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Within the framework of density functional theory and the pseudo-potential method, the atomic and electronic
structures of the film-substrate system at 0 K in the state of minimum free energy were studied during step-by-step
(with a step size of one atomic diameter of Fe) deposition of a Solid Wetting Layer (SWL) Fe up to a thickness
of 8 monolayers (ML) onto a normal Si(001) lattice compressed by 1.33 times in the (011) direction. It is shown
that SWL grows in three stages: first, 2D, i.e. SWL with compositions Fe,Si and FeSi is formed on a normal and,
accordingly, compressed substrate, and then 2D-SWL Fe and 3D-SWL Fe are sequentially formed. During the
growth process of SWL, a three-dimensional environment of Fe atoms is built and the degree of coordination of Fe
atoms, with a Fe thickness of 6.4 ML, reaches 10. As a result of this, an electronic structure specific of the bulk
phase (BP) Fe is formed. After which, at a thickness of 8 ML Fe, a metastable and stable BP Fe is formed with
an bc monoclinic lattice and, accordingly, bcc, ie. lattice on a normal and compressed substrate. This process
is accompanied by compaction of adjacent layers of the Si substrate and their transformation into high-pressure

phases.
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Introduction

In the early 1980s, there was an upsurge in interest in
studying the formation and electronic structure of ultrathin
metal films on silicon, associated with the increasing use
of metal contacts on silicon and with the spread of ultra-
high vacuum methods of electronic (and other types)
spectroscopy of surfaces and thin films. This upsurge
in interest continued until the advent of scanning probe
microscopes and led to the accumulation of a huge array of
results, in particular data from electron spectroscopy with
a synchrotron X-ray source (see, for example, [1,2]). After
which, the vector of research changed to nano-objects that
are visually visible at the atomic level: clusters, fullerenes,
nanotubes, etc. (see, for example, the bibliography of
JH. Weaver [3]).

This huge array of information in its interpretation was
based on traditional theories and models of film growth,
which continue to be used to this day (see, for example, [4]).
But these theories, as a rule, relate to equilibrium conditions
or conditions close to them, do not take into account all
factors, and are very far from being adequate in the event
of a violation of equilibrium conditions. For real conditions,
it is necessary to have more accurate growth models, in
particular, models that take into account the formation of a
solid wetting layer (SWL), which adapts in structure to the
substrate [5,6] in the process of deposition from hot vapor
and freezing by a cold substrate to solid aggregative state.
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For example, the traditional capillary theory of film
growth [7] provides for mass transfer in the form of diffusion
and/or spreading over the surface or inside the film. In
contrast to this, SWL, which usually precedes the growth of
the bulk phase of the film, is frozen to a solid aggregative
state and there is no such mass transfer in it. Therefore,
the SWL forming model should be different. In addition,
the question arises: what mechanism of SWL forming gives
rise to the nucleation of the bulk phase (BP) in SWL when
atoms are added to the SWL surface from the outside and
when its thickness increases?

It is obvious that, due to changes in the degree of
adaptation of SWL to the substrate, as the thickness
increases, its density, structure and stress state change. In
this case, a change in the atomic environment in SWL
changes the forces of electronic interaction, and they, in
turn, further rearrange the atomic environment, etc., until a
spontaneous transition to BP occurs. In addition, during
the transition to BP, latent thermal energy is released,
which activates inter-diffusion, formation of a junction at
the interface with the substrate and causes agglomeration of
the film into islands.

For the first time, a hypothesis about the mechanism of
initiation of the transition of SWL to BP of a metal, caused
by the formation of a collective electronic interaction of
atoms at a threshold thickness, a change in atomic density,
the accumulation of stresses in the film, their relaxation and,
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as a result, the activation of mixing of the metal with silicon,
was proposed in 1984, while studying plasmonic losses
during the growth of several Cr monolayers on Si(111) and
SiOx [8,9]. A later (1986 g.) formulation by V.K. Adamchuk,
LV. Lyubinetsky and A.M. Shikin, based on a study of the
growth of noble metals on silicon [10], emphasized the role
transition of electronic interaction to collective interaction,
but did not consider all these processes. Their formulation
was that the basis of ,,..the mixing..are effects...due to the
hybridization of d-electrons of a metal with sp-electrons of
a semiconductor... during the transition from isolated atoms
to a structure characteristic of a solid“ (ie. during the
transition to the collective interaction of atoms). At the
same time, they noted that the differences in the valence d
bands of various transition metals lead to different degrees
of hybridization with thesp bands of silicon and to their
varying degrees of mixing at the interface.

Indeed, the role of the collective interaction of atoms
in changing the density of electronic bands at the
metal-semiconductor (silicon) interface and the exchange-
correlation potential at this boundary was known ear-
lier [11-13]. But the fact that this interaction manifests itself
in a change in the spatial electronic and atomic density, as
well as in the creation of stresses in a thin film of metal on
silicon, at it thickness of several monolayers, and that this
leads to mixing of the metal with silicon was unexpected,
and was not predicted by theory and had no previous
explanation.

The above-mentioned hypothesis was prompted by the
idea of plasmons in a thin film as a result of the collective
interaction of electrons in the valence sub-bands, as well
as the dependence of the plasmon energy on the film
density. The identical nature of changes in the intensity and
energy of these plasmons with increasing thickness in the Cr
film, as well as threshold (after several monolayers) mixing
on Si(111) and agglomeration on SiOx indicated that the
formation of a bulk electronic structure is the cause of both
mixing and agglomeration and that this process changes the
density and stress in the film to a critical value at which
these processes occur.

But a systematic study of the growth of SWL of the
transition 3d metal on silicon was required, since in the
literature the conditions for the growth of metal on silicon,
which influenced the mechanism of mixing SWL with
silicon, were ambiguous and uncertain. To prove the point
conclusively for the hypothesis, repeatable (under identical
conditions) and ideal conditions for metal growth on silicon
(without thermally activated diffusion) were required. In
addition, it was necessary to generalize (taking into account
SWL) to other transition 3d metals on silicon [5]. All these
problems were purposefully solved by N.I. Plyusnin and his
team of staff members (see, for example, references in the
works [14,15]).

This work provides a study for first-principles study of
metal SWL growth on silicon and its transition to BP,
which develops the above-mentioned hypothesis and shows
that increasing the SWL thickness changes the atomic

coordination, and this, in turn, changes the electronic
structure of the SWL valence bands.

1. Growth of SWL and its transition to BP

Here we consider the evolution of SWL Fe frozen at 0K
on Si(001) after instantaneous deposition of layers Fe. In
this case, the Fe layers consist of atomic chains that lie in
potentially advantageous positions & mdash; the upper rows
of interstices on the surface of the growing layer.

At each deposition step, a layer of atomic chains Fe with
a total thickness of one atomic diameter (1a.d.= 1.6 ML)
is added. Moreover, after each deposition step, the system,
due to electronic interaction in the SWL itself and between
the SWL and the substrate, freely evolves over the required
amount of time into a state with a minimum of free energy.
Ultimately, at a certain thickness of the SWL, its vertical
size is reached, equal to the Minimum Critical Thickness
(MCT), at which a three-dimensional cluster,i.e.a nucleus of
several atoms, is formed, and after which the transition from
SWL to BP occurs.

In the absence of lattice coherence of the adsorbate (Fe)
and the substrate (Si) under freezing conditions and for an
ideally smooth (001) for surface of the substrate, it is most
likely that the MCT value lies between twoML and two
atomic diameters (a.d.). Thus, the MCT value can be in the
range from 2 to 3.2 ML (taking into account the fact that
lad.=1.6ML).

At the same time, the electronic influence of the substrate
and vacuum on the SWL will begin to disappear when
the SWL thickness exceeds two valence electron screening
lengths. This screening length in a metal with its dense
packing is approximately equal to lad. Therefore, this
factor will work after the formation of a volumetric environ-
ment in SWL, and the MCT interval may exceed 3.2 ML.
This increase in the MCT thickness (up to 4 ML and more)
is consistent with the conclusion made in the work [16]
that ,,..if .. the structure of the first monolayer differs
noticeably from the structure of its own volume, then three-
dimensional growth can begin above the first monolayer,
and the film will grow in the Stranski-Krastanov growth
mode. The onset of this growth mode may be delayed by
several monolayers due to long distance exposure to the
substrate...

If the adsorption of atoms on the substrate does not occur
under freezing conditions and the surface of the substrate is
not atomically smooth (rearranged, disordered, has stacking
faults, steps, etc.), then the range of SWL formation can
begin from fractions of ML.

For example, the surface of the Si(111)7 x 7 structure
with a size of 49 atoms consists of alternating un-fault
and fault cells, each of which contains 6Si adatoms. In
cells,,un-fault”, the packing of atoms is normal (ABC type)
and less dense as in Si(111). And in cells ,fault* it is
defective (AB) and more dense. Therefore, the adsorption
of metal atoms is more likely to occur in cells ,fault“, or
adsorption will occur by replacing Si adatoms with metal

Technical Physics, 2024, Vol. 69, No. 2



Quantum-mechanical simulation of the Fe-Si(001) system at the growth stage of a solid... 221

atoms in cells ,,un-fault“ and ,fault“. In this case, due to
surface diffusion (if there is sufficient heating), these cells
will be uniformly filled with the adsorbant, which will lead
to the formation of so-called magic clusters, ordered into the
structure 7 x 7 [17,18], during submonolayer coatings.

On the other hand, when there is a correspondence
(at least super-structural one) between the lattices of the
adsorbate ad the substrate, then, despite their heterogeneity,
a case is possible when the SWL will be epitaxially
stabilized to a thickness greater than 4 ML. Thus, under
conditions of moderate heating of the substrate by a flow of
metal atoms, the deposition of metal onto silicon will lead to
its mixing with the substrate and the formation of SWL of a
silicide composition. This SWL can even grow epitaxially if
in the metal-silicon system there is a bulk silicide of similar
composition that grows epitaxially on silicon.

An example is SWL Cr with super-structural conjugation
(v/3 x v/3)-R30°, which is formed in the Cr-Si(111) system
when several monolayers are deposited on a moderately
heated substrate [19,20]. This occurs because in the Cr-
Si(111) system, epitaxial growth of bulk silicide CrSi [21] is
observed. It is interesting that in the same system, when Cr
is deposited onto Si(111)7 x 7 substrate heated to 100°C,
the formation of magic* 7 x 7 [22] is observed.

The Fe-Si(001) system is similar to the Cr-Si(111) system
in the sense that it also exhibits epitaxial growth of
metastable FeSi with the CsC1 [23] structure. And the
analogy in terms of magic Cr clusters on Si(111) with the
7 x 7 structure is only qualitative, since on Si(001) clusters
can only appear in the form of chains of Fe atoms, which
will lead to the 2 x 1 structure.

Thus, the main problem of this work is to identify and
describe the main stages of SWL growth in the Fe-Si(001)
system under freezing conditions. The studies carried
out made it possible to determine the thickness of the
deposited layer at which the SWL—BP transition occurs in
this system and to show the role of the atomic environment
and collective electronic states in this transition.

2. Simulation and calculation procedure

In this work, although the initial experiments (as men-
tioned above) were performed in the Cr-Si(111) system,
the Fe-Si(001) system was chosen as a test system. This
is due to the fact that Fe is close in its chemical reactivity
to Cr. In addition, there is a significant amount of data on
the Fe-Si(001) system, including experimental results from
Plyusnin’s group. (see, for example, [14,15,24]). Moreover,
this system is of great practical interest, since some of
its silicides have unique magnetic and photonic properties
and grow epitaxially on Si(001), which is important for
the creation of hybrid silicon devices for spintronics and
optoelectronics.

The calculation was carried out in a super-cell containing
a layer-chain of deposited Fe atoms (gray balls in Fig. 1,2)
and a substrate of Si atoms (black balls in Fig. 1,2). This
super-cell was periodically translated in the plane of the
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substrate in two directions along and across the frontal plane
of the super-cell, and its size increased step by step after the
deposition of adsorbate layers (Fig. 1,2: from a to f).

The deposition of a chain of 8 Fe atoms onto the top
5 Si atoms in the super-cell was carried out in steps.
In this case, the atoms in the chain were distributed
evenly. Step for deposition of Fe atoms was the same —
L6ML (1.2-10% at/cm?). The number of Fe steps for
deposition increased until the transition from SWL to BP
occurred. After each step of deposition, a search was
made for the equilibrium state of the system, and then
its atomic and electronic structures were calculated. The
SWL freezing conditions were met by performing computer
simulations of the evolution of the Fe-Si(001) system at zero
Kelvin temperature (0K) under the influence of quantum
mechanical forces. At this temperature, this system is
transformed, and the Fe atoms found equilibrium states.

In order to test the role of the substrate in the formation
of the electronic structure of the film and to reveal the
influence of film thickness, an additional experiment was
carried out in which a Si substrate in the (001) orientation
was matched in lattice constant to the lattice of bulk Fe
(Fig. 2). To do this, it was compressed by one third along
one axis (in the (011) direction) across the direction of the
rows of upper atoms and fitted to the lattice bcc Fe. This
led to a thickening of the substrate in the frontal and lateral
planes (Fig. 2,a). Due to this, changes in the electronic
structure during the transition from SWL to BP were not
affected by the structural rearrangement of the deposited
Fe and were due only to the formation of a bulk atomic
environment in it.

The calculations were performed using the
FHI96spin [25] package, working on the basis of the
density functional theory [26,27], as well as within the
framework of the pseudo-potential method [28] and a set
of plane waves with using one Kk-point of the Brillouin
zone (0,0,0). Pseudopotentials were generated using the
FHI98PP [29] package, the cutoff energy of the set of plane
waves was 50Ry, and the exchange-correlation interaction
was taken into account in the generalized gradient
approximation. An atomic system with translational
symmetry was specified in a super-cell and during the
calculation was translated in three directions with periods
a(X), b(Y), c(Z) for two variants of the super-cell: A —
Fig. 1 and B — Fig. 2. The values of the parameters a(X),
b(Y) and c(Z) of the supercells were equal, respectively:
and 20.109 A.

A Si plate with a (001) surface, which contained four
atomic layers of 5 atoms each, was used as a substrate.
In this case, the dangling bonds of the lower layer of the
plate were saturated with hydrogen atoms (they are shown
as purple balls in Figs. 1 and 2). The positions of the
lowest Si atoms of the substrate were fixed. The remaining
atoms, including Nytrogen ones, could be displaced under
the influence of interatomic forces in the process of moving
towards an equilibrium position.

First,it be calculated a system with a layer of iron with
a thickness of 1a.d. Fe. And after reaching equilibrium in
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Figure 1. Atomic structure of a normal supercell at various stages of deposition of Fe on Si(001): on fragments Fx/9xEf is thickness of
deposited Fe: 0, 1.6, 3.2, 4.8, 6.4, 8.0 ML respectively. Gray, black and purple balls — these are atoms, respectively: Fe, Si and H.

it, a second layer of the same thickness was applied and so
on... Fe atoms were deposited at a certain distance from
the substrate in the form of linear chains in the gap between
the upper rows of the (001) Si surface. In mode B, due to
the fact that silicon was artificially compressed 1.33 times
along one axis (perpendicular to the atomic chains in the
direction (011), the iron atoms in the chain were packed, as
in a crystal bce-Fe.

Equilibrium total energy values, equilibrium atomic con-
figurations, and sets of energy and density of electronic
states (DOS) values were obtained. In this case, the DOS
levels were bustled using the Gaussian function, which had
a half-width of 0.1 eV. In addition, for data comparison, DOS
was calculated for bcc-Fe f cc-Fe.

3. Results and discussion

3.1. Change in atomic structure as layers Fe are
deposited

Experiment A. As can be seen from Fig. 1, q, b, at the first
step, a chain of 8 Fe atoms lay on the substrate in the form
of a snake consisting of atoms displaced alternately up and
down and located in the depressions between the upper
atomic rows of Si. As a result, the Fe atoms formed an
2D-SWL layer of average composition Fe,Sijiyx (X = 0.25),
in which the Fe atoms had a 2-fold coordination with the

nearest neighboring Si atoms. In this case, the Fe atoms
displaced neighboring Si atoms, formed a lateral bond with
them, and left one Si atom (in the middle of the cell)
unbound Note that the composition of FesSis is close to the
composition of Fe,Sij « in the Fe layer (thickness 1.5 ML),
obtained in the work [30] by electron beam deposition of Fe
on Si(001) at room temperature temperature. This, on
the one hand, confirms the result of this modeling, and
on the other hand, indicates compliance with the freezing
conditions in the work.

On the next 2nd (Fig. 1,¢), 3rd (Fig. 1,d) and 4th
(Fig. 1,e) steps, the 2nd, 3rd and 4th chains of Fe atoms
were also located ,snakes” in the middle between the
already deposited ,snakes”. At 3.2ML, the 1st chain lay
more densely over the upper row of Si atoms, forming 2D-
SWL Fe with 2-fold coordination of atoms. And 3rd and
4th chains at 4.8 and 6.4 ML were formed with underlying
layers of 3D-SWL Fe, in which the coordination of atoms
increased to six and, accordingly, to ten.

In 3D-SWL there was already a 3-dimensional environ-
ment of a number of Fe atoms by other rows of Fe atoms,
as well as coordination typical of bulk phases. According
to the arrangement of atoms, as can be seen from the
comparison of Fig. 1 and 2 at this step, lattice Fe of this
3D-SWL was similar bc-monoclinic: it was compressed in
thickness, expanded along the horizontal axis and deformed,
forming an inclination of one of the faces to this axis.

Technical Physics, 2024, Vol. 69, No. 2
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Figure 2. Atomic structure of a compressed super-cell at various stages of Fe deposition on Si(001): on fragments a—f is tisthickness of
deposited Fe: 0, 1.6, 3.2, 4.8, 6.4, 8.0 ML respectively. Gray, black and purple balls — these are atoms, respectively: Fe, Si and H.

Note that the Fe film with a thickness of 3.2—6.4 ML
does not correspond to the FeSi composition obtained by
deposition of five ML Fe on Si(001) from a heated Fe [31]
filament. It is possible that the high temperature of the
filament in the present work provided a high thermal power
of the steam, and this, as was shown in the work [32],
promotes mixing. In contrast to this, in the work [32],
stirring was avoided and a Fe film was obtained due to
the reduced temperature of the Fe source (Fe bar wrapped
in W wire). A this result is consistent with the result of the
present simulation.

At the 5th step (Fig. 1,f), the deposition of Fe made the
bc-monoclinic lattice unstable, and it rearranged itself it
expanded in thickness and straightened out in slope. As
a result, an bctetragonal lattice with coordination of 10
atoms was formed, similar at this step to thebcc lattice
in experiment B, but expanded relative to it in depth
(perpendicular to the frontal plane).

In this case, a radical restructuring of the atoms in the
Si substrate occurred: they changed the type of packing
and moved to the same frontal position as in the case
of experiment B, where the substrate was compressed
perpendicular to the frontal direction (Fig. 2,f). This type
of packing of Si atoms most likely corresponds to the high-
pressure hexagonal phase of silicon [33], in which the base
plane coincides with the front plane, but which is distorted
by stresses between the Fe film and the fixed lower Si atoms.

Technical Physics, 2024, Vol. 69, No. 2

The fact that a stable phase Fe with bcc lattice is not yet
formed on Si(001) at eight ML is confirmed by the phase
diagram of the Fe-Si(001) system given in [34]. At the same
time, the study of multilayer Fe/FeSi structures shows that,
under the influence of neighboring FeSi layers, there exists
a metastable phase Fe [35]. It is possible that the type
of packing in the Fe phase formed at eight ML is similar
to the packing in this phase (CsCl packing type). Note
that studies of the growth of Pb on Si(111) at 150K also
showed that the bulk phase of Pb is formed only starting
from ten ML Pb [36]. Note also that the two-stage behavior
of the system in this experiment is similar to the two-stage
growth of Fe on Si(001) with an epitaxial interlaminar layer
CoSi2 [37]. In this case, the Fe lattice underwent tetragonal
distortion at the first stage, and at the second stage (in
thicker layers) it relaxed to its natural fcc lattice.

Experiment B. Then,, frontal compression of the Si(001)
substrate, as follows from Fig. 2, a, led to its decompression
due to the fact that its upper layers changed the type
packings in thickness — to a less dense type and broke
away from the lower (fixed) layer of Si atoms.

Therefore, as can be seen from Fig. 2, b, at the first step,
Fe atoms penetrated deeper into the substrate and mixed (in
the frontal plane) with the upper two layers of Si, forming
the FeSi composition with them. And the lowest of the
upper layers of Si increased its composition to seven ones
and moved closer to the fixed lowest atoms Si.
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Figure 3. Atomic structure of a normal supercell at various stages of deposition of Fe on Si(001): on fragmentsa—f thickness of

deposited Fe: 0, 1.6, 3.2, 4.8, 6.4, 8.0 ML respectively.

Note that in both experiments A and B the silicide
composition2D-SWL at the st step of deposition (Fig. 1, b,
2,b) was realized in due to the immersion of Fe in silicon
interstices. But in experiment B, mixing occurred to the
composition FeSi and at the same time the ordered atom
arrangement Fe was lost. Obviously, lattice compression
contributed to this and the formation of a disordered
mixture FeSi became energetically more favorable.

On the next 2nd (Fig. 2,¢), 3rd (Fig. 2,d), 4th (Fig. 2 ,e)
and 5th (Fig. 2,f) steps, the Fe atoms lay down almost as
in case A, but less densely and more disordered, forming
layer by layer the type of packing of bulk bcc-Fe with
coordination of 10atoms. In this case, the intermediate
layer 2D-SWL FeSi remained unchanged, and the three-
dimensional environment of the Fe rows and the compaction
of the Si substrate atoms were completed at the 4th step.

At the 5th step (Fig. 2,f) the Fe atoms were ordered
frontally in rows and an bcc-lattice of a stable phase
of bulk Fe was formed. In this case, the Si substrate
acquired a denser packing of layers in the form of a
deformed high-pressure hexagonal phase of Si (see above).

In experiments A (Fig. 1,f) and B (Fig. 2,f), the Fe and
Si lattices formed at this step were similar in the frontal
plane, but they turned out to be mirror images of each
other. Obviously, this difference is due to the fact that in
experiment A, unlike experiment B, a metastable phase was
formed. This is evidenced by the fact that the energy of the
system at this step in experiment A was on average 1.73 Ry
higher than in experiment B.

3.2. Change in atomic structure as layers Fe are
deposited

The difference between the DOS structure of Si substrates
in experiments A (Fig. 3,a) and B (Fig. 4,a) was that in
experiment B, frontal compression of the Si(001) lattice
and its decompression along the thickness (see above) led
to the de-hybridization of DOS and the appearance of a
pronounced line structure in them.

As can be seen from Figs. 3,b and 4,b, at the first
step, DOS increased along the edges of the valence and
free bands, as well as on different sides of the Fermi

Technical Physics, 2024, Vol. 69, No. 2
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Figure 4. Atomic structure of a normal supercell at various stages of deposition of Fe on Si(001): on fragmentsa—f is thickness of

deposited Fe: 0, 1.6, 3.2, 4.8, 6.4, 8.0 ML respectively.

level.  This is due to the formation of binding and
antibonding states d-states of metal and sp-states of silicon
during their hybridization [1,38] and correlates with the
formation of silicide 2D solid wetting layers (SWLs) with
an average compositionFe,Si; x and, accordingly, FeSi( see
section 3.1). In experiment B, this led, in addition to
eliminating the DOS line structure, to a shift of the DOS
minimum beyond the Fermi level. This shift corresponds
to the data of the work [39], which shows the electronic
structure of FeSi with a DOS minimum located 0.81eV
above the Fermi level.

At the next 2nd, 3rd and 4th steps (respectively, Fig. 3, c,
4,c; 3,d, 4,d; 3,e, 4,¢) the contribution of the d states
of the metal increased in proportion to the thickness Fe,
and the contributions of the hybridizedd-and sp- fortunes
decreased. In this case, the band gap near the Fermi
level disappeared already at the 2nd step, and the silicide
electronic structure completely disappeared at the 4th step.
This corresponds to the growth of silicide interlayers in the
form of 2D-of SWLs considered above and the growth of
SWL on top of them. The differences in the DOS structure
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for experiments A (Fig. 3) and B (Fig. 4) at the 1st, 2nd and
3rd steps can be associated with the formation of different
types of silicide bonds at the 1st step (Fe,Si and FeSi).

At the 4th step, as shown by comparison with the
electronic structure of fcc- andbcc-Fe and as can be seen
from a comparison of Figs. 3 and 4, an electronic structure
similar to that for the bulk phasebcc-Fe was formed.
Obviously, this happened due to the 10-fold coordination of
atoms in the 10-fold coordination of atoms in the3D-SWLs
(Section 3.1).

Therefore, at the 5th step (Fig. 3,f and 4,3D-SWLs Fe
became unstable, and a transition to a more stable type
of packing Fe occurred (bcc-Fe) with the formation of the
corresponding DOS. However, in experiment A, the DOS
structure at this step was significantly different from the
DOS structure bce-Fe B in experiment A. This difference
was characterized by the presence of a sharp peak, an
increased DOS value and a DOS cutoff in the energy range,
respectively: from—0.25 to , fromto —3.5, and to —5 and
from 3.5 to 4eV. These differences are associated with the
formation of bulk phases (BP) Fe: in the experiment A —
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metastable BP with the bc tetragonal lattice Fe and in the
experiment B — stable BP with thebcclattice (which is
characterized by a minimum DOS near energy 1eV).

A comparison of the results obtained in experiment
A with data on the growth of Fe on Si(001) under
freezing conditions (room temperature of the substrate and
low vapor temperature — see [14]) showed their good
agreement. In particular, the transition to BP Fe occurred
between 7.5 and 15 ML Fe, which corresponds to the range
in the present simulation from 6.4 to 8 ML.

Conclusion

Using the method of quantum simulating, it was found
that, regardless of the normal (A) or compressed (B) state
of the silicon substrate along the (011) axis, the growth of a
solid wetting layer of iron occurs with the formation of an
2D-silicide at the first stage. After2D-silicide, 2D and 3D-
wetting layers and then bulk iron phases are sequentially
formed. It was found that the bulk phases are preceded by
an increase in the coordination of iron atoms in the wetting
layer to a value corresponding to the bulk environment in
iron, and the formation in it of valence bands similar in
structure and electron density to the corresponding zones
in the bulk phase of iron. The formation of valence bands
enhances the electronic interaction inside the wetting iron
layer, as well as between it and the silicon substrate, and
creates stress in the film (wetting layer)-substrate system.
Relaxation of the latter causes a transformation of this
system, which is accompanied by the transition of the
wetting layer to a metastable and stable bulk phase for A-
and, respectively, B-type substrates, and is also accompanied
by the formation of high-pressure silicon phases in these
substrates.
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