Cepist «®Di3uKo-MaTeMaTH4Hi HayKm», 2023

ORCID: 0000-0002-2594-5559
A. M. Gusak
Bohdan Khmelnytsky National University of Cherkasy, 81 Shevchenko Blvd., UA-
18031 Cherkasy, Ukraine
Ensemble3 Centre of Excellence, Wolczynska Str. 133, 01-919 Warsaw,
Poland amgusak@ukr.net

ORCID: 0009-0008-5158-1761
S. Abakumov
Bohdan Khmelnytsky National University of Cherkasy, 81 Shevchenko Blvd., UA-
18031 Cherkasy, Ukraine
abakumov.serhii.official @gmail.com

DOI: 10.31651/2076-5851-2023-49-71 PACS: (81.10.Bk 81.15.Aa
81.15.Hi 81.15.Kk 81.16.Rf 87.15.ak)

MODELING OF PATTERN FORMATION
OF THE ORDERED INTERMEDIATE PHASES
DURING CO-DEPOSITION OF BINARY THIN FILM

Formation of the intermediate phase patterns in the thin-film co-deposition process is
simulated using the Stochastic Kinetic Mean-Field method and Monte Carlo. Three basic
morphologies of the 2D sections are distinguished: (1) spots (rod-like in 3D), (2) layered
structures-lamellae, zigzags, and labyrinths (plate-like in 3D), and (3) net-like structures
(inverse to spot-like structures, when spots become majority and the surrounding matrix
becomes a minority). They are characterized and distinguished with the help of only one
special topological parameter.

Keywords: Co-deposition, reaction, diffusion, decomposition, ordering, pattern
formation, topological parameter, kinetic mean-field method, Monte Carlo.

1. Introduction.

Self-organization of two-phase structures (patterning) is a promising way of designing
new materials for photonics, energy conversion, and accumulation [1-4]. Thus far, it has been
mainly studied in the processes of directional eutectic crystallization, cellular precipitation,
and spinodal decomposition [5-8]. In this paper, we examine the less-known case of self-
organization: crystallization with pattern formation during co-deposition with a simultaneous
reaction of two species from the vapor phase (for example, by sputtering or molecular beam
epitaxy (MBE)). In particular, the co-deposition of immiscible components may provide
binary materials with concentration modulations, that exhibit excellent mechanical properties
[9-12]. Especially interesting for us is a paper [13] in which co-deposition by MBE led to
decomposition with retained coherent boundaries between the emerging new phases. Another
interesting example is related to ferromagnetic semiconductors and, in general,
semiconductors doped with transition metals. For example, GeixMny films obtained during
deposition (by MBE [14, 15] or magnetron sputtering [16]) demonstrate decomposition with
the growth of self-organized nanocolumns or nanoprecipitates. In our study, we limited our
simulations to the above-mentioned case when all boundaries between emerging phases
remained coherent during co-deposition.
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From a chemical point of view, the formation of new crystalline phases by decomposition
and ordering represents a solid-state reaction during deposition. From a physical point of
view, this is a sequence of phase transformations in an open system (the surface layer moves
with the deposition rate) driven by the in-flux from the vapor phase and the out-flux into the
crystalline phase. In our study, we limited ourselves to structural phase transformations during
co-deposition, forming a rigid FCC lattice (changing only occupation probabilities at the fixed
sites without changing the number and positions of sites). In principle, there are 3
possibilities: (1) decomposition into two solid solutions; (2) decomposition into a solid
solution plus the ordered compound L12; and (3) decomposition into two different ordered
compounds L12 and L10 (see Fig. 1(b,d)). Possibility (1) may be realized for alloys with
positive mixing energy, corresponding decomposition cupola at the phase diagram, and
corresponding W-shaped composition dependence of Gibbs free energy below the critical
temperature. Possibilities (2,3) correspond to a phase diagram with three ordered intermediate
phases (compounds), which are formed and have distinct boundaries with other phases due to
a combination of negative mixing energies at the second coordination shell and positive
mixing energy at the second coordination shell.
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Fig. 1. Two possible types of binary systems used for co-deposition modeling in this
paper are characterized by (a, b) composition dependencies of Gibbs free energy and (c,
d) phase diagrams.

(a, ¢): positive mixing energy and corresponding W-shaped g(C)-curve leading to
decomposition into two solid solutions (at least in the bulk, if the bulk diffusion is not
frozen).

(b, d): negative mixing energy for the nearest neighbors and positive mixing energy
for the next nearest neighbors, leading to the ordering of compounds within narrow
concentration ranges around 1/4, 1/2, and 3/4, and leading to decomposition into A3B
compound +A(B) solution or A3B compound + AB compound, etc., beyond the
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mentioned narrow ranges.

Puc. 1. /lga mooicnusux munu OiHapHUX cucmem, wo 8UKOPUCTNOBYVIOMbCS OISl
MOOeN0B8AHHS CNIBOCAONCEHHS 8 Yill pobomi, Xapakmepusyromucs (a, b)
KOMRO3UYTUHUMU 3A7IeAHCHOCMAMU 8L1bHOT eHepeii [i06ca ma (c, d) ¢pazosumu
diazpamamu.
(a, c): nosumusHa eHepeisi 3miutyéanHs i 6ionogiona W-nooiona g(C)-kpuea, wo
npu3800uUms 00 pO3Nady HA 08d MEEPOUX PO3UUHU (NPUHAUMHI 8 00'emi, AKWO
00'emua Oughy3isi He 3aMOPOICEHA).

(b, d): eid'emna enepeisi 3miuty8anHs 05l HAUOAUNCYUX CYCIOI8 [ 000AMHA eHepeis
3MiWy6aHHsa Ol HACMYNHUX — HAUOAUdCYuUX — cycidie, wo npuszeooums 00
BNOPSOKYBAHHSA CHOJYK V 8V3bKUX 0lana3oHax KoHyenmpayi oauzvxo 1/4, 1/2 i 3/4, a
maxoaic 00 poznady Ha cnonyky A3B + pozuun A(B) abo cnonyky A3B + cnonyky AB i
m.0., 3a MexHcamu 32a0anHux 8y3bKux 0lanasoHis.

In the recent Letter [17] the corresponding author of this paper jointly with A.Titova
obtained some first results in case 1 (positive mixing energy) concerning, first of all, the
qualitative behavior of patterns with variation of composition and initial (preexisting)
patterns. We found that under the condition of completely frozen bulk diffusion, the 2D
morphology in the atomic planes normal to the deposition/growth direction can be classified
using two basic patterns: spot-like (rods in 3D pictures) and layered (lamellar, zigzag, or
labyrinth), as well as mixed morphology (spots between layers or some layers between spots).
Such mixed morphology was obtained (in our simulations) for the composition intervals
(0.39-0.44) and (0.66-0.71), for all deposition rates. The influence of the initial conditions on
the resulting steady-state pattern was found only within these co-deposition composition
intervals.

Decomposition in general and during co-deposition may proceed in two different cases

1. Species A and B “don’t like each other”, which in the case of the regular solid solution
means positive mixing energy at the first coordination shell and existence of spinodal
decomposition region (instability in respect to smallest composition fluctuations) - see
Fig.1a,c. In this case, the decomposition is a direct consequence of energetic “dislike”.

2. Species A and B “like each other” (negative mixing energy within the first
coordination shell), especially in some special (stoichiometric) proportions, leading to
division into sublattices, providing the maximum possible number of AB interactions (bonds)
within the first coordination shell. The tendency to order at some specific stoichiometric
compositions becomes especially distinct if the mixing energy in the second coordination
shell has the opposite sign (positive). In this case, 2 the decomposition is a consequence of the
tendency to optimize (maximize) the number of AB bonds by the precipitation of one or both
ordered phases with different compositions (see Fig. 1(b,d)).

As mentioned above, we will work with a rigid FCC lattice. In binary cases, the following
three ordered phases are possible: A3B, AB3 with structure L1, (for example, an ideally
ordered A3B phase corresponds to A occupying the face centers and B occupying the vertexes
of elementary cubic cells), AB with structure L1lo (for example, atomic layers (001)
periodically occupied by A and B).
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For modeling case 2, we need at least a negative mixing energy in the first coordination
shell. However (as mentioned above), to distinguish between phases A3B, AB, and AB3
(larger concentration gaps between them at the phase boundary), it is convenient to add
positive mixing energy to the interactions with the second coordination shell. We realize this
and check it below.

We model the situation when the bulk diffusion is frozen (temperature lower than 0.3Tmelt
in the case of a single-component system), so that the deposited atoms can move only within
the surface (before being buried by the deposition flux), or maximum by several atomic
planes inside.

In this paper, we focus mainly on the morphology of the resulting alloys after co-
deposition and reaction - in particular, on the dependence of this morphology on composition
CYP of the incoming deposition flux and on the ratio of deposition and surface diffusion rates.
Such dependence will be studied using a modification of the atomistic-scale stochastic
kinetic mean-field (SKMF) method (modification is described in Section II) and,
alternatively, by the standard Monte Carlo (MC) method. After this, we start the numerical
modeling of the topology evolution. One of the ways to quantify the morphology is to
introduce the special topological parameter of the 2D sections of the deposited thin film
(Section I1I). The simulation of pattern formation in case 2 (negative mixing energy at the
first coordination shell and positive mixing energy at the second coordination shell) is
presented in Section IV by KMF and by MC in Section V.

2. Modification of Stochastic Kinetic Mean-Field approximation (SKMF) for open
systems - the surface layer during co-deposition.

In numerical simulations we will keep in mind the following simplified picture of layer-
by-layer co-deposition: Let first the new atomic layer be deposited completely
instantaneously, and only after this, we “switch on” the surface diffusion for some fixed
number M of time steps. The diffusion proceeds via an artificial (but kinetically effective in
simulations) exchange mechanism within a non-linear “almost 2D” version of the recent
development of the stochastic kinetic mean-field model SKMF [18-23]. (This model was, in
turn, the development of a quasi-one-dimensional KMF model [24-26] including the dynamic
noise of the micro fluxes between the neighboring sites). The basic algorithm and free
software can be found in skmf.eu.

Interatomic exchanges are only permitted within this new plane, but the interaction
energies are considered for the nearest neighbors within this plane and just below this plane.
The number M of time steps for surface diffusion before the deposition of the new atomic
layer, at a fixed time step, is inversely proportional to the deposition rate. Mathematically, as
in all kinetic mean-field models, we numerically solved the set of master equations of
occupancy probabilities for all atomic sites:

The master equation for occupancy probabilities in the sites of a rigid lattice and with an
account of influx and out-flux is self-consistent and non-linear (frequencies exponentially
depend on energies, and energies are the linear functions of probabilities):

(—% = Y2 (—C,(0)Ca(in) [y (A®0) © B(in)) + Cz(0)Ca(in)[ip(A(in) © B()} (1)

)

0<t< Mdt= v
The master equation (1) for the occupation probabilities is written only for the surface
layer, Z! being the number of nearest sites for exchange within the surface atomic layer.
Summation in eg. (1) is made only over sites within the same surface (top) atomic layer. In

the case of the (001)-plane orientation of the FCC lattice one has (1 < in < Z! = 4). § is the
thickness of the top atomic layer, within which only the exchanges are possible. For the
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(001)-plane orientation, & = =
Frequencies depend on the energetic barrier, which is the difference between the saddle-

point energy (which is not fixed explicitly but typically assumed to be common for all jumps),
and the known energy before the jump (atomic exchange) (E, (i) + Ez(in))

. . ES—(E4(D)+Eg(i
Lis(A(D) © B(in)) = voexp(— —— 24020 )

Energies are calculated in mean-filed approximation:

E, (D) = ZinLJEZl(CA(i')VAA + Cp(I")Wap) = (ZV + ZYWyp + (Vas — Vas) Zin”=+1Zl CA((i,;

3

Ep(in) = S5 (Ca(in')Vaa + Cp(in')Vag) = (2 + Z)Vpp + (Vi —

Vaa) B2 Calin)  (4)

In the case of co-deposition of the (001) planes of the FCC lattice, as mentioned above,

the number of nearest neighbors within the top plane (simultaneously, the number of possible

atomic exchanges) is Z' = 4, and the number of nearest interacting neighbors in the

preceding (subsurface) plane is Z+ = 4. “i” and “in” are two neighboring sites withing the top

atomic plane exchanging by atoms. At fixed “i” there are Z! = 4 possibilities for “in”. “i"* are

the nearest interacting neighbors of the site “i”, and their number is Z = Z! + Z+ = 8, in" are
the nearest interacting neighbors of the site in, and their number is also Z = Z! + zZ+ = 8.

Below we take for simplicity: V,, = 0, Vgg = 0, V45 = Ehix- Then

I15(A() © B(in)) = voe ™/ kTexP[E,‘(“—TiX (Z = X521 Ca(@) + X=1 Ca(in))]

®)
Li(A(in) & B(i)) = voe &/ kTexp[E,‘j‘—T“‘ (Z = X5=1Ca(in’) + X721 CA(I))]
(6)
Then

228 = 3 E {—Ca() (A — Ca(in) - exp[222 (3, _; Ca(in') — Thoy Ca(i))] +

(1= Ca(D)Ca(in)exp[=2% (B7 _; Ca(i") = Xnmr Calin )]} (7
where the non-dimensional time is

ZEnix—E

S (8)
kT
Modification of the SKMF for decomposition with ordering typically requires interactions
within two coordination shells and atomic exchanges, as a minimum, between two atomic
planes. This is analyzed in Section IV.

tt =t-voexp|

3. Quantification of 2D patterns topology.

During co-deposition, the morphology of the 2D sections at first changes with increasing
film height but eventually tends to an almost fixed (steady-state) pattern. As mentioned above
and as we checked recently for spinodal decomposition under co-deposition [17], the
observed topologies can be classified as spot-like (rod-like in 3D) — Fig.2a, layered (lamellar,
zigzag, or labyrinth-like) — Fig.2b1,b2,b3, and their mixture. The spot-like morphology
corresponds to isolated precipitates of the minority phase surrounded by a common
percolation cluster (matrix) of the majority phase (Fig. 3a). In the layered morphology the
components are more or less equivalent to each other (except for volume fractions, which
depend on the ratio of the layer thicknesses). We will see below (simulating the topology
during co-deposition with simultaneous decomposition into two ordered phases A3B and AB)
that one more topology is possible - we will call it “net-like” (like a net for fishing, see below)
— Fig.3c. In this structure, the majority and minority change place in comparison with spot-
like morphology: the majority phase is closed in cells, and the minority forms thin walls
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around these cells.

C
Fig. 2. Three “pure” morphologies for the 2D-sections: (a) isolated spots of minority
phase surrounded by a common cluster of “majority” phase, (b) layered structure
(lamellae or zigzag or labyrinth) without explicit preference for minority or majority
phase; (c) net-like (cell) structure which is in some sense inverse to spot-like.

Puc. 2. Tpu «uucmi» mopgonocii ona 2D-3pizis: (a) i301608aHi NAAMU MIHOPUMAPHOT
@azu, omoueni 3a2anbHUM KIACMePOM «maxcopumapHoiy gazu, (b) wapyeama
cmpykmypa (nameni, 3ue3ae abo n1abipunm) 6e3 s6HOI nepesazu MiHOPUMAPHOI YU
Madicopumapnoi ¢azu, (c) cimuacma (komipuacma) cmpykmypa, sika 8 0esikomy CeHCl €
360POMHOI0 00 NAAMONOOIOHOI.

To quantify the morphology of the 2D patterns, we introduced in recent paper [17] a new
(topological) parameter P. This parameter is related to the size dependence of the number of
clusters of some phase within a subregion of the entire sample in the subregion area. Let all
subregions be the squares h-h with all possible positions inside the square sample L-L. Let
N(#) be the mean number of clusters of the “minority” phase (with a fraction not larger than
half) in the sub-region, averaged over all possible positions of the subregion.

By our definition,

dinN
P= dinh ©)

If & is larger than the characteristic length of the phase separation, then in the case of
regular (marginal, ideal) structures we have for the minority phase:
1. Ideal rod structure: N = h?/A%> — InN = 2Inh + const = Pyinority = dInN/d Inh =

2.

2. ldeal periodic lamellae: N =h/A — InN = Inh + const — Ppinerity = dInN/
dInh = 1.

3. Ideal net structure for minority (or cell structure for majority): The ideal net in 2D is
one large cluster. Therefore, for all h larger than the size of the net cells, one has N =1 =
const = InN = 0 = const = Pyjinerity = dInN/d Inh = 0.

We introduce the topological parameter not only for the minority phase but also for the
majority phase.

It is easy to check that for majority phase one has:

1. The ideal rod structure of the minority means that the majority phase around the rods
is one large cluster: N = 1, so that Py4jority = dInl/d Inh = 0.

2. Ideal periodic lamellae: majority lamellae are thicker, but their number is the same as
that of minority phase lamellae: N =h/A — InN = Inh + const — Ppjority =
dinN/d Inh = 1.

3. ldeal net structure for minority (or cell structure for the majority): if cells are isolated
from one another by the surrounding net intervals, the calculation of the cluster number is
analogic to the number of rods. So, in this case, N = h?/A> - InN = 2Inh + const —
Pminority = dInN/d Inh = 2.
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It should be noted that at least in the above-mentioned three ideal cases, Pminority +
Pmajority = 2. Is this relation more universal, may we introduce a new “principle of

complementarity” - that we do not know so far. Our first simulations for limited sizes confirm
only the tendency but not the strict equation. The case of asymptotics for extremely large
samples will be studied elsewhere.

4. Patterns formation during co-deposition with precipitation of one or both ordered
phases at various compositions 0 < C < 0.25 (one of the phases is ordered) and 0.25 < C <
0.50 (both phases are ordered) at various deposition-to-diffusion rates: Kinetic Mean-
Field simulation.

Here we will use the modification of KMF, suggested in [19] for ordering and diffusion in
the ordered phases, and in [20] for the formation and competition of intermediate ordered
phases during reactive diffusion. First of all, we should take into account the interactions at
least within the second coordination shell, as was done in [20], to guarantee good distinction
and broad concentration gaps between the narrow concentration ranges of the ordered
compounds. Second, to provide the possibility of full ordering during deposition (including
exchanges between sublattices), we broadened the Kkinetic possibilities for surface and
subsurface atoms: in our model, they may exchange with neighbors not only within the top
plane but also with (as a minimum) the atoms in the plane below the top plane. This means
that instead of one type of equation (1), in this case, we write down and solve three different
equations for the first (top) layer (exchanges with 4+4=8 neighboring sites within planes 1
and 2), for the second layer (exchanges with 4+4+4=12 sites within planes 1,2 and 3), and for
the third layer (exchanges with 4+4=8 sites within planes 2 and 3). The energies are now
calculated in the mean-filed approximation with an account of the second coordination shell.
For example, in the case of both exchanging atoms in the top (first) layer.

zl+zf zy+zf

B = ) (CalDVM + CoDVH) + ) (Cal VI + Coi IVE®) =
i’1=1 i,2=1

Zl4zi Z) 425
= (20 + ZE)Vf5 + VP4 = V) N Cali') + (2) + ZEVAD + (VA4 = Vf®) Y Ca(i)
i’1=1 i’2=1
zl+zf zy+z4
Bp(in) = ) (Calin DVEA + Co(in' DVIP) + ) (Calin')VEA + Colin')VEP) =
in';=1 in’=1
z{+zf
= (z] + z{)VEE + (V4B — VEP) Z Calin'y) + (23 + 7 )VEE +
in'1=1
Z 425
HWEE = VEP) D Calin')
in',=1

(10)
i'y, i', are the indexes of nearest neighbors and next-nearest neighbors of site “i”
respectively,
in'y, in', are the indexes of nearest neighbors and next-nearest neighbors of the site “in”.
The nondimensional time is
Z,EPX47,EPIX—FS
kT

tt =t-voexp| (11)
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mix
Ej

Simulation parameters: = —0.2802 within the first coordination shell and 0.6531 for
the second coordination shell. The simulation was performed according to egs. (1-8) at
various deposition-to-diffusion rates M = % = ﬁtt (M is the number of diffusion time steps
per deposited layer).

4.1. Main results, 0 < C < 0.25 (one phase is a solid solution of B in A, another phase is a
compound A3B), KMF:

Initial Cdep: 10.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep > 15%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamxkosa Cdep: 10.0 + 1%; ITrowunu o6miny: 3; Cepeonvo-gysnosuii Cdep > 15%;
(paza menwiocmi)
Approximation: LnN(h) = P * In(h) + const

— 5000
Aoy

150 125 150 115 400 4z a5 ams 500 150 125 350 375 400 a2 aso ars 500 100

LnN(h) = 1.90367 * In(h) - LnN(h) = 1.34615 * In(h) - LnN(h) = 1.46568 * In(h) -
4.36298, P = 1.90; R"2: 0.99983  3.81704, P = 1.35; R"2: 0.99680  4.37785, P = 1. 47; R"2: 0.99488
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Initial Cdep: 20.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep < 10%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamxkosa Cdep: 10.0 + 1%, ITowunu o6miny: 3; Cepednvo-eysnosuii Cdep > 15%;
(paza menwiocmi)
Anpoxcumayin: LnN(h) = P * In(h) + const

LnN(h) = 2.04037 * In(h) - LnN(h) = 1.34639 * In(h) - LnN(h) = 1.12811 * In(h) -
6.98118, P = 2.04; R"2: 0.99974  4.02643, P = 1.35; R"2: 0.99580  3.94267, P = 1.13 R*2: 0.98946
b

Fig. 3. Patterns of A3B-phase within A-matrix (a) and patterns of A within A3B-matrix (b)

and corresponding plots % for calculation of the topological parameter P. Each pattern

is shown in two different projections. Sample 200x200x55. Deposition rate/diffusion rate
100 dt/plane (left), 1000 dt/plane (center), 5000 dt/plane (right). Exchanges are permitted
within 3 upper planes after deposition
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a. C%P: 10.00 &+ 1%; sites with mean B-fraction C™¢%" > 0.15 are marked- it
corresponds to phase A3B inclusions within the matrix of A-based solid solution.

b. C%P: 20.00 + 1%; sites with mean B-fraction C™¢*" < 0.10 are marked- it
corresponds to A-based solution inclusions within the matrix of A3B.

Puc. 3. [lamepnu pazu A3B 6 mampuyi A () ma A 6 mampuyi A3B (b), a maxooic 6i0nosioni

. In (N .
epaghixu m Eh; 07151 pO3PAXyHKY mononociunoeo napamempa P. Koowcen namepn nokasano 6

080x piznux npoexyisax. Pozmip 3pazka cmanosumo 200x200x55. [llsuoxicmo
ocaoacenns/meuoxicmo ougysii: 100 dt/nrowuny (nieopyu), 1000 dt/nrowuny (6 yenmpi),
5000 dt/nrowuny (npasopyu). Jonyckaromocs sminu 6 mexcax 3 6epxXHix NAOWUH NICIsL
0Ca0HCenHs

a. C%P: 10.00 + 1%; nosuaueni dinanku 3 cepedHim 3navennam gpaxyii B => Cmean >
0.15, wo sionogioae exnouennam gazu A3B 6 mampuyi meepoozo po3uuny 3 0cHO80H0
A.

b. C%P: 20.00 + 1%; nosuaueni dinsanku 3 cepednim snauennam gpaxyii B => C™en <
0.10, wo sionogioac exnouenuam ¢hasu A 6 mampuyi meepoo2o po3uuHy 3 0CHOBOH
A3B.

4.2. Main results, 0.25 < C < 0.50 (both phases A3B and AB are ordered compounds),
KMF:

Initial Cdep: 35.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep > 40%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamrkosa Cdep: 35.0 + 1%, ITowunu o6miny: 3; Cepednvo-eysnosuii Cdep > 40%;

(¢haza menwocmi)
Anpokcumayin: LnN(h) = P * In(h) + const
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LnN(h) = 1.56846 * In(h) - LnN(h) = 1.61360 * In(h) - LnN(h) = 1.45303 * In(h) -
4.34348, P = 1.57; R"2: 0.99261  4.23336, P = 1.61; R"2: 0.99738  4.30060, P = 1.45; R"2: 0.99508
a

Initial Cdep: 40.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep < 35%; (Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamkosa Cdep: 40.0 + 1%, ITowunu o6miny: 3; Cepednvo-gysnosuii Cdep < 35%;

(paza menuwiocmi)
Anpoxcumayin: LnN(h) = P * In(h) + const
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LnN(h) = 1.64520 * In(h) - LnN(h) = 0.89319 * In(h) - LnN(h) = 0.82401 * In(h) -
4.15505, P = 1.64; R*2: 0.99681  2.74507, P = 0.89; R"2: 0.95036  2.55238, P = 0.82; R"2: 0.96376
b

Initial Cdep: 45.0 + 1%; Exchange planes: 3; Medium-Nodal Cdep < 35%;
(Minority phase)
Approximation: LnN(h) = P * In(h) + const

Iouamkosa Cdep: 45.0 + 1%, IThowunu o6miny: 3; Cepeonvo-gysnosuii Cdep < 35%;
(paza menuwiocmi)
Anpoxcumayin: LnN(h) = P * In(h) + const

60



Cepist «®Di3uKo-MaTeMaTH4Hi HayKm», 2023

LnN(h) = 1.98142 * In(h) - LnN(h) = 1.38538 * In(h) - LnN(h) = 0.94545 * In(h) -
4.49106, P = 1.98; R*2: 0.99999  3.85574, P = 1.39; R"2: 0.98939  2.91685, P = 0.95; R"2: 0.98758
c

Fig. 4. Patterns of AB-phase within A3B-matrix (a) and patterns of A within A3B-matrix

and corresponding plots % for the calculation of the topological parameter P. Each

pattern is shown in two different projections. Sample 200x200x55. Deposition
rate/diffusion rate 100 dt/plane (left), 1000 dt/plane (center), 5000 dt/plane (right)
Exchanges are permitted within three upper planes after deposition
a. C%P: 35,00 + 1%; sites with mean B-fraction C™€%" > 0.40 are marked; it
corresponds to minority phase AB within the majority matrix of A3B.
b. C4P: 40.00 + 1%; sites with mean B-fraction C™¢*" < 0.35 are marked; it
corresponds to minority A3B within the majority matrix of AB.
C. C%P: 45,00 + 1%); sites with mean B-fraction C™¢" < 0.35 are marked; it also
corresponds to minority A3B within the majority matrix of AB.

Puc. 4. Ilamepnu gpasu AB ¢ mampuyi A3B (a) ma A 6 mampuyi A3B, a makod
In (N)
In (h)
NOKAa3amo 6 060X pizHux npoekyiax. Posmip 3paska cmanosums 200x200x55. [lleuoxicmo
ocaoxcenns/weuokicmo ougysii: 100 dt/nnowuny (nisopyy), 1000 dt/nrowuny (8
yeumpi), 5000 dt/nnowuny (npasopyu). /Jonyckaromocs 3MiHu 8 MeHcax 3 6epxXHix
RIOWUH NICTST OCAONCEHHS]

a. C%P: 35.00 + 1%, nosuaueni OinAnku 3 cepeOwim 3HauenHam @pakyii B =>
C™eM > 0.40, wo sionosioac exkmouenusm ¢pasu AB 6 mampuyi meepooeo
po3uuny 3 0cHogoio A3B.

b. C%P: 40.00 + 1%, nosmaueni Oinanku 3 cepeOHim 3naueHnam @paxyii B =>
C™eM < 0.35, wo eionogioae exnouenusm @azu A3B 6 mampuyi meepooco
PO3UUHY 3 OCHOB0I0 AB.

C. C%P: 45,00 + 1%, nosuaueni OinAnku 3 cepeOnim 3nauennam @paxyii B =>
C™eM < 0.35, wo eionogioae exmiouenusm Gazu A3B 6 mampuyi meepdoco
PO3YUHY 3 OCHOB010 AB.

8i0N06IOHI epagiku 07151 pO3paxyHKy mononoeiynoeo napamempa P. Koocen namepn

Note that at compositions of 0.40 and 0.45, the parameter becomes lower than 1: it
correlates with some elements of net-like morphology for minority phase A3B (cell-like for
majority phase AB), which can be seen in Fig. 4b,c.
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5. Pattern formation during co-deposition with precipitation of one or both ordered
phases at various compositions 0 < C < 0.25 (one of the phases is ordered) and 0.25 < C <
0.50 (both phases are ordered) at various deposition-to-diffusion rates: Monte Carlo
simulation.

1

Simulation parameters: EkT = —0.2802 within the first coordination shell, and 0.6531 for

the second coordination shell. Where M is the number of Monte Carlo steps per deposited
layer. We used the Metropolis algorithm with exchange and interaction constraints that are the
same as those for the kinetic mean-field method (described in the previous section).

In the Monte Carlo method, each site is occupied by A or B, so “microscopic
composition” has only two choices for C(i): 0 or 1 (contrary to the KMF method, which has a
continuous composition range for occupancy probabilities). This simple fact makes all kinds
of averaging of the concentration and order parameter over surrounding clusters rather
discreet.

We use C™€4 (i) -composition averaged over a cluster consisting of 1+12 sites:
C)+52i2, Clin)

cmean —

(12)

4
Since C(i) = £1, the C™¢*™ may be equal only to k/16, with integer k ranging from 0 to
16.

One may easily check that this definition of C™¢?™ provides C;**%" = % for any site of
the ordered stoichiometric compound A3B (structure L1,), Cj*¢%" = % for any site of the

ordered stoichiometric compound AB3 (structure L1,), and C;*%" = 1% for any site of the

ordered stoichiometric compound AB (structure L1o).
We also introduced (according to [16]) the “Local Long-Range Order parameter” for
structures L1 and L1,.

For L1,
n(@i) = max{abs(n} ,3(1)), abs(ny (), (13)
Where
Ci)+3 38, Clim) CW)+3 32, C(in) C(i)_c(i)+%zillf=1 c(in)
M3 () = ——— o ——— () = ———* (14)

Cases 1,2, and 3 correspond to three different ways of choosing the eight nearest
neighbors out of 12 (in two orthogonal planes out of three orthogonal planes (100), (010), and

(001))
For L1,
M(i) = max{abs(ni 3}, (15)
Where
C)+a T, Clin) CH)+3 T2, C(in)
Mi23@ = - * : (16)

1-1/2
Cases 1,2, and 3 correspond to three different ways of choosing the four nearest neighbors
out of 12 (in one plane out of three orthogonal planes (100), (010), and (001)).

In our simulations, the sites with ;%" = 1—2 correspond to the local LRO parameter close

to 1 for the L1 structure, and those with C;*%" = % correspond to a local LRO parameter
close to 1 for the L1, structure.
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5.1. Main results, 0 < C < 0.25, Monte Carlo:

Fig. 5. Patterns simulated by Monte Carlo for the case 0 < C4¢P < % of decomposition into
A+A3B phase (blue color, " = %). Size: 200x200x55; Time: left - 100 MCSteps/plane;
center - 1000 MCSteps/panel; right - 5000 MCSteps/plane. C4¢P = 1—16 (@), % (b), % (©)

Puc. 5. [Tamepnu, 3modenvosani memooom Monme-Kapno onsa eunadky 0 < C4P < i

posnady Ha gazy A+A3B (cuniii konip, C™¢" = %). Posmip: 200x200x55; Yac: nisopyu -
100 MCKpoxie/nnowuna; no yenmpy - 1000 MCKpoxis/nrowuna, npasopyu - 5000
MCKpoxie/nnowuna. C*P = 1—16 (@), % (b), % (©
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5.2. Main results, 0.25 < C < 0.50, Monte Carlo:

c

Fig. 6. Patterns simulated by Monte Carlo for the case 116 < c9er < 136 of decomposition

into A3B-phase (blue color, C5*¢%" = 14—6)+AB-phase (green color, CF*%" = %). Size:

200x200x55; Time: left - 100 MCSteps/plane; center - 1000 MCSteps/panel; right - 5000

MCStepS/plane. Cgep = % (a), % (b), % (C)

2
s
mean _ S
Cp - 16)'
Poszmip: 200x200x55; Yac: nisopyu - 100 MCKpokie/niowuna,; no yenmpy - 1000

. 4
Puc. 6. [lamepnu, smooenvosarni memodom Moume-Kapno ons eunaoxy < caer <

Cmean —

posnady Ha ¢a3zy A3B (cuniii konip, Cg = %) + ¢aza AB (3enenuii kouip,

MCKpoxis/nrowuna,; npasopyu - 5000 MCKpoxis/niowuna. C gep = % (a), % (b), % (©
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6. Conclusions.

1. Two possible cases of pattern formation due to phase separation during the co-
deposition of the binary alloy from the vapor phase should be distinguished during
simulation:

A. Binary alloy with positive mixing energy demonstrating spinodal decomposition at
sufficiently low temperatures, with compositions within the spinodal region of the surface
layer.

B. Binary alloy with negative mixing energy within the first coordination shell and
(preferably) positive mixing energy within the second coordination shell, demonstrating
strong long-range ordering within a narrow composition CB ranges around 1/4 (A3B-
structure L12), 1/2 (AB-structure L10), and 3/4 (AB3-structure L12), and decomposition
results in the formation of at least one ordered compound (depending on the composition of
the deposition flux): a weak solution of B in A + A3B, a weak solution of A in B + AB3,
A3B + AB, and AB + AB3.

2. The second case contains two subcases:

B1. Decomposition into a weak solution and one ordered L12 compound (A + A3B) or
(AB3+B): 0<Cdep<0.250r0.75< Cdep < 1;

B2. Decomposition into an ordered L12 compound and another ordered compound L10
(A3B + AB) or (AB + AB3): 0 < Cdep <0.250r 0.75 < Cdep < 1.

3. Patterns steady-state morphology in 2D-sections can be quantified with the “home-
made” topological parameter Pminority (initially introduced in recent Letter [17]) for
minority or 50/50 phase, which is close to 2 for rods (isolated spots in 2D-section), closer to 1
for layered structures (lamellae, zigzags, labyrinth), and closer to O for the net structure for
minority, which is at the same time the “cell-structure” for majority phase. We observed only
some elements of the net structure and only for the co-deposition with decomposition into two
ordered compounds, A3B + AB.

4. One may also use the topological parameter for the majority. In limiting cases for
three ideal structures (spots, lamellae, and net/cell), it was shown that Pmajority=1-Pminority.
In general, this seems not to be the case. Pattern formation in cases A and B1 seems to be
similar: rod-like morphology at minority phase fractions less than approximately 35%,
layered type for 45-50%, and some mixed patterns in between.

5. Let us go into some details about the new “net-like structure”: Patterns formed via
decomposition into two ordered compounds reveal one more tendency: that of a “net-like”
structure for the minority phase, which simultaneously means a “cell-like” structure for the
majority phase. The net-like morphology in the ideal case should provide a zero topological
parameter P. At least for symmetric composition (6/16 or 14/16), when minority and majority
fractions coincide, these curved nets and cells remind some flowers (for example, Orchidea).

6. The results of the simulation by the atomistic mean-field and Monte Carlo
qualitatively coincide.
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MOJAEJIIOBAHHS YTBOPEHHS ITATEPHIB
BITIOPAJKOBAHUX ITPOMIZKHUX A3
IMPU CIIIBOCAI’KEHHI BIHAPHUX TOHKHUX IIVIIBOK

Mera poGotu: HemogaBHo Oyn0 JOCATHYTO THporpecy B MOJAETIOBAaHHI Ta
kBaHTU(]iKalii Mopdosorii Ta edekTiB maMm’aTi KBa3lIEpIOAUYHUX CTPYKTYp, SKI
BUHHUKAIOTh Yy pE3yJibTaTi CHIBHANWICHHSA OIHAPHMX eMITaKCIHHUX IUNIBOK CHUCTEM 13
JIOJTATHUMH €HEPrisiMU 3MILITYBaHHS, 1110 XapaKTEePU3YyIOThCs ICHYBAHHSAM KYIIOJIB pO3May
Ha jiarpami cra”iB. MeTa naHOi poOOTHM — 3’SCYBaTH, K BIAPI3HATHUMYTHCS 1 B UOMY
OyIlyTh aHAJIOTIYHUMHU PE3YJIbTATH ISl CIUIABIB, K1 MAaIOTh TEHACHIIIIO JI0 BIIOPSAKYBAaHHS
B OKOJIi MIEBHUX CTEXIOMETPHUUYHUX KOMITO3UIIiH, a MI’)K HUMHU — TEHJEHIIIO 10 pO3Maay Ha
JIB1l BHOpSAAKOBaHI (a3u abo Ha OJHY BHOPSAKOBaHY (a3y 1 HEBHOPSAKOBAHUMN TBEpPAMM
PO3YUH.

Metoanka: MoenroBaHHS POBOANUTHCS MApaIeIbHO KIHETHYHUM CEPEIHBOIIOIEOBIM
METO/OM (SKUi creriaibHO MOJU(IKOBAHO aBTOpaMM MOPIBHSIHO 3 KIHETUYHUM METOI0M
SKMF) ta meronom MonTte-Kapmno. [Ipu mpoMy BBOIUTHCS CHEUiadbHUNA TOTOJIOTTYHUHA
napamerp P, skuil 103BOJIS€ JOCUTH YITKO PO3PI3HATU TPHU TUIU MOP(OIIOrii mpH pocTi
TUTIBKH.

Pesynbratu: Ilpu MopjemtoBaHHI CiA BUAUIMTH JBa MOMJIMBHMX BHIIQJKU TIPH
CIIJTFHOMY OCaKE€HH1 O1HAPHOTO CIUIABY 3 MapoBOi ¢asu:

A. biHapHuii cmjaB 3 TO3UTUBHOIO EHEPri€l0 3MIIIyBaHHsS, IO JEMOHCTPYE
CHIHOJANBPHUIA pO3MaJl MPH JTOCHTh HU3BKHUX TEMIIepaTypax, 3 KOHIICHTPAIIIMH B MEXax
CHiHO/IaTBHOI 00JIACTi MOBEPXHEBOTO IIAPY.

B. BinapHuii crutaB 3 BiJI’€MHOIO €HEPri€ro 3MIITYBaHHS B MeXax MepIoi KOOpAUHALIHHOT
cdepu 1 JOJATHOIO €HEeprie€ro 3MIllyBaHHS B ApYTid KOOpAuHaLiiHIK cdepi, 110 1eMOHCTpye
BIIOPSJIKYBaHHS y BY3bKUX 1HTE€pBaiax KoHIeHTpawiii CB Oins cTexiomeTpuyHuX 3HaueHb 1/4
(A3B-ctpykrypa L12), 1/2 (AB-ctpykrypa L10) i 3/4 (AB3-ctpykrypa L12), a po3man
NPU3BOJMUTH JI0 YTBOPEHHS MPUWHANMHI OJHOTO BIIOPSIKOBAHOTO 3’€IHAHHS (3aJIKHO BilX
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CKJIaTy TTOTOKY Oca/KeHHs): abo (cimabkuii po3unH B B A) + A3B, a6o (cnabkuii po3unH A B
B) + AB3, a6o a8i Bopsakosani ¢asu A3B + AB abo AB + AB3.

Jlpyruii BUIIaJOK MICTUTh JBA «IT1BUTIAIKN:

B1. Posmazg Ha cnabkwmii po3unt B B A i BnopsakoBany dasy A3B tuny L12 (A + A3B)
abo (AB3 + B) BimmoBimHO mpu KOHIEHTpamisx moToky HamwieHHs 0 < Cdep <0.25 a6o
0.75<Cdep < 1,

B2. Posnman Ha BnopsimkoBaHy ¢asy tumy L12 1 iHmy BmopsiakoBany ¢asy tumy L10
(A3B + AB) abo (AB+ AB3) — mnpu KOHIEHTpAaIisiX MOTOKY HAIWICHHS BiIIOBIHO
0 <Cdep<0.252a600.75 <Cdep < 1.

[Tarepun cramionapHoi Mopdosiorii B JBOBUMIPHHMX TIepepizax MOXYyTh OyTH
OXapaKTepH30BaHi CIIEIiaJbHO BBEICHUM TOIOJOIIYHUM Mapamerpom Pminority (BBeneHum
HaMu HemonaBHo [17]) mns dha3u meHmocti (ab6o mis Bunaaky 50/50), skuit Oau3bKuid 10 2
JUIsE CTepkHIB (y IBOBUMIDHHX Tiepepi3ax Iie i130J1pOBaHi IUISAMH), OJM3bKUH g0 1 ms
CMYTacTHX CTPYKTYp (JIaMeJsIpHUX, 3Ur3aronoioHuX, 1abipuHTONOAIOHNX ), 1 6Mu3bkuil 10 0
JUTS. MEPEKEBUX (MTaBYTUHOIMOAIOHNX) CTPYKTYP MEHIIOCTI 1 BOAHOYAC KOMIPKOBHX CTPYKTYP
Ju1s a3 OLIBIIOCTI.

PesynbraTi MOJeNOBaHHS CEPEIHBOIIOIBLOBOIO METOAY 1 MeToay Monrte-Kapio sikicHO
criBnanaoTh. Briepie oTpuMaHi pi3Hi BUAM NATEPHIB 3 YYACTIO BIOPSIKOBAHHUX (a3.

KurouoBi ciioBa: criBocapkeHHs, peakilis, 1u(ys3is, po3maj, BIOPsIKYBaHHS,

dbopMyBaHHS CTPYKTYPH, TONOJIOTIYHHI MapameTp, CEpeIHbONOIBOBUN KIHETUUHUIA METO/I,
Mownre-Kapino.

Ooepoicano pedaxyiero 15.10.2023
Iputinamo oo opyxy 9.11.2023

71



