonal
configurations. QMSM screening finds perfectly all the symme-
tries of the system, for which all deformations are obtained with
respect to rotation, translation and permutation symmetry oper-
ations. This is illustrated on Fig. 9 showing the screening from
the D atom of the Dumbbell configuration (see Fig. 7). The pro-
jections of the 3D hemisphere on plane (001) as obtained with
the screening, are plotted respectively in the direction [001] on
Fig. 9 (a), and in the direction [00-1] on Fig. 9 (b). The two pro-
jections are similar and exhibit larger strain energies (red areas)
notably in the direction of the neighboring atoms, whereas the
smaller ones are depicted by green shapes, revealing low-strain
deformation energy and appropriate directions. The dark blue
area appears towards the area left empty by the atom of the crys-
tal that participates in the Dumbbell configuration, that has be-
come D’.

In the following, we state that all symmetries are respected, so
studying one so-defined hemisphere is sufficient. Considering the
symmetries of the configuration (see Fig. 7), the QMSM explo-
ration is performed on the interstitial atoms D and the two first
neighbor atoms D1 and D2, as labelled in Fig. 7 (a) belonging to
the same hemisphere. We impose a stress in the range of [1.00 Å
- 2.00 Å]. Only the events that allow the defect to migrate are
presented. Only the exploration on the atom D for a stress limit
lower than 2.00 Å allows to leave the initial configuration. The
configurations reached are described in Fig. 7 (b) where the ini-
tial Dumbbell configuration is shown in yellow (named D yellow)
and summarized in Tab. 2. The energy barriers are calculated
using NEB calculations, all DFT parameters are described in the
Computational Details section. QMSM identifies several configu-
rations as possible final states: two Hexagonal and two Dumbbell
configurations. Finally, refining the search using NEB calculations
between identified states with QMSM, the I1 defect in Dumbbell
configuration can only migrate toward an Hexagonal configura-
tion: when determining the MEP from Dumbbell to Dumbbell, an
intermediate position is found, which is an Hexagonal configura-
tion. The associated barrier from Dumbbell to Hexagonal is large
of 0.29 eV.

The same exploration is performed from the Hexagonal con-
figuration from H, H1, H2, H3 and H4 as labelled in Fig. 8 (a),
which are the closest atoms to Hexagonal assuming the symmetry
of the configuration. As previously, the exploration is performed
on these atoms with a stress in the range of [1.00 Å - 2.00 Å]
and only the events that allow the defect to migrate are detailed.
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(a) (b)

Fig. 7 (a) Dumbbell configuration of a I1 Si atom in crystalline Si in plane (001), named D yellow. D and D’ form the Dumbbell. D, D’, D1
to D4 atoms are explored with QMSM. (b) Configurations reached from QMSM exploration. For the sake of clarity, each configuration is shown
independently in Supp. Mat. S7.

(a) (b)

Fig. 8 (a) Hexagonal configuration of a I1 Si atom in crystalline Si in plane (001), named H blue. H is the interstitial atom. H, H1 to H4 atoms
are explored with QMSM. (b) Configurations reached from QMSM exploration. For the sake of clarity, each configuration is shown independently in
Supp. Mat. S7.

(a) (b)

Fig. 9 QMSM screening around D atom of the Dumbbell configuration. (a) and (b) are the projections on plane (001) of the sphere respectively in
the directions [001] and [00-1]. Abscissa and ordinate are the displacement of atom D in Å. Color scheme follows EKeating value in eV, ranging from
blue to red areas respectively for low and high values. Green shapes correspond to deformations which minimize the EKeating value: green dots are
directions in the symmetry (001) plane, green crosses are directions outside the symmetry plane.
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Table 2 List of configurations identified by QMSM from Dumbbell con-
figuration Figure 7 (a). H and D letters refer respectively to relaxed
Hexagonal and Dumbbell configurations with associated colors as shown
in Figure 7 (b) ’direct’ indicates that no intermediate exists, in such case
the corresponding activation barrier is provided.

Moved atom Reached config. Magnitude Intermediate
D H green 1.50 Å H blue
D H blue 1.50 Å direct (0.29 eV)
D D cyan 1.50 Å H blue
D D orange 1.75 Å H black

The reached configurations are shown in Fig. 8 (b), where the
initial Hexagonal configuration is the blue one, and summarized
in Tab. 3. QMSM exploration identifies several final configura-
tions revealing three main trends for the diffusion of an Hexag-
onal atom: i) an Hexagonal configuration, symmetric to the ini-
tial one regarding the plane created by the six crystalline atoms
bonded with the interstitial atom. Such move requires an activa-
tion barrier of 0.03 eV (H red in Fig. 8 (b)). ii) an Hexagonal con-
figuration in one of the first adjacent Hexagonal plane formed by
six atoms. The diffusion from H configuration to adjacent H con-
figuration requires an activation barrier of 0.19 eV (H orange in
Fig. 8 (b)). iii) a Dumbbell configuration where an atom in crys-
talline position goes in interstitial position and forms a Dumbbell
configuration, with an associated activation barrier of 0.25 eV (D
yellow in Fig. 8 (b)). In this last case, several orientations of the
Dumbbell are reachable because of the symmetry.

Table 3 List of configurations identified by QMSM from Hexagonal con-
figuration. H and D letters refer respectively to relaxed Hexagonal and
Dumbbell configurations with associated colors as shown in Figure 8 (b).
’direct’ indicates that no intermediate exists, in such case the correspond-
ing activation barrier is provided.

Moved atom Reached config. Magnitude Intermediate
H H red 1.00 Å direct (0.03 eV)
H D yellow 1.75 Å direct (0.25 eV)
H H white 1.50 Å direct (0.19 eV)
H1 D purple 1.50 Å direct (0.25 eV)
H2 D pink 1.50 Å H red
H4 D brown 1.50 Å H red

In a crystalline system, QMSM finds all minima around a given
configuration. We identify the configurations of interest towards
which the system tends to evolve and with the help of the knowl-
edge of the symmetry of the system. Knowing these configu-
rations, further refinement using MEP characterisation methods
such as NEB allows to identify intermediate states, even if the
amplitude of the applied deformations is high in some cases.

The exploration in the studied domain from the Hexagonal con-
figuration reveals that this configuration can evolve into several
final configurations, either Hexagonal or Dumbbell, when de-
formed from different atoms. We note here that both configu-
rations, Hexagonal (H red) or Dumbbell (D yellow), are reach-
able from the H atom but with different deformation amplitudes,
respectively 1.00 Å and 1.75 Å. However, if the exploration is car-
ried out from the atom of the silicon crystal that is the first neigh-
bour of H, i.e. H1 the minimum deformation amplitude to reach

a Dumbbell configuration is 1.50 Å i.e. less than the deformation
applied on H to reach the same configuration.

This observation clearly indicates that it is not only necessary
to study the dynamics of a Hexagonal-type defect from the single
atom in the interstitial position (H), but that it is also necessary
to study the possibility of neighbouring atoms to make the system
evolve toward another configuration by their ability to deform
the initial atomic configuration themselves. This will be further
discussed at the end of this section.

These results are consistent with Ref. [48] where the diffu-
sion of self-interstitial in silicon occurs via successive jumps be-
tween the Hexagonal and Dumbbell sites, in which the latter is
named split-〈110〉 defects and consistent with other mechanisms
described in literature43,47. Figure 10 summarizes a possible mi-
gration path from a Dumbbell to another Dumbbell located in the
next silicon hexagon and rotated by 180◦. The intermediate states
of the migration and the MEP are also given (see Fig. 10 (a) and
(b) respectively).

(a)

(b)

Fig. 10 (a) Reached configurations identified during the Minimum En-
ergy Path (MEP). On the final configuration (in black at the bottom
left), the initial state appears in shadow for a better understanding of
the diffusion. (b) MEP of the diffusion of the mono-interstitial Si atom
from between two Dumbbell configurations using Hexagonal configura-
tion as intermediate states. Activation barriers are given in eV in italic
grey font.

In this section, we show that the QMSM approach allows a
quick identification of the favorable directions of diffusion based
on the deformation of the crystal system. Thanks only to the
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knowledge of a Hessian matrix, the SM exploration has a negligi-
ble computational cost. Moreover, the possibility for the user to
propose criteria allows to reduce the time spent through a better
selection of the diffusion directions to be retained and to limit
the explored area. After having demonstrated the application
of QMSM to a simple crystal system, we apply in the following
paragraph, the QMSM approach to the diffusion of another point
defect, more complex in terms of structure, namely the tetra-
interstitial.

4.2 Diffusion of tetra-interstitial cluster I4 in silicon bulk

We now focus on the identification of the atomic mechanisms
allowing the migration of the tetra-interstitial (I4) in its ground
state as shown in Fig. 11 also named Ia

4
50,54. Since we only study

this configuration, we make the shortcut in the rest of this arti-
cle to name the tetra-interstitial in its most stable state I4. More
precisely, we look for the atomic mechanisms that make I4 going
from an initial position in blue (I4 blue) to the final position in
red (I4 red) in Fig. 11 (a) and (b) respectively. The I4 structure
forms two pentagons in two adjacent planes (both in (001) plane
in the Fig. 11). When going from initial to final configurations of
the I4 defect, a total of twelve silicon atoms are involved in the
migration process. This is explained in the following.

4.2.1 Defining a criterion for multi-atom displacements

QMSM is used to find the direction that is able to move a global
configuration toward a known final configuration. The chal-
lenge is to understand the details of a complex diffusion involv-
ing the move of several atoms notably to identify which atom
moves first and what are the possible intermediate states. For
such goal, we implement a criterion based on the difference of
positions between two configurations ∆Con f . In the case of the
tetra-interstitial, ∆Con f is the difference between the deformed
and the final configuration, which implies here to consider a total
of twelve atoms. This criterion is defined in Eq. 2.

∆Con f = ∑
i

√
∑

j
(Cdi, j−C fi, j)2 (2)

where Cdi, j and C fi, j are the jth coordinates of atom i, respectively
in the deformed configuration (after deformation with SM) and
in the final configuration. The lower the criterion, the closer to
the final configuration the deformed configuration is.

4.2.2 QMSM results from exploration on tetra-interstitial
system

As in the previous section, QMSM is used to help in the iden-
tification of the MEP of the I4 migration. QMSM exploration is
applied from the initial configuration and from all intermediate
configurations subsequently identified. Only directions selected
for a stress of 1.50 Å that optimized the criterion of Eq. 2 are re-
tained. From these identified directions, a drag method applied
with DFT is performed by maintaining the three coordinates in x,
y and z of the atom moved in the given direction. Once the tran-
sition point is reached, the system is relaxed. The configuration
taken as reference is the Initial configuration. The configuration
energies given in the following are therefore compared to this

configuration.

Table 4 List of configurations identified by QMSM from I4 blue configu-
ration and from Intermediate states TIS-1, TIS-2 and TIS-3 as shown in
Fig. 11. The configurational energy is compared to the total energy of
I4 blue initial considered as the reference system. For symmetric config-
urations, namely I4 blue and TIS-2, we only provide information for one
atom, the corresponding atom of the symmetric configuration is given in
parentheses.

Starting config. Moved atom Reached config.
I4 blue T11 (T5) TIS-1 (1.48 eV)
I4 blue T9 (T3) TIS-1’ (0.97 eV)
TIS-1 T5 TIS-2 (1.00 eV)
TIS-1 T9 TIS-2’ (2.07 eV)
TIS-1 T3 TIS-2’ (2.07 eV)
TIS-1 T1 TIS-2” (3.16 eV)
TIS-2 T9 (T3) TIS-3 (1.48 eV)
TIS-3 T6 I4 red
TIS-3 T3 I4 red

The reached configurations are described in Fig. 11 (c) to (h)
and summarized in Tab. 4. The activation barriers have been de-
termined using NEB calculations. The complete migration path
presented as a MEP (red curve), as well as the intermediate diffu-
sion tests (black curves), are presented in Fig. 12. For the sake of
clarity, we only discuss the displacements from the twelve atoms
already introduced above. However, for some of the configura-
tions obtained during the search for atomic mechanisms related
to I4 migration, other atoms seen as atoms in the crystalline po-
sition may induce structural modifications of the I4 defect, as dis-
cussed in section 4.1.2. We do not discuss them hereafter.

From the Initial configuration, we select two directions of in-
terest identified on atom T9 and T11 shown in Fig. 11 (c).
Each direction is explored using the drag method and leads to
two new configurations: from the T11 atom, the reached con-
figuration is named TIS-1 shown in Fig. 11 (d) and from the
T9 atom, the reached configuration is named TIS-1’ shown in
Supp. Mat. S8 (a)†. Between the two configurations obtained,
TIS-1 is less stable by 1.48 eV compared to the Initial configura-
tion. TIS-1’ is more stable than TIS-1 with a configuration energy
of 0.97 eV. Finally, the calculated activation barrier going from
Initial to TIS-1 is large of 2.23 eV, whereas the activation barrier
going from Initial to TIS-1’ is large of 1.08 eV, with an associated
back activation barrier toward Initial configuration of 0.11 eV.

Regarding the exploration from the TIS-1’ configuration, we
conclude that TIS-1’ is metastable, tending to return to the Ini-
tial configuration, not consistent with the I4 migration. This
state is however of crucial interest in particular for the under-
standing of leakage currents observed in microelectronic silicon
based-devices55 whose origin is well identified as coming from
the metastability of structural defects, out of the scope of the
present study. We therefore do not pursue the exploration of the
TIS-1’ configuration.

From the exploration of configuration TIS-1, four directions
are identified from four different atoms T5, T9, T3, T1 (see
Fig. 11 (d)) leading to three different configurations. From T5
atom, TIS-2 intermediate configuration is obtained, featured by
a configuration energy of 1.00 eV, the lowest in the built list
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(a) (b) (c)

(d) (e) (f)

Fig. 11 (a) and (b) Ground states of the I4 defect referred respectively as the Initial configuration (I4 blue) and Final configuration (I4 red) of the
studied migration. I4 ground state can be depicted as two adjacent pentagons. Atoms that take part in the diffusion are identified by the labels T1
to T6. For sake of clarity, only one pentagon has been labelled, but a total of 12 silicon atoms are involved in the considered migration. Additional
labelling from T7 to T12 can be applied similarly on the other pentagon. (c) QMSM exploration from I4 blue shown in (a). TIS-1, TIS-2 and TIS-3
configurations and associated directions resulting from the QMSM exploration are presented respectively in (d), (e) and (f). Corresponding minimum
energy path is given in Fig. 12.

Fig. 12 Energy diagram of the configurations reached during the I4
migration referring to Fig. 11. The whole MEP from I4 blue to I4 red
is shown in red curve. Blue curves are MEP of tested diffusions outside
from the MEP of interest. Activation energies are given in italic grey
font and in eV.

shown in Fig. 11 (e). The activation barrier from TIS-1 to TIS-2
is large of 1.28 eV. From TIS-1, this diffusion stabilizes the sys-
tem by 0.48 eV. Other explored directions from T9 and T3 result
in TIS-2’ intermediate shown in Supp. Mat. S8 (b)†. Further ex-
plored, TIS-2’ does not result in meaningful configurations for I4

migration. This state is actually revealed to be metastable, desta-
bilizing the system (by 0.59 eV from TIS-1) that gets back to the
TIS-1 configuration. The activation barrier from TIS-1 to TIS-2’ is
large of 0.71 eV and the corresponding back reaction exhibits an
activation barrier of 0.12 eV. For details, an other configuration
named TIS-2” and shown in Supp. Mat. S8 (c)† can be obtained,
when moving T1 atom. TIS-2” destabilizes even more the system
by more than 2.00 eV from TIS-1, with a configuration energy of
3.16 eV.

TIS-2 is a central intermediate of the migration of I4. TIS-2
shown in Fig. 11 (e) is a highly symmetric configuration where
initial pentagons form lozenge-like patterns. In such TIS-2 con-
figuration, T1 (T7) and T6 (T12) atoms and T5 (T11) and T3 (T9)
atoms are symmetric. Applying the QMSM exploration on TIS-2,
only two directions are identified from T9 and T3 atoms, symmet-
ric of each other. Only one atom is thus studied: the exploration
from T9 results in an intermediate configuration named TIS-3 and
shown in Fig. 11 (f). TIS-3 is the same atomic configuration as
TIS-1. Path from TIS-2 to TIS-3 is similar to the back reaction
from TIS-2 to TIS-1. Such move requires an activation barrier
of 1.76 eV. Likewise, applying the QMSM exploration on TIS-3
identified two directions from T3 and T6 atoms (see Fig. 11 (f)).
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Both lead to the final position of I4 by the back reaction from
Initial configuration TIS-1. The activation barrier is large of
0.75 eV. In this last observation, as a critical discussion, we can
notice that the NEB does not inform about the exact mechanism
of diffusion. The QMSM approach gives information on the atom
that initiates the last movement, in this case two atoms can play
this role.

Finally the I4 migration exhibits a symmetric reaction path fea-
tured by three intermediate states, where the migration occurs
by moving one atom after the other. Intermediate configuration
TIS-2, highly symmetric and stable regarding the other configu-
rations, has a central role in the diffusion of I4. The migration
mechanism of I4 preferably keeps the cluster atoms in a compact
state rather than dissociating the cluster atoms. The I4 defect
cluster is a very stable defect. The mechanisms of structural mod-
ification identified in this work are consistent with experimental
observations, indicating that the I4 migration is a really tight pro-
cess. The first barrier obtained between the initial configuration
and TIS-1 is large to overcome, more difficult than the one asso-
ciated with a local modification of the structure observed in the
metastable configuration TIS-1’.

Beyond the study of the migration of a defect in silicon, this
work shows the need to use the QMSM approach to guide the
user through the choices to be made in the case of complex and/or
large initial configurations. Neither a random choice, nor an ex-
haustive study can be performed manually. QMSM is useful in
two ways. First, it allows identifying which atom has to be con-
sidered in a specific configuration. But QMSM goes even further
by proposing an exact direction for the movement of that atom.
We note here that the exploration is significantly reduced to a few
atoms. In this example reduced to 12 atoms of interest, which is
yet a high number when it comes to testing their move in a 3D
space, only eight atoms are useful, for a total of four configura-
tions considered. Moreover, from a given configuration, the range
of possibilities is reduced to a single case.

Importantly, we have presented here two different ways of us-
ing the SM to guide DFT calculations, based on two types of in-
formation extracted from the QMSM selection process: i) using
the SM strain field to deform a structure that is further energy
minimized; ii) or using the direction of the optimized stress pro-
vided by the SM analysis in a subsequent drag method. The first
approach is the most direct to implement since it only requires
one DFT calculation. However, it is also the most guided since
the deformation is applied to the whole system, which in turn is
oriented toward a new configuration. As a consequence, depend-
ing on the energy landscape, it is possible to apply a deformation
that brings the system far enough to find a new configuration
while missing intermediate states. On the contrary, the second ap-
proach is based on the step by step application of a single atomic
stress, while letting the rest of the system free to evolve. This ap-
proach is then more demanding in computational resources, but
is less prone to miss possible configurations. The example of the
Dumbbell exploration illustrates well this consideration. In the
end, both approaches can be used. Applying the SM strain field
is more efficient to extract the system out of the potential well,

but using the stress direction as a guide with a drag method is
recommended when it comes to elucidating the diffusion path. In
both cases, the results can be refined using NEB calculations to
determine the activation barrier between the identified states.

5 Discussion
On the basis of these examples, thanks to an exploration guided
by the knowledge of the intrinsic deformation of a given system
provided by SM, we have illustrated the capability to explore po-
tential energy surfaces from a minimum, whether the final con-
figuration is known or not, whether the reaction path is known or
not, thus allowing the identification of important reaction inter-
mediates.

The low cost of the SM approach in the exploration phase
(screen, score steps) when used with DFT is an important added
value. Once calculated for a relaxed atomic configuration, the
SM constitute an immediately accessible data bank with almost
no computational cost. In the provided examples, a quick explo-
ration is performed in the 3D space by using a sphere of equally
distributed points as described in section 2. This sphere, con-
structed for each atom and allowing to define a 3N exploration di-
rection vector (see Fig. 5 (a)), makes it possible to quickly screen
all the directions and thus reduce the number of evaluations for
the escape of the minimum energy configuration. Regardless of
the reaction or displacement considered, it is possible for the user
to experiment with one or more exploration criteria, to apply it to
all atoms of the system or a region of interest only. Without any
additional calculation, it is also possible for the user to explore
(screen) several directions from the same configuration on a sin-
gle atom or on several atoms, if the scores are difficult to separate
or if several scores (the second, the third etc.) seem relevant. This
is illustrated in the case of the monointerstitial (Fig. 9) and tetra-
interstitial diffusion (Fig. 11).

Moreover, each time a new reaction intermediate is identified,
it is possible to evaluate and quickly redefine the direction of ex-
ploration by resetting an appropriate variable. Indeed, depending
on the scores obtained for the metastable states during the reac-
tion, we can propose a more suitable direction of displacement,
or the identification of a better atom or set of possible candidates
to pursue the diffusion or the more global mechanism studied.
This is illustrated throughout the DNA grafting reaction on the
alumina surface (follow the blue arrows in Fig.5 (b) to (g)). This
is also obtained in the case of the migration of I4 into silicon de-
scribed in section 4.2.2 and shown in Fig. 11. We only present the
migration of I4 from the blue to red configuration, as the aim of
the paper was not to study the migration of I4 into silicon. How-
ever, it should be noted that along the migration path of I4, several
intermediates were identified (see the MEP in Fig. 12 showing
the relative energies of the TIS-1’, TIS-2’, TIS-2” configurations
(structures not shown)) and were also explored, but are not de-
tailed in the paper as they did not lead to the red configuration.

This paper is a new definition of SM when used with DFT.
By definition, electronic structure relaxation codes implement-
ing DFT do not offer the possibility of systematic exploration of
the PES, but use algorithms to characterize the minimum energy
paths, as used in this paper. Few methods exist to escape the
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energy minimum and explore the PES from this local minimum
without knowledge of the final configuration. Recently, such a
development has been made with the ART methodology by the
authors56, which allows to randomly explore the local minimum
with the great advantage of not knowing in advance the final con-
figuration to be reached. Despite its advantages in terms of com-
putational cost, this coupling could be further improved by guid-
ing the escape from the local minimum thanks to the selection of
an optimized exit direction.

Beyond this first attempt, this paper reveals the potential of the
SM method to guide PES exploration methods, including other
techniques than those based on DFT. The implementation of the
QMSM method, and more generally of the SM method to reduce
the trials to escape the local minimum of complex systems, will be
considered in the near future, in particular with ab initio or non
ab initio Molecular Dynamics codes. Indeed, it is easy to think
that with the SM, the definition of the reaction coordinates, i.e.
the collective variables, can be defined in a direction identified
as relevant, based on considerations of deformation of the system
studied under a given stimulus. A set of directions can also be
considered, which can be of great interest in metadynamics for
example. It is also important to mention again this advantage,
pointing out that these collective displacement variables can be
easily redetermined by the SM during the reaction as soon as a
new local minimum is identified.

6 Conclusions
In this article, we have presented the QMSM approach that makes
use of the Static Modes to explore all atomic stresses and associ-
ated strain fields in a systematic way. This QMSM screening step
results in the selection of the most relevant deformations regard-
ing a property or behavior of interest. The results are then used
as a starting point to guide subsequent DFT calculations in search
of new configurations.

As illustrated when grafting a dTMP on alumina surface,
QMSM is as well adapted to the search of a given minimum as
to carry out an exploration without prior knowledge of the fi-
nal configuration. In the first case, the driven exploration shows
that, even if the investigated mechanism is not the most favor-
able, QMSM can force the exploration to find a path between two
known minima, by proposing not intuitive intermediate steps. In
the second case, we have shown that a free exploration, associ-
ated with a less constrained criterion, allows to fully account for
the intrinsic flexibility of the system, letting it evolve through im-
portant interactions and more realistic mechanisms toward a not
presupposed configuration.

The second application that we have treated, which concerns
the study of defect diffusion in silicon, demonstrates that the pro-
posed methodology is also efficient when applied to crystalline
systems, since it respects the symmetry and can take advantage
of the latter to find all possible configurations around an initial
state. In this part, we have also shown how the deformation en-
ergy can be used as a relevant criterion to select the SM that are
the most favorable to guide the exploration and allow the sys-
tem to get out of the initial state. Finally, in the case of a more

complex system, like the tetra-interstitial system, our approach
allows to reduce the number of atoms to be explored and used in
ab initio calculations.

Through these applications, we have proposed different ways
to use the Static Modes to guide the user through the choices to
be made when neither a random nor an exhaustive exploration
is adapted. The QMSM process then results in identifying pre-
cisely which atom has to be considered and constrained, and in
what direction. The range of possibilities is then drastically re-
duced and can be tested with a very acceptable computational
cost. Importantly, the screening, scoring and selection steps can
be adapted to satisfy a criterion that is chosen regarding the sys-
tem of interest. Therefore, the QMSM coupling can be used for
general applications. We believe that this approach represents a
step forward in making the exploration of complex systems more
reachable, and thus participates in the design of new, predictive
and multi-level modeling strategies.

Indeed, beyond the choice made here of using SM to guide DFT
calculations, we discuss the possibility of using the same selection
process to propose relevant reaction coordinates, i.e, collective
variables, in other methodologies like metadynamics, and more
widely, biased molecular dynamics methods.

Computational details

DNA model on Al2O3 surface
We used the Density Functional Theory plus Dispersion (DFT-D)
method based on the Generalized Gradient Approximation
(GGA), employing method with Becke-Johnson damping (DFT-
D3)57,58. We used the Projector Augmented Wave method
(PAW59), as implemented in VASP60, to keep frozen the core
electrons, and a cut-off energy of 500 eV. A dipole correction
was introduced, oriented along the normal vector of the surface
plane. Geometry optimization was performed with 10−6eV
per cell and 10−4eV/Å per cell criteria for energy and force,
respectively. A 2 x 2 x 1 Monkhorst-Pack grid was used for the
calculations. The corundum (0001) Al2O3 surface was modeled
by a periodic slab. The unit cell was repeated as (4 x 2 x
2), and a vacuum space of 25 Å was added along the normal
vector. Finally the supercell is 19.057 x 16.503 x 34 Å3 and it
is composed by 96 Al, 160 O and 37 H. To simulate the bulk, O
and Al atoms of the bottom layers are kept fixed. Drag method
calculations are performed moving the fixed atom by 0.2 Å be-
tween each step. Climbing-Image Nudged Elastic Band method61

calculations are performed using eight images between the ini-
tial and final state for the determination of the activation barriers.

Interstitial species in silicon bulk
We use the density functional theory with a Perdew-Zunger
(LDA) exchange-correlation functional as implemented in Quan-
tum Espresso62. Norm-conserving pseudopotential have been
used. The occupation smearing used is Methfessel-Paxton first-
order spreading63 with a value of the gaussian spreading for Bril-
louin zone of 0.004 Ry, the cut-off energy is set to 20.0 Ry. Geom-
etry optimization was performed with 10−6 eV per cell and 10−5
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eV/Å per cell criteria for energy and force, respectively. We use a
mesh of 1 x 1 x 1 grid with the integration of Monkhorst Pack. The
cubic supercell is 30.61 x 30.61 x 30.61 Å3 and is composed of
217 and 220 silicon atoms, respectively for monointerstitial and
tetra-interstitial defects. Drag method calculations are performed
moving the fixed atom by 0.15 Å between each step. Climbing-
Image Nudged Elastic Band method61 calculations are performed
using fourteen images between the initial and final state for the
determination of the activation barriers.
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