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Construction of amorphous structure models via relaxation of random arrangements of molecules
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Amorphous materials have long been used in various technological applications, including semiconductor-
based electronics. However, modeling amorphous materials at an atomic scale remains challenging. The
melt-quench method is commonly used to generate models of amorphous structures, but the necessary lengthy
molecular-dynamics runs can make calculations prohibitively expensive, especially for ab initio molecular
dynamics. Furthermore, the relevance of melt-quench to athermal techniques like low-temperature deposition
is unclear. We present an alternative method for constructing amorphous structures that starts with randomly
placing molecules in a large box, followed by relaxation of the cell and atomic positions. We apply this approach
to a variety of amorphous systems, using ab initio density-functional theory for the energetics, and obtain good
agreement with experimental densities and radial distribution functions with less computational cost than the
melt-quench method.

DOI: 10.1103/8cdr-bk3f

I. INTRODUCTION

Amorphous materials have long been utilized in techno-
logical applications including transistors, solar cells, thin-film
devices, displays, flexible electronics, etc. [1–3]. Reasons for
their widespread use include ease of fabrication, low-cost
production, isotropic nature, and large area applications [3,4].
In semiconductor gate stacks, the lack of crystalline grain
boundaries provides an advantage over crystalline oxides by
reducing the potential paths for electrical breakdown [5]. Be-
cause amorphous materials are so prevalent, understanding
their atomic structure through theoretical and simulation tech-
niques is important for controlling their structural, electronic,
and thermal characteristics. Unfortunately, compared with
their crystalline counterparts, modeling amorphous struc-
tures is notoriously challenging. Amorphous structures lack
long-range order but have important short-range order [6],
necessitating a way to generate large unit cells that are random
on long scales but capture the short-range atomic correlations
seen in experiments.

The most common method of computationally construct-
ing amorphous structures is the melt-quench technique, which
uses molecular dynamics (MD) to mimic the experimental
melt-quench technique [6–22]. Ab initio MD, which uses an
ab initio method such as density-functional theory (DFT)
to calculate forces and stresses, is typically the most accu-
rate way to compute MD trajectories. However, DFT is also
computationally costly, which can limit its application to unre-
alistically small unit cells and unphysically high quench rates.

To model larger systems and timescales, MD simulations
utilizing interatomic potentials can reduce the computation
time. However, producing and utilizing sufficiently accurate
classical force fields is challenging [23]. Typically, there are
a large number of parameters describing the atomic interac-
tions that need to be fit to a large swath of theoretical and
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perhaps experimental data. [24–26]. Machine-learning force
fields (MLFF) have steadily become one of the key methods
for obtaining potentials that can produce near-DFT level re-
sults while reducing computational costs, allowing scalability
for larger systems. The accuracy of MLFF for a given task
depends on the availability of relevant data with which to train
the models. While large databases exist for periodic materials,
MLFF based on these data may not be transferable to the
range of atomic environments characteristic of amorphous
structures. Obtaining relevant data on amorphous structures
to train future MLFF will require efficient methods using ab
initio techniques [6].

In addition to the issue of accuracy versus speed that
arises in MD melt-quench simulations of amorphous materi-
als, it is worth noting that in many cases amorphous materials
(such as amorphous semiconductors [27,28] and amorphous
gate dielectrics [29]) are not experimentally produced by
melt-quench techniques. This could potentially lead to incon-
sistencies between melt-quench-produced model structures
and experimental data [4,6].

In this work, we present the molecule relaxation for amor-
phous structures (MRAS) method as a simple technique for
efficiently constructing amorphous crystal structures using ab
initio calculations and structure optimization alone, without
the need for melt-quench MD. Our method starts by breaking
a system into random moleculelike units that inherently con-
tain partial local structure information, and then minimizing
the total energy with respect to atomic positions and lattice
parameters. We find that this method is capable of producing
reasonable amorphous structures with less computational cost
than the melt-quench method. We verify the accuracy of the
method by comparing to experimental data on semiconduct-
ing, insulating, and metallic systems.

II. METHODOLOGY

Our basic procedure for generating amorphous structures,
as summarized in Fig. 1, consists of randomly populating a
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FIG. 1. Steps for creating amorphous structure are displayed in this workflow diagram. First, break down the desired amorphous compound
into molecules of the appropriate composition [in this example, Si2 for a-Si as shown in (a)] and relax an individual molecule to obtain its
minimum energy configuration (b). Then, populate a large cell with replicas of this molecule using a minimum separation distance constraint
(c). Finally, optimize the structure with respect to atomic position and cell shape to form the amorphous structure (d).

large unit cell with appropriate molecules that have a mini-
mum separation distance between them and then performing
structural optimizations. As an example, for Si, we start with
a Si2 dimer. The first step is to optimize the structure of
the isolated molecule. This representative molecule is then
used to populate a large, cubic simulation box along with
random positions and orientations with a minimum separation
distance between the molecules [30]. The procedure is con-
ducted through an in-house code that takes initial values of
cell parameters, molecule geometry, and minimum separation
distance between molecules with periodic boundary condi-
tions. Finally, the simulation cell is minimized with respect
to atomic positions and cell lattice parameters. We apply the
method in this work using density-functional theory to calcu-
late the energy, forces, and stresses.

The reason we begin our method with molecules rather
than single atoms is to avoid the system getting trapped with
large composition gradients due to the randomness of the
starting configuration. For example, an initial structure for
SiO2 based on random atomic positions will likely have initial
regions that are randomly Si rich and O rich, in which atoms
will have difficulty finding neighbors of the opposite type,
potentially leading to unphysical clustering of elements in the
relaxed structure. In particular, we found that O2 molecules
tended to form upon relaxation of initial random “monatomic”
SiO2 configurations (see also Ref. [31]). The molecular ap-
proach avoids this problem.

Our case studies in this paper are amorphous Si, SiO2,
HfO2, ZrCu, and Al2O3. In the case of a-SiO2 modeling,
we initialize a random arrangement of linear SiO2 molecules
[32]. For HfO2, we use a bent 3-atom HfO2 molecule as
this is found to be the lowest energy configuration [33]. For
Al2O3, the formula unit suggests using a 5-atom molecule,
but there are multiple choices for the Al2O3 molecule [34]
and tests on the two lowest-energy 5-atom molecules yielded
poor agreement with experiment, so we choose instead an
equal mixture of 2-atom AlO and 3-atom AlO2 molecules.
As Si is monatomic, the argument for using a molecule rather
than atomistic starting point is less compelling, but the 2-atom
Si2 molecule [35] was chosen for consistency with the binary
examples.

A. Computational details

While the MRAS technique can be applied to any first-
principles or molecular-dynamics code, in this work, we
employ density-functional theory (DFT) using VASP [36–40].
The electronic structure calculations use a plane-wave basis
set and projector augmented wave pseudopotentials [41,42],
with the exchange and correlation potential approximated via
the Perdew-Burke-Ernzerhof generalized gradient approxima-
tion functional [43]. To increase the speed of relaxation, the
relaxation is performed in two successive conjugate gradi-
ent optimization stages. The first stage, for the larger initial
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FIG. 2. Minimized molecule configurations for Si (a), SiO2 (b), HfO2 (c), ZrCu (d), and AlO and AlO2 (e). The molecule lengths as
displayed are the relaxed values. The HfO2 molecule length (c) is represented by the second-nearest-neighbor distance when determining the
separation distance for trimers when the minimum energy structure of the molecule is bent.

volume, uses the plane-wave cutoff energy of the largest
minimum cutoff energy among the pseudopotentials of the in-
dividual elements and a k-point mesh of 1 × 1 × 1. Once this
stage is completed, the second relaxation stage uses a higher-
energy cutoff of 500 eV and a k-point mesh of 2 × 2 × 2.
Relaxation with these parameters is repeated until the cell
shape and energy converge.

Individual molecules for the case studies in this work are
optimized by placing the dimer or trimer in a box with dimen-
sions 20 Å × 20 Å × 20 Å to limit interactions of the molecule
with its periodic images. A k-point mesh of 1 × 1 × 1 with an
energy cutoff of 500 eV is used with the conjugate gradient
optimization and static box dimensions for relaxation. Trimers
are initialized with a 135◦ bend, allowing the molecule to
straighten or bend further. Indeed, the minimum energy con-
figuration for HfO2 is found to possess a bend, as can be seen
in Fig. 2(c). Examples of relaxed molecule geometries are
displayed in Fig. 2.

In this work, we also compare the MRAS method for Si,
HfO2, and ZrCu with the melt-quench method [44] as follows.
For Si, we begin with a 216-atom crystalline cubic supercell,
which is 3 × 3 × 3 the conventional cell, i.e., with fixed di-
mensions of 16.41 Å× 16.41 Å× 16.41 Å [44,45]. The HfO2

system is based off the monoclinic crystal structure with 96
atoms, which is 2 × 2 × 2 the primitive cell, and the ZrCu one
is based off the cubic crystal structure with 128 atoms, which
is 4 × 4 × 4 the primitive cell. These simulation cells were
then scaled to match the densities of the amorphous structures
found in literature [44–49]. The MD simulations utilize the
Nosé-Hoover thermostat with a time step of 2 femtoseconds
along with a k-point mesh of 1 × 1 × 1 and an energy cutoff
of 500 eV. Different conditions are investigated with respect
to melt-time length, quench rate, and the final temperature,
as melt-quench can be sensitive to these conditions. The ini-
tial melt temperature is 1.5× the melting temperature of the
system (2500 K for Si, 4500 K for HfO2, and 2500 K for
ZrCu) with either 5- or 10-ps melt time [50–52]. After the
melt, the temperature is quenched at a linear rate either for 10
or 20 ps with a target final temperature of 40 or 300 K. After
the quench, a final hold of 5 ps at the target temperature is
maintained.

III. RESULTS

We begin by testing various parameters for MRAS to find
simulation conditions that lead to amorphous structures with
properties close to experiment. In particular, we varied both

the initial volume and the minimum separation distance be-
tween molecules. Silicon is used as the test material, with an
initial cubic volume set to 3×, 5×, 7×, and 9× the expected
volume. We independently vary the initial separation distance
to 1.0×, 1.5×, and 2.0× the relaxed molecule length.

Due to the dependence of the final relaxed structures on
the initial condition of randomly placed molecules, we use an
ensemble of initial random configurations and compare the
ensemble average properties of the relaxations for compari-
son with experimental data. A physical justification for this
approach is to associate this ensemble averaging with spatial
averaging—experimental amorphous materials have varying
local densities within their global density [53].

We relax 20 different systems of 120 atoms for each
combination of varying volume and separation distance.
Figure 3 shows the final densities for varying volume and
initial separation distance using this method. Increasing the
initial volume decreases the final density, while increasing
separation distance increases the final density. Note that in-
creasing the separation distance (for the same volume and
number of molecules) tends to make the initial distribution
more spatially homogeneous up to the point where the ef-
fective packing fraction is too high to fit all the molecules.

FIG. 3. Final densities of amorphous Si structures utilizing
MRAS with varying the initial volume represented by the x-axis
multiplier and varying separation distance (sep. dist.) with error
bars representing 95% confidence level. The horizontal black line
represents the experimental value for amorphous Si [44,45].
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TABLE I. Initial minimum molecule separation distances for the
amorphous systems investigated in this work.

Material Si2 SiO2 HfO2 ZrCu Al2O3

Separation distance 3.34 Å 4.58 Å 4.29 Å 3.71 Å 3.72 Å

Based on the examples of Si and SiO2, we use 9.0× the
expected crystal volume and 1.5× separation distance of the
molecule length for the rest of our simulations, except for the
trimer/dimer combination of Al2O3, where we use a separa-
tion distance that is 1.5× the length of the average length of
the molecules. The separation distances used are displayed in
Table I.

Using our established choices for the initial volume
and molecule size, we perform structural investigations for
240-atom Si and 120-atom ZrCu, SiO2, HfO2, and Al2O3

amorphous systems, generating 10 independent structures for
each material.

A. Structural investigations

We begin by discussing Si in more detail. An example of
the full process from randomly placed molecules in a box
to the final amorphous configuration is shown in Fig. 1. The
calculated density for Si is 2.25 g/cm3, which is within the ex-
pected experimental range of 2.24 to 2.29 g/cm3 [45,54,55].
The variation in the experimental densities arises from the dif-
ficulty in controlling the pore size and distribution depending
on the manufacturing technique [54]. A comparison of calcu-
lated and experimental densities for our other case studies is
shown in Table II. All of our results are in close agreement
with experimental values.

Radial distribution functions (RDFs) are one of the most
useful methods for characterizing local atomic distributions in
amorphous materials, both theoretically and experimentally,
and they provide a more demanding test of our computed
amorphous structures than the density alone. The RDF curves
for the materials investigated here are plotted and compared
with experimental data (as well as the melt-quench method for
Si, HfO2, and ZrCu) in Fig. 4. Peak locations are summarized
in Table II. Good agreement is seen in all cases, supporting
the accuracy of the MRAS method. We also note that our

computed RDF curve and first peak location for Si, one of the
most well-studied amorphous materials computationally, are
in good agreement with other experimental and computational
results [45,54–56].

We further investigate the structural properties produced
by MRAS by considering the angular distribution functions
(ADF) summed over all atom types, ring statistics, and coordi-
nation analysis. The cutoff distances used for these additional
investigations are chosen based on the RDF curve’s radial
value that corresponds to the minimum g(r) value after the
first peak (2.75 Å for Si, 2.15 Å for SiO2, 2.35 Å for HfO2,
3.65 Å for ZrCu, and 2.20 Å for Al2O3). We concentrate on
Si, HfO2, and ZrCu in the main text in order to compare with
melt-quench calculations. MRAS results for SiO2 and Al2O3

are available in the Supplemental Material [66]. Figure 5
displays the ADF curves for Si, HfO2, and ZrCu. The curves
for both MRAS and melt-quench follow very similar patterns
for the range of observed angles. The curves also follow trends
observed in the literature for Si and HfO2 [19,55]. The ring
statistics are displayed in Fig. 6, and again show very strong
agreement across methods and materials.

To provide a more detailed comparison of the melt-quench
method with the minimization method, we analyze the den-
sity of defects in amorphous Si produced with both methods.
Defects in amorphous systems are challenging to identify as
compared to their crystalline counterparts due to the lack of
long-range ordering, making it difficult to identify typical
extended defects such as dislocations, stacking faults, etc.
Therefore, we focus on short-ranged defects, and in partic-
ular under- and overcoordinated atoms. Like crystalline Si,
the idealized continuous random network model for amor-
phous Si [67] has all silicon fourfold coordinated, so we
consider under- and overcoordinated Si to be defects. Fig-
ure 7 shows the percent of Si with 2, 3, 5, and 6 neighbors,
using both the minimization method and melt-quench with
various parameters. The minimization method has similar
numbers of undercoordinated Si to melt-quench, with slightly
more overcoordinated Si, but overall the results are very
similar and comparable to previous observations in other
melt-quench simulations in the literature [44,68]. This higher
number of overcoordinated atoms could be correlated to the
slightly higher excess energy per atom for MRAS compared
to melt-quench samples as displayed in Table III. This is

TABLE II. Calculated and experimental values for the final average density and average peaks in radial distribution function curves for
selected materials.

Material Density (g/cm3) First peak (Å) Second peak (Å) Third peak (Å)

Si MRAS 2.25 ± 0.02 2.35
Si Expt. 2.28 [44,45] 2.35 [54,56]
SiO2 MRAS 2.22 ± 0.07 1.65 2.65 3.03
SiO2 Expt. 2.20 [59–61] 1.61 [61,62] 2.63 [61,62] 3.1 [61,62]
HfO2 MRAS 8.22 ± 0.19 2.08 2.8 3.28
HfO2 Expt. 8.1–8.53 [46,47] 2.05–2.13 [21] 2.80 [20] 3.38 [21]
ZrCu MRAS 7.22 ± 0.01 2.53 2.76 3.16
ZrCu Expt. 7.34, 7.41 [48,49] 2.53 [49] 2.75 [49] 3.15 [49]
Al2O3 MRAS 3.04 ± 0.07 1.77 2.63 2.98
Al2O3 Expt. 2.5–3.4 [14,58,63–65] 1.76, 1.81 [14,58] 2.60 [58] 3.00 [58]
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FIG. 4. RDF curves from the minimization method and experimental methods for (a) Si (and melt-quench) [56], (b) SiO2 [57], (c) HfO2

(and melt-quench) [21], (d) ZrCu (and melt-quench) [48], and (e) Al2O3 [58]. g(r) represents the dimensionless probability of finding a particle
at a distance r from another particle, normalized to approach 1 at large distance.

corroborated with other simulation investigations showcasing
higher excess energy above diamond silicon for both under-
and overcoordinated atoms compared to fourfold-coordinated
atoms [68].

While defect analysis is useful for simple amorphous struc-
tures like a-Si, more complicated structures like a-HfO2 and
a-ZrCu do not have an easily defined ideal coordination num-
ber. However, coordination analysis can still be useful to
compare MRAS and melt-quench structures. Figure 8 shows
the coordination analysis for the a-HfO2 and a-ZrCu systems
when using MRAS or melt-quench. Additional investigations
in the literature also show similar structures produced from
larger-scale melt-quench simulations utilizing force fields for
amorphous HfO2 [20].

Thermodynamical internal energies of the amorphous
structures produced by MRAS are also compared to those
of the corresponding melt-quench structures using molecu-
lar dynamics. Each static Si, HfO2, and ZrCu amorphous
structure model was used as the initial structure for an

ab initio MD run at 300 K. The simulations were run for 10
ps for equilibration followed by 10 ps for the calculation of
average internal energy. The ensemble time-averaged energies
are displayed in Supplemental Material, Tables S1–S3 along
with their standard deviation and uncertainty calculated over
10 ensemble members for MRAS and 5 ensemble members
for melt-quench structures. The tables demonstrate that the
MRAS/melt-quench internal energy differences in each sys-
tems are minimal, less than 0.04 eV per atom in all cases,
with MRAS generally but not always showing slightly higher
internal energy. The results are also system dependent. For
the slowest melt-quenches (20 ps), MRAS internal energies
varied from about 0.00 eV per atom higher than melt-quench
for ZrCu to about 0.03 eV per atom higher for Si. For the
fastest melt-quenches (2 ps), MRAS internal energies were
from about 0.02 eV/atom lower than melt-quench for ZrCu
to about 0.01 eV/atom higher for HfO2. These results suggest
that overall, MRAS structures are thermodynamically compa-
rable to typical melt-quench structures.

FIG. 5. ADF curves from the minimization method and melt-quench for (a) Si, (b) HfO2, and (c) ZrCu.
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FIG. 6. Ring statistics from the minimization method and melt-quench for (a) Si, (b) HfO2, and (c) ZrCu.

IV. DISCUSSION

Our above results show that despite the simplicity of
MRAS, it can produce accurate structures for amorphous
metallic alloys, insulators, and semiconductors. We show that
in each case the method is in good agreement with experiment
and, for each system that we tested, in good agreement with
the melt-quench method as well. The fact that the random
initial structures investigated in this paper do not relax into
known crystalline structures shows that there are significant
barriers preventing our starting configurations from reaching
the lowest-energy crystalline structures. This is likely due
to the large number of local minima configurations that are
possible in materials that form amorphous structures. Our
results may appear to be in tension with the successes of

the ab initio random structure search method, which also
relaxes random structures, but with a goal of discovering
global minimum configurations [69]. However, we note that
we start with large-volume unit cells with over one hundred
atoms, and from investigations by Pickard et al., it is highly
unlikely for such an initial random structure to minimize into
a stable crystalline structure without additional biasing tech-
niques, such as imposing symmetry constraints or perturbing
a final structure that could push it towards a lower-energy
structure [69]. Similar concepts could be applied to MRAS
to bias the final structure towards lower-energy configura-
tions, possibly with additional annealing and relaxation steps
that could reduce the excess energy found in our structures
compared to melt-quench (Table III) and reduce under- and

FIG. 7. Percentage of coordination defects in amorphous Si models vs construction method (melt-quench or minimization). The labeling
represents the melt-quench melting time, the final temperature, and the quench time. The defects are classified as undercoordinated [2 or 3
nearest neighbors (NN)] or overcoordinated (5 or 6 NN) atoms. The cutoff distance for determining NN is 2.7Å. Melt-quench results are
averaged over 5 runs each, minimization method over 10 relaxations.
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TABLE III. Average energy per atom of amorphous silicon for
MRAS and melt-quench simulations.

System Excess energy per atom (eV)

MRAS 0.306
10-ps melt, 300 K, 10-ps quench 0.281
10-ps melt, 300 K, 20-ps quench 0.267
10-ps melt, 40 K, 10-ps quench 0.262
10-ps melt, 40 K, 20-ps quench 0.252
5-ps melt, 300 K, 10-ps quench 0.281
5-ps melt, 300 K, 20-ps quench 0.282
5-ps melt, 40 K, 10-ps quench 0.263
5-ps melt, 40 K, 20-ps quench 0.262

overcoordinated atoms. Alternately, it would be interesting
to explore nonrandom initial molecular arrangements that do
relax directly to a crystal.

Consistent with our goals, we find that MRAS is less
computationally expensive than melt-quench. We compared
the performance of MRAS with that of the quickest melt-
quench conducted in this paper: 5-ps melt, 10-ps quench
time to 300 K, and a 5-ps target temperature hold. The VASP

input parameters for each method were as similar as possi-
ble except that the stress tensor was not calculated for the
melt-quench runs. We ran MRAS three times while we ran
the melt-quench once (since computational resources should
be similar between different simulation runs) on the same
hardware with different random numerical seeds. The average
number of core hours for the MRAS is 24 h while melt-quench
is 116 h (see Table IV for details). This is significant as one of
the main bottlenecks for theoretically examining amorphous
structures is the large computational burden. It may be possi-

TABLE IV. Computational resources and computation time for
MRAS and melt-quench simulations.

Method CPU RAM Cores Core hours

MRAS Epyc 7702 512 GB 64 24
Melt-quench Epyc 7702 512 GB 64 116

ble to further optimize the computational cost of our method
by choosing smaller initial volumes and separation distances,
while maintaining agreement with experimental densities. For
example, Fig. 3 suggests that 5× the expected bulk crystalline
volume with roughly 1.2× molecule length could be used as
an initial configuration to produce similar densities at even
lower computational costs, but further investigations are nec-
essary to verify the efficiency of using alternative choices
of parameters. Additionally, the only material-specific input
parameters that our method requires are the lengths of the
individual molecules and the approximate density of the base
crystalline material. The density plus minimum separation
distance heuristic reported here reproduces the experimen-
tal amorphous density of all the systems investigated well,
despite the lack of theoretical justification for these values.
A more rigorous justification of this aspect would enhance
the value of MRAS over typical fixed-volume melt-quench
techniques that require a prior understanding of the density
of the amorphous material and the melting temperature to
obtain a simulation cell consistent with this density. This is
an issue for amorphous structures with densities that differ
significantly from their crystalline counterparts. For example,
the experimental amorphous Al2O3 density is found to be
between 2.5 and 3.4 g/cm3 [14,58,63–65] compared to the

FIG. 8. Coordination analysis from the minimization method and melt-quench for HfO2 [Hf (a) and O (b)] and ZrCu [Zr (c) and Cu (d)].

075601-7



WORDEN, COCKAYNE, AND GARRITY PHYSICAL REVIEW MATERIALS 10, 075601 (2026)

crystalline α-Al (corundum) phase, which is 3.95 g/cm3 [70].
Without prior knowledge of the amorphous density, obtain-
ing appropriate amorphous structures through melt-quench
would require a method to guess or optimize the density.
One geometric packing model suggests a density reduction
between 10 and 15% for organic and inorganic amorphous
solids compared to their crystalline counterparts [71], but
even this model works poorly for Al2O3. It would suggest
an Al2O3 amorphous density range of 3.36 to 3.56 g/cm3,
which is larger than many of the experimentally observed
samples, whereas the MRAS value of 3.05 g/cm3 is closer to
the middle of the experimental densities. The ability to readily
obtain accurate amorphous densities with MRAS as compared
to melt-quench methods and the fact that no known parent
amorphous structure is required for MRAS make this method
potentially useful for constructing amorphous structure mod-
els in more complex systems.

V. CONCLUSIONS

We propose molecule relaxation for amorphous structures
(MRAS) as a method for modeling amorphous structures
solely using structural relaxation methods. We demonstrate
that the method has lower computational cost than the melt-
quench technique with similar accuracy. MRAS is based on a
heuristic used to generate initial structures that we show leads
to good agreement between simulated and experimental amor-
phous structures across a variety of systems, even in the case

of Al2O3, where the amorphous density is significantly lower
than that of the crystalline corundum phase. Additionally, the
reduced computational cost allows for a larger quantity of
structures to be produced, which may be useful in generating
training data for machine learning of amorphous systems. We
expect our minimization method to facilitate an accelerated
understanding of the amorphous structures that span a wide
swath of the material space.
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