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NMPOLLECCA HYKJIEALIUN
ATOMHDIX KNIACTEPOB
BOJ/Ib®PAMA

NMPU NA3EPHOM
NMOBEPXHOCTHOM
NETMPOBAHUU KEPAMUK
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JloHckoll 2ocydapcmeerHblil mexHu4eckuil
yHusepcumem, Pocmos-Ha-J[oHy

HaHOCTpyKTYpupoBaHUue NOBEPXHOCTU TBEPAbIX
Ten yAbTPakopoOTKMMM 1a3epHbLIMU UMNYJIbCAMU
pasHOM MOLWHOCTU U A/INTE@/IbHOCTU HaNpaB/eHO
Ha y/y4YlleHMe CBOMACTB MaTepuanoB. M3BecTHO,
4YTO NpU S1a3epHOM JIerMpoBaHUM Kapbuaa TuTaHa
NnoBepXHOCTHble CBONCTBA MaTepuaJsa nposBasioT
3aBUCUMOCTb He TOJIbKO OT XapakTepucTuk
la3epHOro U3Jly4eHUs, HO 1 OT CTENeHU ero
nokpbiTus Bonbppamom. B ctatbe o6cyxparoTcs
MeXaHMU3Mbl BOSHUKHOBEHUS HYKJleaunu
(3apoabilweob6pa3zoBaHUa) aTOMHbIX KJlaCcTepoB
Bo/sibppamMa nocsie 1a3epHOro BO3AENCTBUS,
KOTOpble NPUBOAAT K PEKOHCTPYKLLUM MOBEPXHOCTH,
a 3HQYUT — OHU OTBETCTBEHHbI 32 pOpMUPOBaHME
HOBbIX CBOMCTB MaTepuana. Pesynbtatbl paboThbl
6yAyT nonesHbl PN NOUCKE ONTUMAJIbHbIX
peXUMOoB N1a3epHOro JerupoBaHus.

BBEAEHUE

Kapbup tutana (TiC) 61arogapst CBOUM YHHKAJIb-
HBIM CBOMCTBaM HAaXOAHUT LIMPOKOEe IIPUMeHeHHe
B 3JIeKTPOHHBIX YCTPOHCTBAaX, SAEPHBIX peak-
TOpax M a3pOKOCMHUYECKHX MPHIOKeHHUIX (1, 2].
B mpolieccax n1a3epHOro IMOBePXHOCTHOIO JIETHPO-
BaHHUs d-MeTanJaMH HabIoAaeTcs yaydlleHHe
dU3UKO-MeXaHUYEeCKUX CBOHCTB II0BEPXHOCTHU
MaTepuana [3]. JlerupoBaHHble 30HBI IIOBEPXHO-
CTH XapaKTepHU3yITCs 60IBIION IPeChIIeHHOCTHIO
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The nanostructuring of the surface of solids by
ultrashort laser pulses of different power and
duration is aimed at improving the properties of
materials. It is known that in the case of laser
doping of titanium carbide, the surface properties
of the material show a dependence not only on
the characteristics of the laser radiation, but

also on the degree of its coating with tungsten.
The mechanisms of nucleation (incipient
crystallization) formation of tungsten atomic
clusters after laser action that lead to surface
reconstruction are discussed in the article, which
means that they are responsible for the formation
of new material properties. The results will be
useful in the search for optimal modes of laser
doping.

INTRODUCTION

Titanium carbide (TiC), due to its unique properties,
is widely used in electronic devices, nuclear reactors
and aerospace applications [1, 2]. In the processes of
laser surface doping with d-metals, the physical
and mechanical properties of the surface of the
material are improved [3]. The alloyed zones of the
surface are characterized by a large saturation of
the solid solution, which considerably exceeds the
solubility under equilibrium conditions [4]. The
latter should lead to segregation of the atoms of
the alloying element on the surface. It has been
experimentally shown [5] that metal atoms can

*  Abinitio - naTuHCKoe u3pevenue "oT Hauana". Abinitio - mozme-

JIHpOBaHHE B ¢I/I3HK9 TBEPJOT0 TeJla I[103BOJIAE€T PACCHUTLIBATD

CHCTEMBI C 6OIBIIUM YHC/IOM aTOMOB.
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*  Abinitio is the Latin saying "from the beginning". Ab initio

modeling in solid state physics makes it possible to calculate

systems with a large number of atoms.
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TBEpAOro pacTBopa, 3HAUHTeJIbHO IIPeBOCXOMS-
el paCTBOPUMOCTb B PpAaBHOBECHBIX YCJIOBHSAX [4].
IlocnenHee OONKHO HNPUBOAUTbL K Cerperaluu
AaTOMOB JIeTUPYIOIlero »3jJeMeHTa Ha II0BepX-
HOCTH. ODKCIIePHMEHTAJAbHO IIOKa3aHo [5], 4To
aTOMBl MeTaJIJIOB MOTYT 3aMellaTh I103UILIUU
TUTAaHAa B BEPXHUX CJIOSAX CBODONHBIX IIOBepX-
HocTer (100) m (111) TiC ¢ HeyHOpSOOUEHHBIMH
BaKaHCHUSIMH. DKCIIepUMeHTajbHble U TeopeTHuYe-
CKHe HCCIelOBAaHUSI aTOMHOM CTPYyKTypsl TiC(111)
[IOKa3aJiu, YTO IOJSpPHAsS II0BEPXHOCTh Orpa-
HU4YeHa aToMaMHU THTaHa [6]. PeKOHCTPyKUHUU
IIOBEPXHOCTHU B IIOBEPXHOCTHOM CJI0€ MOHOKJIMH-
Horo WO; OblIM H3y4eHBl W3 IEePBBIX IMIPHUHIIU-
noB B pabote [7]. Beinu BeimoaHeHBl DFT-pacueTsl
II0BEPXHOCTHOM 3HEPrUU U 3Hepruu GopmMupoBa-
HUS HeHTPAJbHBIX KHUCJIOPOAHBEIX OedeKTOB. DKC-
MepUMeHTa/IbHOe H3y4ueHHe cerperalikdld aTOMOB
W Ha IIOBepXHOCTH TiC(001) ¢ UcmoJab30BaAaHUEM
METO/I0B MOHHOM CIIEKTPOCKOIIMH paccesHHUs (ion
scattering spectroscopy) U o>Ke-3JeKTPOHHOM CIIeK-
Tpockonuu (Auger electron spectroscopy) IoKa-
3aso [5], 4To camBbll BepxXHMHH cJoH (topmost
layer) TiC(001) oboramen atomamu W. [locnenHue
COIYTCTBYIOT YI/IePOAHBIM BaKaHCHSM H PpacIo-
7aramTcsi B UX OKPeCTHOCTH. PacueTsl U3 Iep-
BBIX IIPUHLHKIIOB IoKa3anu, 4to TiC(100)/W(100)-
u TiC(100)/W(110)- wuHTepdeiicel obnagamoT
TepMOAMHAMHUYECKON YCTOMYHBOCTBIO. Ab initio
pacyeThl 3Hepruu apcopbuuu Fe Ha IOBepXHO-
cta (001) cuctem MX (M=Ti, V,Nb, Zr, Hf unu Ta
U X=C uau N) 6blJIM BBIIIOJIHEHBI IJI H3y4YeHUd
MHHUIHAIHW3alUK 3apoabimeobpa3oBanus Fe [8].
[IpenckasaHa cuiabHAs CBsI3b Ans Fe Ha NbC(001),
M 3TOT Kapbun 6ygeT MMeTh BBICOKUH IIOTeHIHA
3aponblnieobpa3oBaHUs HA pAHHUX CTAAUSX.

TakuM 00pa3oM MOXKHO IIPeAIONIOKHUTH, UTO
3¢ dekTH azcopbuuu BosbdpaMa Ha HeCTEXHO-
MeTPHUUYEeCKHUX IIOJJI0XKKAaX, KOHTPOIHPYIOIIHe
TepMOJHHAMHUYeCKHe W 3/1eKTPOHHBIE CBOMCTBA
CUCTeMBl THIIA W/TiXCy(lll), eme HeagOoCTATOYHO
K3ydeHBbl. [I03TOMy B MaHHOH paboTe U3 IEpBHIX
NPUHIUIIOB, C HCIIOJb30BAaHHEM TeOPHHU OQYHK-
nuoHasa miaoTHocTH (DFT), M3ydeHB amcopbims
OTAEeNbHBIX aTOMOB W U X MOHOC/IOSl Ha IO PHOM
nosepxHocTu TiC(111), comepskaliel B IIOBEPXHOCT-
HBIX CJIOSIX BaKaHCHU aToMoB Ti u C. BIIIOJIHEHBI
DFT-pacueTsl S9Hepruu aAcopbLuU, CTPYKTYPHBIX,
TepMOAMHAMHUYECKHUX M 3JeKTPOHHBIX CBOMCTB
HeCcTeXHMOMeTPHUUYeCKHX aTOMHBIX cHcTeM W/
TiXCy(lll) B IVIAHe NpeACKa3aHUs TeHIeHIIUH BO3-
MOSKHOTO 3aponblieobpasoBanus W Ha HOBEPXHO-
cru Ti, C(111).
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replace titanium positions in the upper layers of
free TiC (100) and (111) surfaces with disordered
vacancies. Experimental and theoretical studies
of the TiC (111) atomic structure have shown that
the polar surface is bounded by titanium atoms [6].
Reconstruction of the surface in the surface layer
of monoclinic WO3 was studied from the first
principles in [7]. DFT-calculations of surface energy
and energy of formation of neutral oxygen defects
have been performed. An experimental study of the
segregation of the W atoms on TiC(001) surface using
ion scattering spectroscopy and Auger electron
spectroscopy has shown [5] that the topmost layer
of TiC(001) is enriched with the W atoms. The
latter are associated with carbon vacancies and
are located in the vicinity. Calculations from the
first principles have shown that TiC(100)/W(100)
and TiC(100)/W(110) interfaces have thermodynamic
stability. Ab initio calculations of Fe adsorption
energy on the surface of MX (001) systems (M=Ti,
V, Nb, Zr, Hf or Ta and X=C or N) were performed
to study the initiation of Fe nucleation [8]. A strong
bond is predicted for Fe on NbC (001), and this
carbide will have a high nucleation potential in the
early stages.

The above indicates that the effects of
adsorption of tungsten on non-stoichiometric
substrates controlling the thermodynamic and
electronic properties of system of W/Ti,C,(111) type
have not been studied sufficiently. Therefore, in
this work, the adsorption of the individual W
atoms and their monolayer on the polar surface of
TiC(111) containing Ti and C atoms in the surface
layers of vacancies has been studied from the first
principles using density functional theory (DFT).
DFT-calculations of adsorption energy, structural,
thermodynamic and electronic properties of non-
stoichiometric atomic systems W/Ti,C,(111) in terms
of predicting the trends of possible nucleation of W
on the Ti,C, (111) surface have been performed.

MODEL AND METHOD

The theoretical model of the W/TiC(111) system
under investigation is constructed by the scheme of
a three-period plate. On the basis of a comparison
of our DFT-calculations with the experiment, a
TiC(111) unit cell with a size of (2x2) was selected. A
thin TiC(111) plate model with three double layers
(Ti, C) and a unit cell size (2x2) in the (111) plane
was used here. The vacuum gap was chosen to
be 12 A wide, which made it possible to exclude
any interaction between plate translations in
the [111] direction. Figure la shows a fragment of
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MOAEJ/Ib N METO/,

TeopeTn4ecKass Mofenb H3ydaeMoM cHCTeMbl W/
TiC(111) mocTpoeHa IO cXeme TpexIlepHoJHuye-
CKOH IIAaCTHUHBI. Ha OCHOBe COIIOCTaBIeHHS IIPoO-
BeJeHHBIX HaMH DFT-pacueToB C 3KCIePUMEHTOM
BbIOpaHa 3/1eMeHTapHas siuerKa pa3mMepoMm (2x2)
TiC(111). 3mech MCIIONBb30BaHAa MOIeab TOHKOM ILjIa-
ctuHbl TiC(111) ¢ Tpems nBowHBIMHU cnosimu (Ti, O)
[ pasMepoM 3IeMeHTAapHOH sS4YeMKH (2x2) B ILJIO-
crkoctu (111). BakyyMHas Iueap BbIOKMpasach MIMPH-
HOoHM 12 A, 4TO mO3BOAMIO HMCKIIOUUTL KaKoe-THbo
B3aUMOJENCTBUe MeXy TPAHCISLUIMU IIIaCTHHBI
B HampabiaeHuu [111]. Ha puc.la npuBeseH ¢par-
MeHT Itactunbl TiC(111), a Ha puc. 1b yka3aHH
BO3MOXKHBIe IIOJIOKeHHSI aToMa Boiabdpama. Hamm
6BIM pacCMOTpEHBI ISITh Pa3TMYHBIX KOHQHUTYypa-
LUH PacIojiokeHHsl aToMa BoAbdpaMaa Ha ILIa-
ctute TiC(111): A - aToM KHCJIOPOAA IIOMeIIaJICsS Haf,
aTOMOM THTaHa lro ciosg; B - atom W romermnauacs
Haz aToMoM TUTaHa 3-ro ciog (fcc hollow); C - atom
W moMermasncst Hafi aToMoMm yriaepoga 2-ro ciost (hep
hollow); A,,.— HaJ MOBEPXHOCTHOM BaKaHCHEH aTOMa
TUTaHa 1o cnos; C,, .~ HaJ BaKaHCHel aToMa yIJje-
poZza 2-ro cios.

B pabote [9] HaMu HpoBefeHO TeCTHPOBaHUE
GyHKIMOHAMOB A1 0O6MeHHO-KOPPesiLiMOHHON
SHepPruH, MO3TOMY 3/eCh BCe PacueThl ObIIM BBHIIIOJN-
HeHBI Ha OCHOBe TeOpHH QYHKIIMOHAJIA 31eKTPOHHON
IUIOTHOCTH C HCIIOJIb30BaHHEM
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the TiC(111) plate, and the possible positions of the
tungsten atom are shown in Fig. 1b. We considered
five different configurations of the arrangement
of the tungsten atom on the TiC(111) plate: A - the
oxygen atom was placed above the titanium atom
of the first layer; B - the W atom was placed above
the titanium atom of the third layer (fcc hollow);
C - the W atom was placed above the carbon atom
of the second layer (hcp hollow); A,,. - above the
surface vacancy of the titanium atom of the first
layer; C,,. - over the vacancy of the carbon atom of
the second layer.

In [9], we tested the functionals for the exchange-
correlation energy, so here all calculations
were performed based on the theory of electron
density functional using the pseudopotential
approximation (Quantum-Espresso code) [10]. For
exchange-correlation energy, the functionals in
the PBE form were used in the approximation (CGA).
We used a scheme for generating k points with a
planar lattice of 6x6x2. The convergence in the
total energy of the cell was achieved at least 107°
Read/cell. The energy of adsorption of the tungsten
atom in the W/TiC(111) system was determined in
the same way as in [6]: where is the total energy
of the W/TiC(111) system, is the total energy of
the relaxed surface without oxygen, and is the
energy of the isolated tungsten atom. The energy of

NpUOIMKeHUS. IICeBAONOTeHIIH-
ana (kop Quantum-Espresso) [10].
1 o6MeHHO-KOPPeIsSLIHOHHON
SHePruMu MCIIO0Nb30BATUCh QYHK-
LIMOHa/IBL B dopme PBE B paMKkax
npubnuxkenus (CGA). Bslia
HCIIONB30BaHA CXeMa TeHepaluu
k-Touek € IIJIOCKOM CETKOM pa3s-
MEePHOCTBI0O 6X6x2. JIOCTUTHYTa
CXOIMMOCTb IIO IIOJIHOM SHepruu
A4eHMKH He xyxXe 10° Pupn/qd.
DHeprus ancopbLUM aTomMa BOJIb-
dpama B cucteme W/TiC(111) ommpe-
Iensiiachk aHAJIOTUYHO pabore [6]:
E.s=Ew—E-Ew, The E, - mon-
Has 3Heprus cucremel W/TiC(111),
E ; - IONHasl 3Heprusi peakCHpo-
BaHHOM IIOBePXHOCTH 0e3 BOJIb-
dpama, u E, - 3Heprust U301upo-
BaHHOTO aToma BolbdpaMa.
SHeprus 06pa3oBaHUs TOUEYHOTO
medpekra B guerike TiC(111) 6wiia
paccumTaHa AHAJTOTUYHO
pabore [11].

ﬁ-(!i R

Puc. 1. PacvemHas modeab nogepxHocmu TiC(111) - a) 8ud eepxy, b) eud c6oky;

U ces3blearouile no3uyuLu amoma soabppama Ha nosepxHocmu TiC(111); ¢) duc-
MAHUUs mexxoy 80AbGPAMOM U AMOMHbIMU CAOSIMU 8 HanpasieHuu [T11]

Fig. 1. Computational model of the TiC (111) surface (a is the top view, b is the side
view) and the binding positions of the tungsten atom on the TiC (111) surface; (c)
the distance between tungsten and atomic layers in the [111] direction

Binding sites: Atom species:

o Tiatom

- Catom

{:;} on the top Tiatom

o fccsite
e hcp site

v-u w.

Ty

9]
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MEXAHN3Mbl HYKJIEAL A

I[Ipy BO3JEHCTBHH JIa3epPHOTO H3/Iy4eHHUS
Ha noBepxHOCTh (111) TiC MOryT OoCyLIeCTBISIThCS,
Ha HaIl B3IJISJ, TPU BO3MOXKHBIX MexaHH3IMa
PEKOHCTPYKLIMH IIOBEPXHOCTH, OTBETCTBEHHBbIE
3a dopMHUpoBaHHUEe HOBBIX CBOLCTB MaTepHala.
[lepBBHIM MexXaHH3M MOXeT 3aK/JII0YaTbCid B TOM,
YTO M3 CaAMOTO BepXHero cjaosi mmosepxHocTu (111)
MOTYT "BBIJIETAaTh' aTOMBI THTAHA, IIOJIOXKEHHUS
KOTOPBIX MOTYT YaCTHYHO 3aMeIllaThCs aTOMaMHU
BosibdpaMa. IlomobHOe HapylleHHe CHMMETPHUU
KPUCTA/UIMYECKOM pelleTKH KU IPOLecch amcopb-
UUK BoabdpaMa MPHUBOAAT K 3HAYMTe/NbHOM
PeKOHCTPYKLIMHK JIOKAJIBHOM aTOMHOH CTPYKTYPBL
[IOBePXHOCTHU. BTOpOM MeXaHH3M MOXKeT 3aKJIIo-
4aThCd B TOM, 4YTO IPH JIa3epHOM HMCIIApeHHHU
aToMa yIjepoja IoJAIoBepxHOCTHOTO cost TiC(111)
MOXKeT HabnoJaTbCsd PeKOHCTPYKLHS JTOKAIbHBIX
ATOMHBIX CTPYKTYP W/TiXCy, B KoTopon atom W
MOKeT 3aHHMMaTh II0JIOKeHHSI BaKaHCHH, HAIIpH-
Mep, B pesynbTaTe AUPOY3UM. BelMUYMHEBI 3HEP-
rui obpasoBaHus BakaHCcHK Ti u C pa3nuvaroTcs
Ha 28%, T.e. OJIs HUCIIApeHHUs yriepona Tpebyercs
bonpmas 3Heprusi. OmHaKo, HANpHMep, IpHU
HCII0Nb30BaHUU U3nydeHUs: Nd-YAG nasepa c giau-
HOM BOJIHBI 1,06 MKM U AJIUTeJbHOCTBIO HMIIyJIbCa
40 HC, IJIOTHOCTb 3HEPIUH H3JIyYeHHUS Ha IOBepX-
HOCTH Kapbuja THTaHaA IPHU 4YACTOTe reHepaluu
2000 I'y cocTaBasiya BeTUYHMHY OT 2,06 1o 6,36 JIK/
cm? [12]. TIpu OTMe4eHHOM MJIOTHOCTH H3Jy4YeHHUs
nasepa HabnwogaeMoe pacxoxkIeHHe B BeTHYHHAX
3Heprum obpasoBaHus BakaHcuM Ti u C Hecymle-
CTBEHHO. TpPeTHUH MexaHH3M MOXKeT 3aK/H04aThCs
B TOM, YTO IPH Ja3epHOM MCIIapeHHUH aTOMOB
THUTaHa U yIJlepoja ABYX BepxHux cioep TiC(111)
HX IIOJIOKeHHd MOTYT 3aMellaTbcsi aToMaMu W
unu atoM W MoOsKeT 3aHHMaTh O HO U3 CBSA3bIBAIO-
IIUX II0/I0’KeHU I Ha IoBepxHocTH (111).
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formation of a point defect in the TiC(111) cell was
calculated in a manner similar to [11].

NUCLEATION MECHANISMS

When laser radiation is applied to the TiC(111)
surface, in our opinion, three possible surface
reconstruction mechanisms that are responsible
for the formation of new material properties can
be realized. The first mechanism can be that the
titanium atoms can "fly out” from the uppermost
layer of the (111) surface and their positions can
be partially replaced by the tungsten atoms. Such
violation of the symmetry of the crystal lattice
and the processes of adsorption of tungsten
lead to a significant reconstruction of the local
atomic structure of the surface. The second
mechanism may be that laser vaporization of
the carbon atom of the TiC (111) subsurface
layer can lead to a reconstruction of the local
atomic structures W/Ti,C,, where the W atom
can occupy vacancy positions, e.g., as a result
of diffusion. The formation energies of Ti and
C vacancies differ by 28%, i.e. a large amount of
energy is required for the evaporation of carbon.
However, e.g., when the radiation of Nd-YAG
laser with wavelength of 1.06 pm and pulse
duration of 40 ns was used, the radiation energy
density on the surface of titanium carbide at a
generation frequency of 2000 Hz was 2.06 + 6.36
J/cm? [12]. At the observed laser emission density,
the observed discrepancy in the values of the
formation energies of Ti and C is insignificant.
The third mechanism may be that when the
titanium and carbon atoms of the two upper
TiC (111) layers evaporate, their positions can
be replaced by the W atoms, or the W atom can
occupy one of the binding positions on the (111)
surface.

Tabanua 1. AnuHbl cesasm Ti-W, C-W, Ti-C 414 CBA3bIBAIOLLMX NO3ULMIA aTOMa Bobdpama Ha nosepxHocTu TiC(111)

n TixCy(111) nnacTuH noc/ie penakcaumm

Table 1. Lengths of Ti-W, C-W, Ti-C bonds for the binding positions of the tungsten atom on the TiC (111) and TixCy (117)

surfaces of the plates after relaxation

[ nHa CBA3U HA MOBEPXHOCTHOM

MonoxeHune atoma Bosibdpama (MokpbiTre.OMC) Ha MOBEPXHOCTH
Position of the tungsten atom (MS coating) on the surface

cnoe, A

Length of the bond on the surface

| A B B B

EisL ©=01 ©=0,33 o=1

Ti-W - 2,17 2,52 2,53 2,87 2,53 -
Ti-C 2,05 2,09 2,08 2,18 2,12 2,07 2,05
W-C - - - - - - 2,03
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ATOMHASA CTPYKTYPA MOBEPXHOCTHU
ATOMHAasl CTPyKTypa TPeXCJIOMHOM IIJaCTHHBI
c BonbdpaMoM [IJIsl IIeCTH Pa3TUYHBIX KOHPHU-
rypauun cucrem W/TiC(111) u W/Ti,C,(111) mocie
penrakcanMu IIpencTaBjleHa Ha PHC.2. YCTaHOB-
JTeHBl paBHOBeCHBbIe IIapaMeTpPhl pPelIeTOK, aTOM-
Hble IIO3UILIUM aToMa BoAbdpaMa KM aTOMOB Bepx-
Hero cjo0s Kapbupga TuTtaHa. OmnpejeneHsl OAHHBL
CBSI3M MeXZy aTOMOM BoAbdpamMa U aToMaMH 61u-
JKAHIIero oKpy>keHHs IJIACTHHBI CTeXHOMeTpHue-
CKOTO M HeCTeXHOMeTpPHUUYecKoro Kapbuga TuTaHa,
KOTOpble IIpHUBeleHbl B Tab. 1.

AHanu3 Tabn. 1 mo3BonseT OTMETHUTb Cyle-
CTBEHHYIO IIepecTPOIMKYy JOKaJbHOM aTOMHOM
CTPYKTYPHI, 06yCIIOB/IEHHYIO CBS3bIBAIONUM II0JIO-
skeHHeM azfcopbaTta atoma W Ha IOBePXHOCTH JIBY-
MEpHBIX IIJIEHOK Kapbupga tutaHa TiC(111). Makcu-
MalabHas OedpopMallUs OIHUHEL

| m TEXHOJ/IOTMYECKOE OBOPYAOBAHUE U TEXHOJIOrMN

ATOMIC STRUCTURE OF THE SURFACE

The atomic structure of a three-layer plate with
tungsten for six different configurations of the W/
TiC (111) and W/Ti,C, (111) systems after relaxation
is shown in Fig. 2. The equilibrium parameters of
the lattices, atomic positions of the tungsten atom
and atoms of the upper layer of titanium carbide are
established. The lengths of the bond between the
tungsten atom and the nearest-neighbor atoms of
the plate of stoichiometric and non-stoichiometric
titanium carbide are given in Table. 1.

Analysis of Table 1 allows us to note the
significant rearrangement of the local atomic
structure due to the binding position of the W
atom adsorbate on the surface of two-dimensional
TiC(111) carbide titanium films. The maximum
deformation of the length of the Ti-C bond of the

Ti-C-cBSI3M  IIOBEPXHOCTHOTO
cnos HabnomaeTcs Osl CBSI3bIBaA-
IOIeN IIO3ULKU A M COCTaBsIeT
1,8% OTHOCUTEJNBHO OJHHBL
CBSI3U [IJISI YUCTON IIOBEPXHOCTH
2D TiC(111). Kpome TOTO, JIJs
IIO3ULIMK A XapaKTepHa HaU-
MeHbIIAsl [OUCTAHOHUS MeXAY
agcopbatom W M IOBEpPXHOCT-
HeiM atomoM Ti (d, =2,17 &),
KOTOpasi COM3MepHMa C KOBa-
neHTHOM Ti-C-CBs3bI0 B TOHKOM
miaeHke 2D TiC(111). B mo3unuu
A O6nMXaWOIHUH K BoJbdpamy
atom Ti cMmecTHJCcS BHH3
B HampaBieHHH [l111] oTHOCH-
TeJIbHO YCPeJHEeHHOMU II0BePXHO-
CTH BepxHero cios (cM. puc.lc).

) ‘1\""

»/\': 2 3

Hpnpo,ua OJAHHOIro CMeIoleHHs ./ .1.-‘. '

T W

MOXeT OBITh CBS3aHa C HaJIH-
YyheM IIepeHoCa 3apsaha MeXAy
aToMaMHu Ti, A%y
u C. CorimacHo [13], aToMHBIe
pazuycsl Ti u W pasusl 1,76 A
u 1,93 A cooTBeTCTBEHHO, U Cle-
oyeT OXHULATh YCTAHOBJIEHUS
IIPOYHOM CBI3U aTomMa W
c moBepxHocThi0o  TiC(111).
IOna mosuumuil B u C Habnwonma-
eTcsi ypaneHue anacopbara W
OT IOBEPXHOCTH Ha 15% OTHOCH-
Te/lbHO MMO3ULMU A (cM. pHc.Z).

d) Ti-vac, R-site
(replaced)

.!;-’

Puc. 2. Cyneposueliku adcop6uuoHHbix modeneli (a, b, c,) cucmembl W/TiC(111)

drw=2.53 A

e ‘.*‘;"'

o N

SR *r@r;r

N

e) 2 Ti-vac, R-site
(replaced)

e) Ti-vac and C-vac, R-site
(replaced)

I[Ipy yBeJlHYeHUH CTeIleHHU
IIOKPHITHUSA BOoNbdpamoM
go O©=1,0 MC B MHOO3HLIHHU
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u (d, e, f) cucmembi W /TixCy(111) nocae peaakcauuu (8udbl c60Ky U ceepxy)
Fig. 2. Supercells of the adsorption models (a, b, c,) of the W/TiC(111) system
and(d, e, f) W/TiXCV(m) system dafter relaxation (side and top views)
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B Habmromaercs yoaneHue agcopbara oT oBepXHO-
CTHU Ha 32% OTHOCHTEJbHO HO3UIIMHU A. B mocinen-
HeM cnydae gnauHa Ti-C-cBSI3W B IIOBEPXHOCTHOM
cnoe (111) BospactaeT Oonee ueM Ha 3% OTHOCH-
TeJIbHO YHCTOH moBepxHocTH 2D TiC(111). B nnaHe
HM3y4dyeHHUs 3JIeMeHTOB 3apojbllleobpa3oBaHuUs
BolbdpaMa Ha HeCTeXHMOMeTPHYECKOH I1OBEepPXHO-
CTHU TiXCy(lll) opeAcTaBisger 3HAUUTE/IbHBIN UHTE-
pec yCTaHOBJIeHHE JOKaJIbHOM aTOMHOH CTPYK-
Typel 2D cucTeM W/TiXCy(lll).

Pe3ynbTaThl pellakCallMK Pa3HBIX aACOPOILIHOH-
HBIX MOJeJiel mpuBeneHbl Ha puc.2d,e,f. AHanus
NAaHHBIX PHUCYHKOB IIOKa3blBaeT, 4YTO, IPU HaIH-
YUK BaKaHCHUU B CaMOM BepxHeM Cjoe THTaHa,
aToMbl Boabdpama CIOCOOHBI 3aMelllaTh UX IO3U-
nuu, obpasys W-C-cBasu gnuHoi dy =2,03 A (cm.
puc.2d,e). Eciu ke 0OJHOBPeMeHHO IIPUCYTCTBYIOT
BaKaHCUU TUTAHa U yIjaepopa, To aToMm W MoxkeT
3aHUMaTh MonoXkeHHe BakaHcuu Ti (cMm. puc.2f).
[Ipupona Habmogaemoil IlepeCTPOMKM ATOMHOM
CTPYKTYPBl yJABTPAaTOHKHX IIJIeHOK Kapbupa
THUTaHa, CBA3aHHAs c afcopbuuern W Ha UX OISP-
HOU noBepxHOCTH cucTeM W/TiC(111) u W/TiXCy(lll),
MOXKeT OBITh MOHSITA IPHU HEeTaJTbHOM H3y4YeHHUU
IIPOLIECCOB XeMOCOPOIIMHU U 3MeKTPOHHOM CTPYK-
TYpbl Ka>XAOM H3 PpacCMOTPEHHBIX MofeleH
azcopbuuu Bonbdpama.

SHEPIrnda AACOPbBLUA

BOJIb®PAMA

Pe3ynpraThl DFT-pacdeToB 3Heprum azncopbuuu
npuBefieHbl B Tabm.2. 3mech Ke yKa3aHBl BepTH-
Ka/JTpHBle JUCTAHLIUH MeXAY afcopbaToM M Bepx-
HUMHU CJI0SSMH aTOMOB. AHanu3 Tabn.2 mo3Bonser
OTMETHTh, UTO B mo3uluu B (fcc site) aToM BOJIb-
dpama Haubosee ycromuus, uMeeT Tpu W-Ti-
cBsi3u (pu miauHe cBs3u d, ;=2,52 A) Metannuye-
CKOTO THIA M XapaKTepu3yeTcd OJHeprueu
a,ELCOp6LH/II/I E, =-8,33 3B/aTom. OLleHKa SHepruu
agcopbuuu atoma W comocTaBMMa C 3Hepruen
agcopbumu AaTOMapHOTIO KHCIOpona
(E,4=—8,75[6]; -10,68 [14]) B mo3suuuu B Ha monsp-
Hou moBepxHocTH TiC. Benmuuna E; =-8,33 3B/
aToOM [JaeT HaM OCHOBaHMe [JIs IIPeJIlI0/IOKeHU s
o0 ToM, 4uTo mo3unug B (fcc site) MokeT OBITH LieH-
TpoM HyKJIeallMu aTomoB W B cucteme W/TiC(111)
Ha PaHHHX CTaJHU49X. MeHee yCTOMYHMBOM, Ha Hall
B3IJISIZ, SIB/ISETCS CBsI3bIBalomlasi IO3ULIUS A (top
Ti atom) c sHepruewn agcopbuuu E ;, =-7,28 3B/aTom
u ogHou W-Ti-cBsi3pl0. 9Ta BenMU4YMHa E ; , Ha Ham
B3T/ISIZl, MOKeT OKa3aThCs JIOCTATOYHOM sl 06pa-
30BaHHUsl nmpouHom W-Ti-cBsi3u, uTOo OymeT moka-
3aHO HIKe.

=

surface layer is observed for the binding position A
and is 1.8% with respect to the bond length for the
pure 2D TiC(111) surface. In addition, position A is
characterized by the smallest distance between
the W adsorbate and the surface Ti atom (= 2.17
A), which is commensurable with the covalent
Ti-C bond in a thin 2D TiC(111) film. In position
A, the Ti atom closest to the tungsten has shifted
downward in the [111] direction relative to the
averaged surface of the upper layer (see Fig. 1c).
According to [13], the atomic radii of Ti and W are
1.76 A and 1.93 A, respectively, and one should
expect the establishment of a strong bond between
the W atom and the TiC surface (111). For positions
B and C, the W adsorbate is removed from the
surface by 15% relative to position A (see Fig. 2).
With an increase in the degree of tungsten coating
to =1.0 MS in position B, removal of adsorbate from
the surface is observed to be 32% relative to position
A. In the latter case, the length of the Ti-C bond
in the surface layer (111) is increased by more than
3% relative to pure 2D TiC(111) surface. In terms of
studying the elements of tungsten nucleation on
the non-stoichiometric surface of Ti.C..(111). it is of

Tabnuua 2. BepTnkanbHas ANCTAHLUS MeXAY aAacop-
6aToM 1 nepBbIM C/10eM TUTaHa d,, 3Heprus agcop6-

LMK aToMa BoJibdppamaza Ans CBA3bIBAOLLMX MO3ULNN

Ha nosepxHocTax TiC(111) u TixC (111) n TiCy(11)

Table 2. Vertical distance between the adsorbate and the
first layer of titanium d,, the adsorption energy of the
tungsten atom for the binding positions on the surfaces of
TiC(1M) and TixC(11) and TiCy(111)

Mo3ununs Do, -
2D Phases Position A eV/atom
A 2,02 -7,28
0,11 MCW/TiC(111)
1,87 —-8,33
0,33 MCW/TiC(111) B 1,88 -8,11
1,0 MCW/TiC(111) 2,26 -10,14
W/TiC(111) C 1,87 -8,19
A —-0,08 -12,21
W/Ti,C(111) B 188 -804
A 1,79 -9,12
W/TIC,(111)
B 1,79 -8,89
0,5 MC Fe/TiC(001) 2,80 (8] 3,80(8]
0,5 MC Fe/NbC(001) 2,74 (8] -4,40 8]
0,5 MC Fe/TaC(001) 2,83[8] —4,14 (8]
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SHeprus afcopbI UK B CBSI3bIBaOLIEl ITO3ULIUU
C 3aHHMMaeT IepexoJHoe COCTosiHUe (CM. Tabi. 2).
71 nydiiero MOHHMaHMS IIPOLeCCOB XeMocopb-
LIHUH CJIefyeT U3YUUTh pacopeneneHue 3pPperTUus-
HBIX 3apsiioB Ha aToMe W M aToMax OaMskammiero
OKPY>KeHHS [JIs Pa3HBIX afCOpOIMOHHBIX MoJe-
nen. PesynpraTel DFT-pacyeToB 3QPeKTHUBHBIX
3apsazmoB Ha atomax W, Ti u C 61MsKanIIero okpy-
skeHH s (JIOKaJIBHBIX) M Ha aToMax Ti u C (cpegHUX
II0 sTYerKe) /IS paCCMOTPEHHBIX KOHQUIYpaLUI
IpuBefeHsI B Tabi.3.

Ha BTOpOoM 3TaIle M3y4eHa 3Heprus afAcopbuuu
BoJbdpaMa Ha JePeKTHOM ITIOBEPXHOCTH B CHCTeMe
W/TiXCy(lll). Kak moka3aHo Ha puc.2d,e,f atomer W
3aHMMAIOT II0JIOKeHHS BaKaHCHMM THTaHa. [JlaH-
Hble KOHQUIypaIlMM ITOBEPXHOCTH XapaKTepH3y-
IOTCSI BBICOKMMU 3HAUYeHHSIMH 3Hepruu ajncopb-
nuu (cm. Tabn.2). Haubosnbpliee 3HayeHUe
E.,=-12,21 3B/aToM COOTBeTCTBYeT CBS3bIBAIOILEH
MO3HLMHU A, B KOTOPOH ajcopbaT 3amelraeT mo3u-
LIMI0 BaKaHCHUHM THUTaHa. ClefyeT OTMeTHUTh, YTO
IIpU penakcanuu atoM W u3 mosunuu C MoxXeT cMe-
IIAThCA B IOJOKeHHe BakKaHcuu Ti (mosunusg A)
WJIKM OCTaBaThCsi B mosunuu C MpHU HAIUUYUHU
BaKaHCHUU yIlepofa. AHA/lIHU3 NAaHHBIX B Tabm.2
IIOKa3plBaeT, UTO IIOHHXXeHHe CHMMeTpHUU
pelleTKkH, CBsi3aHHOe C Ti- u C-BaKaHCUSIMH, IIpU-
BOJUT K yBelH4YeHUIO bosee ueM B 1,2 pa3a 3Hep-
TUU ALCOPOLIMU B IO3ULIUU A JJISI CUCTEM W/TiXCy.
Benuuwnna E , =- 12,21 3B/aToM [aeT HaM OCHOBa-
HUe [/ IpefIoJoXKeHHUS O TOM, UTO IO3HLIHS
A MoOxeT ObITh LIeHTPOM HYyKJIeallMM aToMoB W
B cucteme W/Ti,C(111). 3gecs atom W 3aHSIJI 103U~
IIMI0 BAaKaHCHUH atoMa Ti B caMOM BepxHeM CJIoe,
YTO MOATBEPXKZAeT BBICOKYIO BEPOSTHOCTb peau-
3allM{ IIepBOr0 MeXaHH3Ma CTPYKTYPHUPOBAHUS
IIOBePXHOCTH Ha paHHeH CTaAHU. 3HAYeHU S SHep-
ruy agcopburu W B mo3unuu A (Haj MeTalIoM)
B CTeXHOo- U HeCTeXHOMeTPHYeCKHX CHCTeMax
B COIIOCTaBJIeHUHU C AHAJIOTUYHBIMH OLleHKaMU
IIpUBeeHbI B Tab11.2.

AHanu3 pe3ynbTaToB B Tabn. 2 mokasbiBaer,
YTO 3Heprus agcopbuuu d-meTasyyoB Ha IOJSP-
HOM IIOBepXHOCTH B 1,9 pasa O6onbme, yeM
Ha mnoBepxHocTu (001) TiC. IlomobHOe COOTHO-
IIeHHe HMeeT MeCTO IJISi SHepruu aAcopbuuu
AaTOMapHOro KHCJIOpona Ha moBepxHocTsax (111)
u (001) nBymepHoro (2D) TiC. YBenunueHHe CTe-
IeHU MOKPHITHUSA BolbdpaMoM 10 © =1 MC B 11o3u-
nuu B (fcc) ma TiC(111) xoppenupyeT ¢ Bo3pacTa-
HHeM B 1,2 pa3a sHepruu agcopbuuu (cMm. Tabi. 2).
CnemyeT OTMETHTBH, YTO Ha PAaHHHUX CTaAHUIX
HyKJIeallUW BoAbdpaMa Ha MOTSIPHOM IIOBEPXHO-
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Tabnunua 3. dddexTmBHbIE 3apaabl Ha aToMmax Ti, CuW

B siuenKe (okanbHble/cpeaHmMe) ANs pasHbiX KOHPUrypa-
ummn

Table 3. Effective charges on the Ti, Cand W atoms in the
cell (local/average) for different configurations

Db PeKTUBHbLIN 3apaa, e

Phase :

(noauums Effective charge, e

atoma W) Ti ‘ c

TiC(111) 0,89 [14] -1,11[14] -
W/TiC - (A) 0,92/0,98 -1,07/-1,10 -1,38

0,11 MCW/TiC-(B) = 1,03/0,99 -1,07/-1,10 | -1,56

0,33 MCW/TiC—(B) 1,10/1,10 -1,08/-1,08 -1,19/-1,19
1,0 MCW/TiC—-(B) 1,26/1,26 = -1,09/-1,09 @ -0,57/-0,57
W/TiC-(C) 1,05/099 -1,02/-1,10 -1,55
W/TIC— (A, Ti,,) 1,22/1,22  -0,82/-0,82 | -1,34
W/TiC-(C, C50) 0,98/0,96 -1,11/-1,12 -1,68

considerable interest to establish the local atomic
structure of 2D W/TiXCy(lll) systems.

The results of relaxation of different adsorption
models are shown in Fig. 2d, e, f. Analysis of these
figures shows that, in the presence of a vacancy
in the uppermost layer of titanium, the tungsten
atoms are able to replace their positions, forming
W-C bonds of length = 2.03 A (see Fig. 2d,e). If
titanium and carbon are simultaneously present,
then the W atom can occupy the position of the
vacancy Ti (see Fig. 2f). The nature of the observed
rearrangement of the atomic structure of ultrathin
titanium carbide films, associated with the W
adsorption on their polar surface of the W/TiC(111)
and W/TiXCy(lll) systems, can be understood by
a detailed study of chemisorption processes and
electronic structure of each considered tungsten
adsorption models.

TUNGSTEN ADSORPTION ENERGY

The results of the DFT-calculations of the
adsorption energy are given in Table 2. This table
also demonstrates the vertical distances between
the adsorbate and the upper layers of the atoms.
Analysis of Table 2 allows us to note that in position
B (fcc site), the tungsten atom is the most stable,
having three W-Ti bonds (at a bond length =2.52 A) of
metallic type and is characterized by an adsorption
energy of = -8.33 eV/atom. The estimation of the
adsorption energy of the W atom is comparable
with the energy of adsorption of atomic oxygen
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ctu cuctem TiC(111), Ti,C (111) u TiCy(lll) MOTYT
peanu3oBaThCsl IpefoKeHHBble BbIIIe TPU BO3-
MOKHBIX MeXaHH3Ma PeKOHCTPYKIUHU IIOBEPXHO-
CTH, OTBETCTBEHHBIX 3a QOPMUPOBAHHE HOBBHIX
CBOMCTB MaTepuaa.

B paccmorpenHbx cucremax W/Ti,C (111)
u W/TiC(111) 3/1eKTPOHHBIN CIIeKTP aTOMOB yIJle-
pozna, TUTaHa U BoabdpaMa 3aBUCUT OT UHTEHCHUB-
HOCTH IIpPOLeCcOB IlepeHoca 3apsiga (cm. Tabi.3)
Mexay atomoM W M aToMaMu 6IMsKaNIIero okpy-
>KeHHSI. PacCUMTAaHHBIM HaMHU IIOCTOMHBIN 3JIEeK-
TPOHHBIN JHepPreTHU4YeCKHUI CIEeKTpP II03BOJISIET
YyTBepPKAATh, YTO ATOMBI TUTaHA CAMOI0O BEPXHEr0
C/10Sl HAaXOASITCS B COCTOSIHUM XHUMHYeCKOH CBSI3U
c BonbdpamoM. Hanuuue cABUra Ha 2 3B 1o mKane
3HePrUH II0JIOCH 2p-COCTOSIHHI yIjepojia Bepx-
Hero 6ucnos (Ti, C) mo3BoasieT TOBOPUTH O Cylle-
ctBoBaHuU C2p-W5d-B3aMMOmENCTBUS, KOTOpoOe
ocnabeBaeT B HUXKe/leXallHMX CJ0SX YIepoja.
Haubonee ynmaneHHble oT BoibdpaMa aToMbl Ti
1 C GOpMUPYIOT NJIOTHOCTb COCTOSIHHUI Ha YPOBHe
®epmu, 06pa3oBaHHBIX B ocHOBHOM Ti3d- u C2p-
COCTOSIHUSIMU. HeHachllleHHBle COCTOSIHUS
B61m3K ypoBHS PepMHU BO3HHUKAIOT B pe3ysbTaTe
[epeKpbITHS U IHOPUAM3ALUU IIOBEPXHOCTHBIX
cocTogsHUM atomoB W, Tiu C.

i g

(= -8.75 [6],-10.68 [14]) in position B on the TiC polar
surface. The value = -8.33 eV/atom gives us the basis
for the assumption that position B (fcc site) can be
the nucleation center of the W atoms in the W/TiC
(111) system in the early stages. The less stable, in
our opinion, is the binding position A (top Ti atom)
with the adsorption energy = -7.28 eV/atom and
one W-Ti bond. This value, in our opinion, may be
sufficient to form a strong W-Ti bond, which will
be shown below.

The adsorption energy in the bonding position C
occupies a transition state (see Table 2). For a better
understanding of the chemisorption processes, it
is necessary to study the distribution of effective
charges on the W atom and atoms of the nearest
environment for different adsorption models. The
results of DFT-calculations of effective charges on
W, Ti, and C atoms of the nearest environment
(local) and on Ti and C atoms (cell averages) for the
configurations considered are given in Table 3.

In the second stage, the adsorption energy of
tungsten on a defect surface in the W/Ti,C, (111)
system was studied. As shown in Fig. 2d, e, {, the
W atoms occupy the positions of titanium vacancies.
Surface configuration data are characterized by
high values of adsorption energy (see Table 2). The
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BriepBble yCTaHOBJIEHO, YTO aJcOopbLUsl BOJb-
dpama Ha ManosedeKTHBEIX IIOBEpPXHOCTIX
TiXCy(lll) B Pa3HBIX CBS3BIBAIOMINX IIO3UIHUIX IIPH-
BOAUT K CyIIeCTBEHHOH IIepecTpOHKe JIOKAJIbHOU
ATOMHOM CTPYKTYPHl M 30HHOI'O 3HePreTH4ecKoro
crekTpa. [lokasaHo, 4TO IPU HAJIHWYHH BaKAHCUU
B CAMOM BepxHeM CJioe TUTAaHa aTOMBI Bolbdpama
criocobHBl 3aMemaTh MX MO3UIMH, obpa3ys W-C-
CBSI3U [OJUHOHU dw_c=2,03 A; ecnu xe O HOBpe-
MEeHHO INPHUCYTCTBYIOT BaKaHCHHU THUTAaHA U yIJle-
poma, To atoM W MOXeT 3aHHMAaTh IIOJIOXKEHHe
BakaHcuu Ti. B pe3ynbpTaTe U3y4eHHUs BBICKA3aHO
NpeAIIOoJOKeHHe O TOM, YTO Ha PAHHUX CTaJHAX
HYKJeallUd BoibdpaMa Ha IOJSPHOH IOBEPXHO-
ctu cucreMm TiyCy(111) MOIyT peasn30BaTbCs TPU
IpenioKeHHbIX MeXaHH3Ma PeKOHCTPYKLHU
IIOBEPXHOCTHU, OTBETCTBEHHBIE 332 GOPMHPOBAHUE
HOBBIX CBOMCTB MaTepuaa.

OnpepeneHbl 3¢pdeKTUBHEIE 3apSAbl Ha aTOMaXx
THTAaHAa W YIJIepOAad, OKPYKAWOIIUX aJaTOM BOJIb-
dpaMa B pa3sHBIX PeKOHCTPYKLHAX. Ha ocHoBe
DFT-pacyeToB YyCTaHOBJIeH IIepeHOC 3apsjia
OT aToMa THTaHa K aToMaM BoabdpaMa H yrie-
pozna. ITomobHBIM ITepeHoC 3apsiia, Ha HaIl B3I/,
00yciioBlIeH PEeKOHCTPYKILIMEH JIOKAJIbHOM aTOM-
HOM U 3JIeKTPOHHOM CTPYKTYP. IIOHMKeHHe CUM-
MeTpHHU pelleTkH, CBSI3aHHOe C Ti-
u C-BaKaHCHSMH, IIPUBOJUT K yBeJIMUeHHIO boee
yeM B 1,2 pa3a 3Hepruu ancopbLUU B MO3UIUU
A pns cuctem W/Ti,C,. BelMYKHA S3HEPIUH afACOP6-
uuu E ; =-12,21 3B/aTOM JaeT HaM OCHOBaHHE [
IIpeAIIOJIOKeHUSI O TOM, 4YTO IO3ULHUSL A MOXKeT
OBITH LIEHTPOM HYK/Iealluu aToMoB W B CHCTeMe
W/Ti, C(111).
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highest value is = -12.21 eV/atom corresponding
to the binding position A, where the adsorbate
replaces the titanium vacancy position. It should
be noted that during relaxation, the atom W from
the position C can be displaced to the position of
the vacancy Ti (position A) or remain in position C
in the presence of a carbon vacancy. Analysis of the
data in Table 2 shows that a decrease in the lattice
symmetry associated with the Ti- and C-vacancies
leads to an increase in the adsorption energy in
the A position for W/Ti,C, systems by more than
1.2 times. The value = -12.21 eV/atom gives us the
basis for the assumption that position A can be the
nucleation center of W atoms in the W/Ti,C (111)
system. Here, the atom W has occupied the vacancy
position of the Ti atom in the uppermost layer,
which confirms the high probability of realizing
the first mechanism for structuring the surface at
an early stage. Values of adsorption energy W in
position A (on metal) in stoichiometric and non-
stoichiometric systems in comparison with similar
estimates are given in Table. 2.

Analysis of the results in Table 2 shows that the
adsorption energy of d-metals on the polar surface
is 1.9 times larger than on the (001) TiC surface. A
similar relation holds for the adsorption energy of
atomic oxygen on surfaces (111) and (001) of 2D (Ti)
Ti. The increase in the degree of tungsten coating
to = 1 MS in position B (fcc) on TiC (111) correlates
with an increase in the adsorption energy by 1.2
times (see Table 2). It should be noted that in
the early stages of tungsten nucleation on the
polar surface of TiC (111), Ti,C (111) and TiC, (111)
systems, the three possible surface reconstruction
mechanisms responsible for the formation of new
material properties can be realized.

In the W/TiXCy(lll) and W/TiC(111) systems
considered above, the electron spectrum of carbon,
titanium and tungsten atoms depends on the
intensity of the charge transfer processes (see Table
3) between the W atom and the nearest-neighbor
atoms. The layered electron energy spectrum
calculated by us allows us to state that the titanium
atoms of the uppermost layer are in a chemical
bond with tungsten. The presence of a 2 eV shift
in the energy band of the 2p-states band of the
upper bilayer (Ti, C) carbon allows us to speak about
the existence of the C2p-W5d interaction, which
weakens in the underlying layers of carbon. The Ti
and C atoms most distant from tungsten form the
density of states at the Fermi level, formed mainly
by the Ti3d- and C2p-states. Unsaturated states
near the Fermi level arise as a result of overlapping
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and hybridization of the surface states of the W, Ti,
and C atoms.

It was established for the first time that
adsorption of tungsten on low-imperfect surfaces
of TixCy(111) in different binding positions leads
to a significant rearrangement of the local atomic
structure and the band energy spectrum. It is
shown that, in the presence of a vacancy in the
uppermost layer of titanium, tungsten atoms
are able to replace their positions, forming W-C
bonds of length = 2.03 A; if titanium and carbon
are simultaneously present, then the atom W can
occupy the position of the vacancy Ti. As a result
of the study, it was suggested that in the early
stages of tungsten nucleation on the polar surface
of the Ti,C, (111) systems, three proposed surface
reconstruction mechanisms that are responsible
for the formation of new material properties can be
realized.

The effective charges on the titanium and
carbon atoms surrounding the tungsten adsorbed
atom in different reconstructions are determined.
Based on the DFT calculations, charge transfer
from the titanium atom to tungsten and carbon
atoms is established. Such a transfer of charge, in
our opinion, is due to the reconstruction of local
atomic and electronic structures. The decrease in
the lattice symmetry associated with the Ti- and
C-vacancies leads to an increase in the adsorption
energy in the A position for W/Ti,C, systems by
more than 1.2 times. The value of the adsorption
energy = -12.21 eV/atom gives us the basis for the
assumption that position A can be the center of
nucleation of W atoms in the W/Ti,C (111) system.

INNEPUOAHUYECKHU I10J/ISPU30BAHHBIE KPHUCTAJ/IJIBI PPXX MJI5I 9®PEKTHUBHOI'O
INIPEOBPA3OBAHHA OJ/IMHBI BOJ/IHBI JIASEPHOT O U3J/IVUEHH S

Mepuoauyeckne  KpUCTANINYECKMe  CTPYKTYPbI
Ha OCHOBe HUobata wnu TaHTanara autus (PPXX)
n03BoNsoT IPMEKTUBHO reHepupoBaTh W Npeod-
Pa30BbIBATb AMHLI BOMH 1A3EPHOTO U3NY4EHMS.
Takue CTPYKTYpbl XapaKTepusyloTcs nepu-
OAMYECKOW  MOAYASLMEN  HENMHENHOW  BOC-
npuumumsocTn Y@ ¢ MPOCTPAHCTBEHHbIM
nepuogom nopsgka MA/4. bnarogaps 3Tomy
BO3HMKAET KBa3u-ha3oBblii CMHXPOHM3M (quasi-
phase-matching) Mexay OCHOBHOM M BTOPOIA
rapMOHMKaMK, PaCcnpoCTPAHAIOWNMUCS B NPO-
TUBOMONOXHLIX HanpasneHusx. Keasu-(a3osbiil
CMHXPOHM3M MO3BOAISIET KOMMEHCMPOBATL pac-
COrNacoBAHHOCTb  HA30BOM  CKOPOCTM  MeXAy

46 ®OTOHMKA N23/63/2017

B3aMMOJENCTBYIOWUMY BONHAMM, @ TaKKe WU3ba-
BUTCS OT HEYCTOWYMBOCTYW, BO3HMKAIOLWEA Npu
pacnpocTpaHeHU TapMOHUK HABCTpedy fApyr
Apyry. PPXX no3BonsioT peanu3oBbiBaThb Cre-
LyloWmMe NpOLecchbl: reHepawuus BTOPOW rapmo-
HUKW, CYMMapHOi 4aCcTOTbI, Pa3HOCTHOM YaCTOTbI,

onTMYyeckas  napameTpuyeckas  resepauus
W oCLMANALMS.
Mcnonb3oBaHue  PPXX-CTpykTyp  nmo3sonser

reHepupoBaTh u3nyyeHue cpeaHero NK-guanasoxa
(2-5 mkm). Mo CpaBHEHMIO C ApYrMM METOAAMM
reHepaLuu, MeTof ucnonb3oBaHus PPXX no3so-
nset 3ddeKTBHee nepecTpanBatb ANMHY BOMHLI
W3Ny4eHns.

—
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OcHoBHble npuMeHeHust PPXX: BbICOKOCKOPOCT-
Has onTWyeckast 0bpaboTka CUrHANOB, NasepHble
RGB-gucnnen, 6uoMeaNUMHA, AeTeKTUpOBaHMe
ra3oB W MHOTWE Apyrue MHHOBALMOHHbIE MpuUAo-
XeHMS GOTOHMKY.
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