DOI 10.31489/2021PH4/25-34

UDC 539.013

V.M. Yurovl*, V.L Goncharenk02’3, V.S. Oleshkoz, K.M. Makhanov'

'Karaganda University of the name of academician E.A. Buketov, Kazakhstan;

’Moscow Aviation Institute (National Research University), Moscow, Russia;

3Institute for Management Problems. V.A. Trapeznikov RAS, Moscow, Russia
(“e-mail: exciton@list.ru)

Anisotropy of the surface energy of silicides of some metals

An empirical model of a solid surface is proposed in the article. The thickness of the surface layer
is described in terms of one parameter — the atomic volume of an element or its compounds. Surface energy is
also expressed through one parameter — the melting point of a chemical element or crystal. The model
proposes equations that allow calculating the thickness of the surface layer and surface energy for each face
of the crystal. As an example, calculations of these values are made for silicides of some metals with crystal
structures of cubic, hexagonal and rhombic systems. For cubic silicides, the thickness of the surface layer is
3-9 nm, and the number of monolayers is 7-16. Studies of metal deposition on silicon faces have shown that
silicon silicide is formed on the (111) face, which has the highest surface energy. The reaction on the (100)
face occurs only on the oxidized surface. In hexagonal silicides, anisotropy is seen, both in the values of the
thickness of the surface layer and in the values of the surface energy. For example, during the formation of
chromium disilicide on the (111) face in the ¢ direction, it was found that the sizes of the islands become
larger than on the (001) face. The authors designate that the thickness of the surface layer and the specific
surface energy for cubic, hexagonal, and rhombic crystals significantly differ from them. What is the
difference? First, the difference between the atoms of chemical elements from the periodic table and their
compounds depends, first of all, on their electronic structure, which forms this or that interaction potential.
Secondly, the difference between cubic, hexagonal and rhombic crystals lies in their relationship with
Poisson's ratio and Young's modulus, that is, on two material parameters. Third, the thickness of the surface
layer between cubic, hexagonal, and rhombic crystals also differs in only one parameter — the atomic (molar)
volume of the crystal. However, the analysis of all the patterns still needs to be carefully analyzed.

Keywords: metal silicide, surface energy, thickness of the surface layer, solid, chemical element, crystal, sur-
face layer, Poisson's ratio, Young's modulus.

Introduction

Silicides are compounds that are similar to metals. They have a good electrical conductivity, thermal
conductivity and even superconductivity at low temperatures. Silicides in the silicon-metal system do not
have a simple chemical bond in the structure of interstitial phases and do not fulfill the Hagg relation [1].
Due to the significant radius of silicon atoms, its high solubility by transition metals in structures and solid
solutions is observed by the type of substitution. In metals with significant atomic radii, complex silicide
structures are formed with a prevailing covalent bond of silicon atoms. With the transition of metals to
groups VII and VIII, the structures of silicides become simpler. Disilicides of metals such as tantalum, zirco-
nium, vanadium, chromium, niobium silicon form layered structures as curved nets. In the formation of sili-
cides from transition metals, the decisive role is played by covalent bonds, which resonate between the elec-
tronic states of the s and d orbitals. The fact that the d-orbitals are empty leads to a large number of observed
silicide structures.

When silicon forms solid solutions, its atom is transformed into +4 ion due to ionization. Such a solid
solution has orthogonal symmetry and creates body-centered (bcs) structures with many metals from the pe-
riodic table.

Transition metal silicides are relevant today in microelectronics and nanoelectronics because of their
low electrical resistivity and high melting temperature. Contacts for integrated circuits, thin thermal stable
film connections, Schottky diodes and more. All this dictates the relevance of studies of diffusion processes
in metal-silicon systems and the conditions for the formation of metal silicides [2]. Transition metal silicides
have thermal and mechanical strength, which decreases when going from titanium to tungsten.

During the deposition of a metal coating on silicon at its initial stage, silicides of different chemical
composition, different structural composition and intermediate phases can be formed at the interface. It all
depends on the type of metal applied, its characteristics, temperature, and other thermodynamic parameters,
crystallization kinetics, and much more.
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Metal-silicon structures, which are widely used in microelectronics for soft X-ray radiation, contain a
layer thickness in the nanoscale range. Therefore, it is believed that the nanometer thickness of metal sili-
cides will provide the key to understanding many processes.

In this work, based on an empirical model, we present the values of the thickness of the surface layer of
silicides, which can be experimentally determined by the methods of “grazing” X-rays [2], as well as the ani-
sotropy of the surface energy for various faces, which was determined by us for the first time.

The difference in the radii of the metal and silicon atoms leads to a significant difference in their diffu-
sion, which is determined by the activation energy, which, in turn, depends on the specific energy for each
silicon face. This means that in order to understand the processes occurring during the formation of silicides
either due to metal diffusion or due to its crystallization, it is necessary to know the specific surface energy
and its anisotropy for silicides of some metals.

With regard to surface energy, we present several recent works that have been performed theoretically.
In work [3], the surface characteristics of some metals were obtained using the traditional method of electron
density, but using new test functions at the vacuum-metal interface. This method gave good agreement with
the anisotropic behavior of some metals.

In work [4], the anisotropy of the metal in the s-surface layer was estimated by the electronic statistical
method. In this case, considering the dispersion forces on the edges of the metal, the theory of E.M. Lifshitz
calculates the attraction of molecules in the condensed phase and allows to determine the interaction energy
through the constants of a solid.

In [5], a method was proposed for determining a layer thickness on the surface of a crystal that melts at
the melting temperature. In this case, the thickness means the first coordination sphere of atoms, which is
perpendicular to the surface. It facilitates to estimate the anisotropy of the surface energy of metals. In the
same work, a model of the coordination melting of a solid was proposed, which made it possible to relate the
surface energy to the physical properties of the crystal.

Experimental

Five silicides V;Si, FeSi, CoSi, MnSi, Mg,Si, which have a cubic crystal lattice, were selected as objects
of study.

Trivanadium silicide V;Si is produced by condensation of silicon and vanadium vapors in vacuum.
In this case, gray crystals of a cubic system are formed with a superconductivity temperature of about
17.2 K. It can be used in magnetic devices in electrical engineering.

Iron silicide e-FeSi forms yellow cubic crystals. It is part of ferrosilicon, which is used in the
deoxidation of all steels. It is used for alloying structural and transformer steel grades. In [6], the formation
of iron silicide on the silicon (100) and (111) faces was studied, similarly to how it was shown in [2]. It
turned out that if iron is deposited on the (111) face, then it immediately interacts with this face, forming an
e-FeSi silicide of the cubic system. However, on the (100) face, iron first forms a solid solution, which pass-
es into the Fe3Si phase.

Cobalt silicide CoSi is obtained from the solid phase with copper silicide at a temperature of 1500 °C.
These are gray crystals of a cubic system. In [7], the formation of silicides upon the deposition of cobalt was
studied on the silicon faces (100), (110) and (111). When a cobalt film less than 0.7 nm is applied, a cobalt
silicide layer of about 0.17 nm is formed. Upon annealing a nanometer-thick substrate above 300 °C, four
silicide phases arise — nonmagnetic CoSi, Co,Si, CoSi, and ferromagnetic Co;Si.

Manganese silicide MnSi has a gray cubic crystal, the lattice of which does not contain inversion sym-
metry. In other words, its unit cell is not combined with itself by mirror reflection, and at low temperatures
skyrmions are formed, first discovered by German physicists in 2009 [8]. Skyrmions have a nonzero topo-
logical charge (N = 1) and are highly localized (magnetic skyrmions are 50-100 nm in size). In [9], the initial
stage of growth of manganese films on the (100) and (111) silicon faces at room temperature was studied.
When 0.6 nm of manganese is deposited, a 0.1 nm thick monosilicide layer is formed. Upon annealing a sili-
con crystal, on the face of which 2.5 nm manganese was deposited, manganese monosilicide and a Mn-Si
solid solution were formed. The formation of these silicide films took place at temperatures of 200-400 °C.
When manganese silicide is heated above 600 °C, it turns into semiconducting silicide MnSi;.

Magnesium silicide Mg,Si is a blue crystal of a cubic system and a semiconductor material with a band
gap of 0.76 eV. It is used as heat-to-electricity converters in silicon technology. In [10], the deposition of
coatings on the (111) face was investigated at a magnesium deposition rate of about 0.06 nm / min. In this
case, three stages of the formation of coatings appeared at the interface. The first stage is the formation of
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clusters of magnesium atoms. In the second stage, magnesium silicide increases. The third stage illustrates
the growth of metallic magnesium.

Five silicides Ti5Sis, NbSi,, TaSi, CrSi, MoSi,, which have a crystal lattice of hexagonal syngony. Ti-
tanium silicide 77557; is a hexagonal structure and has a high melting point, which makes it a heat-resistant
material [11].

Niobium silicide (disilicide) NbSi, forms crystals of a hexagonal system. The metal sublattice has a
hexagonal closest packing, and six octahedral voids are occupied by silicon atoms and their arrangement is
ordered. The structure i1s constructed, so that the niobium atom contains six silicon atoms, which are sur-
rounded by three niobium atoms (NbSi,). The NbSi, structure is located between silicides with silicon chains
and layers of silicon atoms. In [12], the formation of NbSi, disilicide is established during the diffusion of
silicon through the interface during electron beam evaporation to the silicon (111) face in vacuum. The
thickness of the layer depends on the temperature during bombardment of the target with argon ions, which
turned out to be maximum at T = 773 K. The absence of the influence of the energy of argon ions on the dif-
fusion of niobium into flint suggests that radiation does not affect the formation of niobium silicides.

Tantalum silicide (disilicide) 7aSi, forms crystals of a hexagonal system. It has metallic conductivity,
while silicon has no free electrons in the 7aSi; silicide. This leads to the appearance of a polarization dipole
moment. Tantalum silicide has a high melting point (2200 °C), low electrical resistance, high modulus of
elasticity. It is used in Schottky barriers, ohmic contacts of integrated circuits. The interaction of conducting
tantalum disilicide 7aSi, with semiconducting silicon Si leads to the formation of Janus-like nanoparticles
TaSiy/Si [13].

Chromium silicide (disilicide) CrSi, has a hexagonal structure with three chromium atoms in a unit cell
and 6 silicon atoms. Chromium disilicide CrSi, is an indirect-gap semiconductor with a band width of
0.35 eV at points L and M. At point L, there is a gap with a band width of 0.52 ¢V. In [14], chromium films
30 nm thick were deposited on the silicon (111) face by magnetron sputtering in a vacuum setup. The for-
mation of a CrSi, layer at a temperature of about 400 °C, which has a resistivity of about 1.2 mQ x cm and a
Schottky barrier height of about 0.6 V.

Molybdenum silicide (disilicide) MoSi, contains a tetragonal structure. Each unit cell contains 2 molyb-
denum atoms and 4 silicon atoms. Along the z axis, a change of double dense layers of silicon atoms with
layers of molybdenum atoms is observed. In other words, silicon atoms form a structure in the voids of
which molybdenum atoms are located. Molybdenum disilicide MoSi, has two polymorphic modifications —
a-MoSi2 has a tetragonal structure and -MoSi, has a hexagonal structure. The hexagonal structure is a meta-
stable phase, while the tetragonal structure, on the contrary, is a stable phase [15], as evidenced by the fact
that the bond between molybdenum and silicon atoms is much stronger than between Si - Si atoms.

Five silicides ZrSi,, HfSi,, FeSi, Co,Si, Ni,Si, which have a rhombic crystal lattice, were selected as the
third objects of study.

Zirconium silicide (disilicide) ZrSi, forms rhombic crystals. In [16], the zirconium coating on the
(100) face of silicon was investigated when the latter was irradiated with an electron beam with a density of
8-10 J/cm?. Zirconium disilicide ZrSi, with a size of 40-50 nm is formed at the interface.

Hafnium silicide (disilicide) HfSi2 is a substance of the rhombic system. It is obtained by spraying pure
hafnium with a magnetron or laser onto silicon. The quality of silicon silicide HfSi2 is investigated experi-
mentally.

Iron silicide (disilicide) FeSi, is a B-FeSi, crystal of rhombic system. The quality of semiconductor
iron disilicide depends on the material purity and the level of defects present. Electron beam evaporation of
B-FeSi, shows better results than magnetron coating. The band diagram of B-FeSi, illustrates a direct transi-
tion at 0.74 eV at the 4 point, which is in the middle between the /-Z points [17].

Dicobalt silicide Co,Si forms gray rhombic crystals. It was established in [18] that the hydrogen evolu-
tion reaction on the dicobalt Co,Si electrode proceeds according to the Langmuir type.

Dinickel silicide Ni,Si is a white rhombic crystal.

In [19], we showed that the thickness R(1)), of the surface layer of an atomically smooth crystal can be
estimated by the formula:

R(I), =0.24-107 -v(nm), (D
where the molar (atomic) volume of the crystal v = M/p, M is the molar (atomic) mass (g/mol), p is the den-

sity (g/cm’) of the crystal. These values are given in the periodic table and in many reference books.
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For example, for silicon Si, the molar mass is M = 28.086 (g/mol), the density is p = 2.33 (g/cm’), then R(D)),
= 2.9 nm. The experimental value of the silicon layer thickness measured by the method of grazing X-rays is
3.1 nm, which does not differ from our value with the experimental error. With formula (1), R(1),, of all ele-
ments of the periodic system can be calculated. It turned out that this value does not exceed 5-7 nm, that is,
all the elements of the periodic system are nanostructure. As for silicon, its crystal lattice constant is a =
0.54307 nm. This means that on the thickness of silicon R(1);, there are monolayers in the amount of n =
R(l),/a = 6. In other words, silicon is reconstructed on these 6 monolayers, which was discovered experi-
mentally.
According to the empirical model [19] for the surface energy o of the crystal face, we obtained:

o(hkl) =107 -7, -1(hk), ©)

where Tm is the melting point of the crystal, and 1 (kkl) for crystals with body-centered (bcc) and face-

centered (fcc) cubic structures is given by relations (3):

Im3m, Z=2;1,,, =a; 1, —av/2; L, —a/+3,
3)
Fd3m, Z=4;1,,,=a; 1}, —a/2; L =2a/+3.

It is necessary to write equations (1) and (2), taking into account the anisotropy of crystals, the direc-
tions of the crystal faces. Let us write them out finally:

R(D),_, =0.54-10"" -x(a)’,
R(I),_, =0.54-10"" - y(b)’, 4)
R(I),..=0.54-10""-z(c)’.

o, =10"-T_ -R, (I)/R(I)
o, =107-T, -R,(I)/R(I) (5)
o, =10"-T, R (I)/R(D).

Results and Discussion

We will consider the thickness of the surface layer and the surface energy of silicides of the cu-
bic, hexagonal, rhombic systems and compare them. Table 1 demonstrates 5 silicides having a cubic struc-
ture. The thickness of the surface layer for cubic filicides is 3-9 nm, and the number of monolayers is 7-16.
For monosilicides it is equal to 7. These FeSi, CoSi, MnSi crystals have a structure of reduced dimensionality
of the skyrmion type [8], in which the crystal lattice does not contain inversion symmetry (Fig. 1).

Table 2
Thickness of the surface layer and anisotropy of the surface energy of silicides cubic system
Compound (hkl) Syngonia T, K R(D)y, nm Ohil uJ/m2

100 76 2.003

V5Si 110 Cubic 2003 (1.6) 1.431
111 2.289

100 32 1.678

FeSi 110 Cubic 1678 (&) 1.199
111 1.918

100 33 1.600

CoSi 110 Cubic 1600 (&) 1.143
111 1.829

100 34 1.548

MnSi 110 Cubic 1548 (&) 1.106
111 1.769

100 9.5 1.358

Mg,Si 110 Cubic 1358 (1'5) 0.970
111 1.552
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Figure 1. Unit cell of manganese silicide MnSi

Studies of metal deposition (especially FeSi and CoSi) on the silicon face have shown [6-10] that the
formation of silicon silicide occurs on the (111) face with the highest surface energy (Table 1). The reaction
on the (100) face occurs only on the oxidized surface.

Table 2 represents the thickness of the surface layer and the surface energy of the silicides of
the hexagonal system.

In Table 2, the thickness R(I),, is calculated by the formula (2), and the thickness R(1), and R(I),, as well
as oa and oc are calculated by the formula (4) and (5). A noticeable anisotropy is seen both in the values of
the thickness of the surface layer and in the values of the surface energy. For example, during the formation
of chromium disilicide CrSi, on the (111) face in the ¢ direction, it was found that the sizes of the islands
become larger than on the (001) face (Fig. 2) [20].

0 0,5 10 um @ 0 05 10 um ® 0 0,5 1,0 um

Figure 2. AFM surface of CrSi, obtained on the Si (001) face by reactive epitaxy (a) and
solid-phase epitaxy (b) and on the Si (111) face obtained by reactive epitaxy (c) [20]

Table 2
Thickness of the surface layer and anisotropy of the surface
energy of silicides hexagonal system
: P, M’ R(I)My R(I)aa R(I)Ca Ga, G,
Compound Syngonia T, K g/sm’ g/mol nm nm nm J/m’ Jm’
Ti5Si; hexagonal 2407 4.32 322.6 17.9 7.3(14) | 22.2(30)] 0.982 2.985
NbSi, hexagonal 2223 5.66 149.08 6.30 59(12) | 15.4(23)] 2.082 5.434
TaSi, hexagonal 2473 9.1 237.0 6.25 59(2) | 15.2(23)] 2.335 6.014
CrSi, hexagonal 1823 5.0 108.167 5.19 4.7(11) | 14.0(22)] 1.651 4918
MoSi, hexagonal 2293 6.31 152.11 5.79 1.8 (6) | 26.3(33)] 0.714 10.416

This, as in the case of cubic crystals, means that the (111) face of silicon is more reactive than the other
faces.

In Table 3, the thickness R(I)y is calculated by the formula (2), and the thicknesses R(I),, R(I), and
R()., as well as o, 6, and o, are calculated by the formula (4) and (5).
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Table 3
Thickness of the surface layer and anisotropy of the surface energy of silicides rhombic system
o R(I)M: R(I)aﬂ R(I)b7 Gas Gp, G,
Compound | Syngonia | T, K o nm om R(I),, nm Tl e e
ZrSi, rhombic 1973 7.3 2.8(8) 153.3 (108) 2.8 (8) 0.757 | 41.433 | 0.757
HfSi, rhombic 2023 7.1 2.7(7) 166.7 (114) 2.7(7) 0.679 | 47.498 | 0.679
FeSi, rhombic 1483 5.3 52.1(53) 26.6 (34) 33.2(42) | 14.578 | 7.443 9.290
Co,Si rhombic 1868 4.8 11.8 (24) 2.8 (8) 19.3(13) | 4.492 1.090 7.511
Ni,Si rhombic 1591 4.8 19.0 (27) 6.7 (13) 2.8 (8) 6.298 2.221 0.928

Table 3 demonstrates that the ZrSi, and HfSi, crystals behave in a similar way. In the R(I), direction, a
large thickness of the surface layer is observed, leading to the formation of a dendritic structure (Fig. 3).
A large surface energy is also observed on this edge.

Figure 3. SEM images of the area of the dendritic structure (a) and eutectic (b)
on the silicon surface during the formation of ZrSi, [16]

The thickness of the surface layer of iron disilicide FeSi, is approximately the same in all directions.
This leads to spherical symmetry when grinding FeSi, in a planetary mill (Fig. 4).

Figure 4. FeSi, in a planetary mill [21]

Figure 5 indicates an image of a nickel disilicide similar to cobalt disilicide. Image (a) describes a Ni,Si
silicide domain, where faces (b) and (c) represent the silicon silicide lattice as viewed from directions (a) and
(b). It also shows the faces (101) — orange, (010) — blue, (110) — black lines. Silicon atoms Si, designated
A and B at the Ni,Si/Si interface, are shown by black spheres. Images (d) — (e) indicate layers of sili-
con atoms Si at the Ni,Si/Si interface in unstressed and deformed states. The black and white atoms represent
Si atoms in the Ni,Si plane with Si end groups, and the yellow spheres represent the atoms of the Si substrate.

Overall, based on tables 1-3 it was identified that the thickness of the surface layer and specific surface
energy for cubic, hexagonal and rhombic crystals have significant differences. First, the difference between
the atoms of chemical elements from the periodic table and their compounds depends, first of all, on their
electronic structure, which forms one or another interaction potential (such works have just begun to be stud-
ied, for example, work [22]). In this work, a pair potential was constructed, which showed that a hexagonal
structure turns out to be a more favorable structure than a face-centered cubic
one. Second difference between cubic, hexagonal and rhombic crystals is in their relationship with Poisson's
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ratio and Young's modulus, that is, on two material parameters [23-24]. Third, the thickness of the surface
layer between cubic, hexagonal, and rhombic crystals also differs only in one parameter — the atomic (mo-
lar) volume of the crystal [19]. However, the analysis of all patterns still needs to be carefully analyzed.

(a) l (d.e)
Ni,Si
(‘ 3

bending contour

(d) (e)
unstrained B A strained B A

Figure 5. Nickel disilicide Ni,Si [21]

Conclusions

In our proposed empirical model of atomically smooth metals [19] for silicon silicides of cu-
bic, hexagonal, and rhombic systems, the thickness of the surface layer and the surface energy of the crystal
faces are calculated. The average thickness of the studied crystals R(I)y; does not exceed 10 nm, that is, it is a
nanostructure. There is a large spread in the thicknesses in directions a, b, ¢ of hexagonal and rhombic sili-
cides, as well as their surface energy. This spread is associated with a change in the pair interaction poten-
tials between atoms and a change in their Young's modulus.
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B.M. KOposg, B.N. I'onuapenko, B.C. Onemko, K.M. MaxaHoB

Keii0ip meTajsgapabiH CHINIHATEPiHIH 0€TTIK JHEPTUSICHIHBIH AHU30TPONUSIChI

Makanaia KaTTel JeHE OCTiHIH SMIUPUKAIBIK MOJCTI YCHIHBUIFaH. DIEMEHTTIH aTOMIBIK KelieMi Hemece
OHBIH KOCBUIBICTapbl OCTTIK KaOaTThIH KaJbIHIBIFBI Oip IapameTp apKblibl epHekTesreH. COHbIMEH KaTap
XUMUSUIBIK JIEMEHTTIH HEMece KpUCTAJbIH OalKy TeMIepaTypachl OeTTik sHeprusaa 6ip napamerp apKbLIbl
epHeKTenl. Mozensae KpUCTAIABIH op KBIPHI YIIiH OSTTiK KaOaTTHIH KaJIbIHABIFEI MEH O€TTIK YHEprHsSHBI
ecenteyre MyMKiHAIK OepeTiH TeHaeylep YCbHbUIFaH. Mpbican peTiHAe KyOTbl, FeKCOTOHAIBAbI JKOHE
POMOTBIK CHHTOHMSUIBI KPUCTANIBIK KYpbUIbIMFA Me KeHOip MeTanmapiAblH CHIMIMATEP] YILIIH OCHI
mamanap/plH ecenteyiepi jkacangpl. KyOTeIK cumunuarepae OeTTiK KaOaTThIH KalbIHABIFBI 3—9 HM, ain
MOHOKabatTap cauHbl 7-16 kypaiinpl. Kpemuuii OGerTepiHe MeTanabl TYHIOBIPY YPIICIH 3epTTeyiep
KOpCEeTKeHeH, KpeMHUH CIIIMIUAIHIH KaJbINTacybl, OSTTIK PHEPTuscH eH >xorapbl OoxaTeiH (111) Kepma
ty3ineni. (100) KpIpbIHAa peakius TEK TOTBHIKKAH OeTiHae Kypelni. ['ekcaroHanbIpl CHIMIHUATEPAE, OCTTIK
KabaTThIH KaJbIHIBIKTAPBIHBIH I[IaMajlapblHIa [a, COHIai—aK, OCTTIK SHeprus IiaMaiapblHOa jAa eeydi
aHuzoTponus  Oaiikamanapl. Meicansl, XpoMm-gucuiuiuaid  (111)  KbIpplHZA —KaJbIITACTBIPFAHAA, C
GarpIThIHAAFB! apasaapasiy enmemaepi (001) KeipaarpiFa KaparaHaa yiaKeH 00JaaThiHbl OalikanFaH. ABTopiap
Makaiaia KyOTBIK, FeKCOTOHAJIBIBIK XKoHEe pOMOTapi3ai KpUcTaigap YIuiH OeTTiK KabaTThlH KalbIHABIFbI MCH
OeTTiK MEHIIIKTI JHEeprusHbH Oip—OipiHeH eadyip albIPMAaIIBUIBIFEI  0ap EKeHIIriH KOPCETKEH.
Aitpipmaibiiblk  Heme? BipiHImigeH, NepUOATHIK KecTeleri XHMHSUIBIK JJIEMEHTTepIiH aToMaapbIMEeH
OJIapABbIH KOCHIH/BUIAPBIHBIH apacChIHAAFbl afbIPMAIIBUIBIK, CH alIbIMEH OJapAblH 3apa OpEKeTTeCy
MOTCHLHAIIBIH KYPaHThIH JICKTPOHIBIK KYPbUIbIMBbIHA OaiiiiaHbicThl. EKiHIIIEH, KyOTBIK, TeKCOTOHABIBIK,
JKOHE POMOTOPI3/Al KpHCTaNAap apachlHIarbl aiblpMaIlbUIBIK onapiabiH ITyaccoH KoaGh(UIMEHTIMEH XKoHE
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IOHr mMonysiMeHn OailylaHBICTapblHA KATBICTBI, JAEMEK, OJap €Ki MaTepHalAbIK MapameTpjeH. Y LIiHIII/CH,
KyOTBIK, FeKCOTOHAIBABIK jKOHE POMOTapi3ai KpUCTaIAap apachlHAarbl OCTTIK KaOaTThIH KalbIHIBIFBI Ja TEK
6ip mapamMeTpMeH — KPUCTaIAbIH aTOMIBIK (MOJLIPJIBIK) KeJeMiMeH epekuieneHeni. JlereHMeH, OapJbik
3aHBUIBIKTAp bl TANAAY HOTHIXKEIIEP] 3ePTTEY KYMBICTAPhIH Al JIe MYKHUST OPBIHAAY/IBI KAXKET eTe/i.

Kinm ce3dep: Metamn cwiunuai, OCTTIK dHeprus, OCTTiK KaOaTThIH KaJBIHIBIFBI, KATTHI JICHE, XAMUSIIBIK
2JIEMEeHT, KpHcTai, OerTik Kadart, I[Tyaccon koapduuenti, FOHT Moymi.

B.M. IOpog, B.1. I'onuapenko, B.C. Onemko, K.M. MaxanoB

AHH3OTp0HI/lﬂ HOBerHOCTHOﬁ JHEPIrnu CWINIUIAOB HEKOTOPLIX ME€TAJIJI0OB

B cratbe npeanoxena sMoupuyecKas MOJENIb HOBEPXHOCTU TBEPAOTO Tena. ToMIIKHA TOBEPXHOCTHOTO CIIOS
MIOKa3aHa 4Yepe3 OJUH MapaMeTp — aTOMHBIN 00BbEeM 3JIeMEeHTa WK ero coenuHeHui. [loBepxHocTHAs 3HEp-
TSl BBIp@KEHA TAKKe Yepe3 OAMH MapaMeTp — TEeMIeparypy IUIaBICHHS XMMHUYECKOTrO 3JIeMEHTa WM KpH-
cTaymia. B Monenu mpeuioskeHbl ypaBHEHUS, KOTOPbIE MO3BOJIAIOT BBIYMCIUTH TOJIIMHY MTOBEPXHOCTHOTO
CJIOSl M TIOBEPXHOCTHYIO DHEPIHUIO IS KaXJOM IpaHH KpHcTala. B kadecTBe mpumepa CHETaHBl pacdeTsl
9THX BEJIWYUH JUIS CHIMIHMIOB HEKOTOPHIX METAJIOB, MMEIOMINX KPUCTAJUTMIECKYIO CTPYKTYPY KyOUUecKoH,
reKcaroHaJbHOH M POMOMYECKOI CHHTOHMH. Y KyOWYeCKHMX CHIIMIUIOB TOJIIMHA IIOBEPXHOCTHOTO CIIOS CO-
craBysger 3—9 HM, a yuciIo MoHOcI0eB — 7—16. MccnenoBanus HaHECEHUsT MeTalllla Ha T'paHU KPEMHUS [oKa-
3a1y, 4T0 (OPMHUPOBAHHE CHIIULKAA KpeMHHs poucxomut Ha rpanu (111), obnanaromei Hanbonpiiei no-
BEpXHOCTHOM 3Heprueil. Peakuust Ha rpanu (100) HaGmogaeTcs TONBKO Ha OKUCIEHHOM MMOBEPXHOCTH. Y TeK-
CaroHaJIbHBIX CHJIMIMIOB BUIHA 3aMETHasi aHU30TPONMSA, KaK B 3HAUCHMSAX TOJILUH IOBEPXHOCTHOTO CIOS,
TaK M B BEJMYMHAX IMOBEPXHOCTHOH »Hepruu. Hampumep, npu GpopMuUpoBaHUM TUCHIMLUAA XpPOMa Ha TPaHU
(111) B nanpaBeHny ¢ OOHAPYKEHO, YTO pa3Mephl OCTPOBKOB CTAHOBATCS Ooibiie, ueM Ha rpanu (001). As-
TOpaMH MOKa3aHO, YTO TOJIIMHA ITOBEPXHOCTHOTO CJIOSl M yHeNbHAsl TIOBEPXHOCTHASI DHEPTUs Ul KyOmde-
CKHX, TeKCarOHAJILHBIX M POMOMYECKUX KPHUCTAJUIOB CYIIECTBEHHO OT HHUX OTIMYAIOTCS. B ueM 3akimouaercs
paznmmare? Bo-nepBEIX, OTIIMYHE MEXy aTOMaMi XHMHUECKUX 3JIEMEHTOB U3 NEPHOIMIECKON TaOIHIBI M X
COCIMHEHUSIMU 3aBUCHUT, NIPEXKIE BCETO, OT MX JIEKTPOHHOTO CTPOEHHMs, (POPMHUPYIOLMIETO TOT WM HHOU IO-
TEHLIUAJ B3aUMOJIeHCTBHA. BO-BTOPBIX, pa3HULa MEXIY KyOUYECKUMH, FeKCarOHAIbHBIMA U POMOMYECKUMU
KPHCTAJUTaMH COCTOMT B MX CBsi3u ¢ Kodduuuentom Ilyaccona u moaynem KOHra, To €CTh 3aBHCHT OT ABYX
MaTepUAIBHBIX NAapaMeTPOB. B-TpeThuX, TONIIMHA MOBEPXHOCTHOTO CJIOS MEXAYy KyOWYEeCKUMH, I'eKcaro-
HAJIbHBIMU U POMOMYECKHMHU KPUCTAIIIAMU TaKKe OTJIMYAETCS TOJIBKO OJHUM MapaMeTpoM — aTOMHBIM (Mo-
JSIPHBIM) 00beMOM KpHcTauia. OJJHAKO aHAN3 BCEX 3aKOHOMEPHOCTEH HY)KHO TIIATEJILHO MEPETPOBEPUTE.

Kniouesvie croea: cumiuuy MeTauia, IOBEPXHOCTHAS SHEPIUs, TOJILUHA IOBEPXHOCTHOTO CII0s, TBEPJOE Te-
JI0, XUMHYECKHH 3JIeMEHT, KpHCTaJll, HOBEPXHOCTHEIH clIoH, koaddurment [Tyaccona, Mmoxyns FOnra.
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