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With the intention to reveal the effect of the substitution, Ti-doped InSb alloy, we accomplished a first-principles
prediction within the FPLAPW+lo method. We used GGA-PBEsol scheme attached with the improved TB-mBJ
approach to predict structural, electronic, and magnetic properties of Inj_, Ti,Sb with concentration x = 0,
0.125, 0.25, 0.50, 0.75, 0.875, and 1. Our lattice parameters are found in favorable agreement with the avail-
able theoretical and experimental data. The calculation shows that all structures are energetically stable. The
substitutional doping transforms the ionic character of the InSb compound in half-metallic ferromagnetic com-
portment for concentration x = 0, 0.125, 0.25, and 0.50, with a spin polarization of 100% at the Fermi level,
and metallic nature for Ing »5Tig 75Sb and Ing 125Tip.g75Sb. The total magnetic moments are also estimated at
about 1 ug. Ing_g75Tig.1255b, Ing 75 Tig.25Sb, and Ing 50 Tip.50Sb have half-metallic ferromagnets comportment
and they can be upcoming applicants for spintronics applications.

Key words: DFT, TB-mBj, electronic structures, half-metallic, ferromagnetic, spintronic, FPLAW

1. Introduction

The possibility to dope the semiconductors with magnetic elements has created a new category of
materials called diluted magnetic semiconductors (DMS). One of the peculiarities of DMS is the appear-
ance of localized magnetic moments generated by electron-hole coupling [[L]. This leads to interesting
properties, for example, increasing the g factor of the charge carriers or new excitements, such as magnetic
polarons [2]]. However, ferromagnetism is rarely observed in semiconductors due to the low density of
carriers and because of the predominance of superexchange between local magnetic moments. In most
cases, magnetic semiconductors have low Curie temperatures. Interest in DMSs was recently aroused by
theoretical and experimental work on semiconductors [3-19]]. DMS based on the transition element doped
and on semiconductors has two important characteristics. The first one, the transition concentration of
the elements can be up to ten percent (using molecular beam epitaxy techniques, MBE) [20]]. The second
one, the concentration of carriers can be controlled in a wide range and permits to choose between n-type
and p-type doping. These two aspects offer the possibility of varying the magnetic behavior by changing
the concentration of the carriers. Indium Antimonide is one of the best frequently exploited semicon-
ductors, which is used in Hall effect sensors, thermoelectric generators, infrared detectors, high-speed
photodetectors, and transistors [21H31]]. This extensive utilization follows from its distinct properties,
such as a narrow band gap, small effective electron mass, and high electron mobility. Doping differ-
ent materials into the InSb structure fascinates several scientists. Consequently, the category of dopant
strongly influences InSb characteristics and should be precisely chosen according to suitable properties
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and future applications. The optimization of pulse electrodeposition method for the synthesis of Te-doped
InSb films was performed by Rajska et al. [32]]. They show that the bandgap values affirm an impact of a
dopant content on the optical properties of thin Te-doped InSb films. The maximum figure of merit (ZT)
was found to be about 0.6 and 673 K for Te-doped InSb [33]. They conclude that this material is a very
promising candidate for thermoelectric devices. The transport properties of Sn-doped InSb, were exper-
imentally studied by Okamoto and Shibasaki and confirm its use in Hall sensors applications. InSb
doped with magnetic elements for spintronics applications has been the patience of several researchers.
Theoretical and experimental studies have been carried out to describe the magnetic phenomenon and the
half-metallicity comportment. Mn-doped InSb was studied by Novotortsev et al. [33], (Fe, Mn, and Cr)
doped InSb [36-43]. The aim of our study is to predict structural, electronic, and magnetic properties of
Ti-doped InSb.

Figure 1. (Colour online) Crystal supercell structure of InSb.

2. Computational method

With the intention of calculating appropriate properties of Ti-doped InSb, we performed calculations
within the full-potential linearized augmented plane wave (FP-LAPW) method [44-47] based on the den-
sity functional theory (DFT) [47, 48] implemented in WIEN2k code [48]]. We employed Perdew—Burke—
Ernzerhof GGA-PBEsol approximation [49]], combined with Tran—-Blaha modified Becke—Johnson TB-
mBJ approximation [50H52]].In our calculation, we used the following parameters:

* Kimesn 200 k-points in Brillion zone (BZ).
¢ The muffin-tin radii for Ti, In, and Sb are chosen as 1.65, 1.85, and 1.96 a.u., respectively.

* RMT - Knax =7, where RMT is the smallest value of muffin-tin sphere radius, and Ky, indicates
the largest vector in-plane wave expansion.

* Imax = 6, where [y, is the wave function inside the muffin-tin spheres.

* Gmax = 14, where G« is the magnitude largest vector in the charge density Fourier expansion.
* The cut-off energy selected as —6 Ry (the separation of valence and core states ).

* The self-consistent calculations are converged when the condition is set to 0.0001 Ry.

* Employing configuration 2 X 2 X 2, a supercell of IngSbg with (Zincblende, F4 3m, space group
N:216) was constructed, which, consists of 16 atoms in which 8 atoms belong to Indium and
8 atoms belong to Antimonide. The doping of Titanium cation was done on an In;_, Ti, Sb structure.
In0,375Tio.1255b, In0_75Ti0,255b, In().SOTi()_S()Sb, In0.25Ti0_755b, and In0,125Ti0.g75Sb structures were
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created by Ti atom on substitution sites with Indium. The relaxation maintained the F4 3m symmetry
for the structure investigated.

Table 1. Calculated lattice constant (@), bulk modulus (B), and its pressure derivative (B’) for for
In;_, Ti,Sb at concentrations x = 0, 0.125, 0.25, 0.50, 0.75, 0.875 and 1.

Compound a(A) B (GPa) B’ Erorm | Econ Method
This Work GGA-WC
InSb 6.5554 42.4612 4.0525
Ing.g75Tig.125Sb 6.4876, 6.5069 [53]] 39.7953 5.0000 -0.341 | 0.941
Ing 75Tig »5Sb 6.4455, 6.4585 [53] 54.2042 5.0000 —0.522 | 0.852
Ing_50Tig_50Sb 6.3878, 6.3616 [53]] 52.0305 6.7370 -0.435 | 0.902
Ing »5Tig 75Sb 6.3087, 6.2648 [53]] 53.8414 29134 —-0.476 | 0.871
Ing.125Tig.g75Sb 6.2315, 6.2164 [53]] 62.1805 4.7886 -0.393 | 0.932
TiSb 6.1697 58.0755 4.3008
Other calculations
InSb 6.464, 6.36 [28]]
6.479 [29]]
6.643 [30]]
6.629 [31]] 37.368 [31] | 4.452 [31]] GGA-PBE
6.47937 [32], 6.4791 [54] Experimental
6.49 [34], 6.47937 [155] Experimental
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Figure 2. (Colour online) Energy unit cell versus volume with FM and NFM phase of (a) InSb,
(b) Ing_.g75Tip.125Sb, (¢) Ing 75Tig.25Sb, (d) Ing 50Tig.50Sb, (€) Ing.25Tip.755b, (f) Ing. 125Tig.875Sb,

and (g) TiSb.
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3. Results and discussion

3.1. Structural properties

Indium Antimonide (InSb) crystallizes in the zincblende structure (No. 216). Figure [1| exhibits the
crystal supercell structure of InSb. Its conventional structure has two types of atoms, In and Sb, located
at (0, 0, 0) and (0.25, 0.25, 0.25) positions, respectively [56l I57]]. The Ing g75Tig.125Sb, Ing.75Tig.25Sb,
Ing.s0Tig.50Sb, Ing.25Tig.75Sb, and Ing 125Tig g75Sb compounds are constructed by substitutional doping
of one (1/8 = 0.125), two (2/8 = 0.25), four (4/8 = 0.50), six (6/8 = 0.75) and seven (7/8 = 0.875)
atoms of Titanium (Ti) at Indium (In) sites, respectively. The structures of In;_, Ti, Sb with concentration
x = 0 (InSb), 0.125, 0.25, 0.50, 0.75, 0.875, and 1 (TiSb) are completely optimized and relaxed. For
both ferromagnetic (FM) and non-ferromagnetic (NFM) phases, the energy curves as a function of the
volume of each structure (see figure[2)) are calculated and fitted by the suitableness of Birch-Murnaghan’s
equation of state (EOS) [58]. According to figure [2] all the structures are stable in the FM phase except
the binary InSb. In this respect, we estimated the structural properties including the equilibrium lattice
constant “a”, bulk modulus “By”, and its derivative B’. The results are collected in table|I|accompanied
by the available theoretical and experimental data. The thermodynamic stability and the probability of
synthesizing these alloys [59,160]] are determined by the formation and cohesive energies. To confirm the
phase stability of the Ing.g75Tig.125Sb, Ing.75Tig.25Sb, Ing 50 Tio.50Sb, Ing.25Tip.75Sb, and Ing_125Tip.875Sb
structures, we calculated the formation and cohesive energies using the following expressions [43}144]):

In,,Ti,Sb

Quadratic fitting

Calculated

/

7 Vegard's law

Lattice parameter (A)

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Composition (x)

Figure 3. (Colour online) The calculated lattice constant a of In; _, Ti Sb as a function of concentration (x).

Inj_«TixSb _ z-Inj_TixSb _ _ In Ti Sb
Eform - Etotal [(1 x)Esolid + XEsolid + 8Esolid ’ G.D
Inj_xTixSb _ In Ti Sb Inj_xTixSb
E = [(1 = ) Ejfom + XEqom + 8Eqom| — Eoirt 0. (3.2)
Inj_xTixSb . In Ti Sb
Here E, is the total energy per atom of In;_,Ti,Sb and 'ESOli & Eigr @and E_, are the total
energies per atom of In, Ti, and Sb solids, respectively. EIL ETU “and ES° are the isolated atomic

energies of the pure constituents of In, Ti, and Sb, respectively. Our computed values of formation and
cohesive energies for Ing g75Tio.125Sb, Ing.75Tip.25Sb, Ing.50Tig.50Sb, Ing.25Tig.75Sb, and Ing_125Tig.875Sb
compounds are collected in table[I] Therefore, the negative values of the formation energy and the positive
values of cohesive energy, imply that the ternary alloys In;_,Ti,Sb with concentration x = 0 (InSb),
0.125, 0.25, 0.50, 0.75, 0.875, and 1 (TiSb) are energetically and thermodynamically stable and can
be synthesized under normal conditions. The deviation of a lattice constant a as a function of the
composition (x) for In;_, Ti,Sb is shown in ﬁgure The linear relationship between the lattice constant
and the dopant concentration x [53] is predicted by Vegard’s law as follows:

a(x) = 6.5554 — 0.3875x. (3.3)

43704-4



DFT based investigation of solid-state Inj_, Tix Sb solutions

However, the quadratic relationship is widely used for both experimental and theoretical purposes.
We obtained the fitting equation for In;_, Ti, Sb:

Energy (eV)

a(x) = 6.53614 — 0.26049x — 0.09602x2.

(3.4)

Energy (eV)

InSb Spin-dn|
N

Figure 4. (Colour online) Spin-polarized band structure obtained with TB-mBJ for InSb: (a) majority
spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red line).
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Energy (eV)
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Figure 5. (Colour online) Spin-polarized band structure obtained with TB-mBJ for Ing g75Tig 125Sb:
(a) majority spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red

line).

Energy (eV)

Energy (eV)

Figure 6. (Colour online) Spin-polarized band structure obtained with TB-mBJ for Ing 75Ti( »5Sb: (a) ma-
jority spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red line).

3.2. Electronic properties

In this section, we calculated the electronic properties result in the band structure, total and partial
densities of state schemes. The calculations were performed for In;_, Ti, Sb with different composition
x (x =0, 0.125, 0.25, 0.50, 0.75, 0.875 and 1), employing GGA-PBEsol associated with TB-mBJ of
Tran-Blaha modified Becke-Johnson approximation [50H52} 61]]. Figure [ (a) and figure [] (b) exhibit
the spin-polarized band structure of the binary InSb (x = 0), and display that the two spin channels of
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Figure 7. (Colour online) Spin-polarized band structure obtained with TB-mBJ for Ing 59 Tig 50Sb: (a) ma-
jority spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red line).
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Figure 8. (Colour online) Spin-polarized band structure obtained with TB-mBJ for Ing_»5Tig 75Sb: (a) ma-
jority spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red line).

InSb have identical semiconducting band structures with a direct bandgap located between and high-
symmetry points. The band structures of Ing_g75Tig.125Sb, Ing 75Tig.25Sb, and Ing 50 Tig 50Sb are presented
in figures 5] [6] and[7} We notice that the majority-spin bands are metallic with respect to the gap located
at the Fermi level for the minority-spin channel.

=1, 12sTioareSP SpIN- up 10, 124Tiy 47 Sh Spin- dn

=

Energy (eV)

Figure 9. (Colour online) Spin-polarized band structure obtained with TB-mBJ for Ing j55Tig g75Sb:
(a) majority spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red
line).

Concerning the minority spin, we notice two gaps. The half-metallic ferromagnetic gap Gumr and the
half-metallic gap (i.e., spin-flip excitation) Gym. Guwmr is the energy difference between the valence-band
maximum (VBM) and conduction-band minimum (CBM) while Gy is the smaller energy between the
minimum of the conduction band energy compared to the Fermi level and the maximum value of the
valence band energy [61]]. Figures (8] [0 and[I0]shows the spin-polarized band structure of Ing »5Tio.75Sb,
Ing.125Tig.g75Sb, and TiSb, respectively. It is clear that the structures In;_,Ti,Sb for x = 0.75, 0.875,
and 1 (TiSb) have a metallic behavior for the two channels (spin up and spin down). The calculated
TB-mBJ values of Eg, HMF Gymr, and HM Gy gaps of In;_, Ti,Sb for different concentrations are
exposed in table 2] along with other experimental and theoretical data. In order to know the comportment
of these alloys around the Fermi level (Fermi energy) Er, we have investigated the total density of states
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Figure 10. (Colour online) Spin-polarized band structure obtained with TB-mBJ for TiSb: (a) majority
spin (up) and (b) minority spin (dn). The Fermi level is set to zero (horizontal dotted red line).
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Figure 11. (Colour online) Spin-polarized total densities of states of InSb. The Fermi level is set to zero
(vertical dotted red line).

(TDOS) and partial densities of states (PDOS) of the In;_, Ti,Sb material. Such results are illustrated in
figures [TTHI7} From these figures, it is found that binary InSb displays a semiconductor alloy, and for
Ing_g75Tig.125Sb, Ing 75 Tip.25Sb, and Ing 59 Tig 50Sb systems exhibit a half-metallic ferromagnetic character
with spin polarization of 100% by using the following formula given by [62]:

_ NT(Erp) =N (Ep)
N1 (Ep)+N | (Ep)

Here P is the spin polarization, N T (Ep) and N | (Eg) are the densities of states of the majority spin and
minority spin around the Fermi level, respectively. In accordance with the calculated P and the total DOS
plot and owing to the performance that Ing g75Tig.125Sb, Ing 75Tip.25Sb, and Ing 59Tig.50Sb structures are
equal to zero, the spin polarization is 100%, while Ing »5Tig.75Sb, Ing, 125 Tig.g75Sb, and TiSb demonstrates
metallic comportment. It evidently appears that the titanium bands are situated at the Fermi level (plot in

green). Figures [T1] (b), 12 (b), [13] (b), [T4] (b), [15] (b), [T€] (b), and [T7 (b), depict the spin-polarized partial

P (3.5)

INg.575 Vg 1255b) i
10 shinup (a) .75 Toazs +] spin-up h) {11575 Tl 1255
Total In:p
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' —— Tixd-t2g

e

Spin-dn

DOS (States/eV)
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DOS (States/eV)
°
§

A0 1) ° 5 10 5 4 3 2 4 0 1 2 3 4 5
Energy (eV) Energy (eV)

Figure 12. (Colour online) Spin-polarized (a) total and (b) partial densities of states of Ing g75Tig 125Sb.
The Fermi level is set to zero (vertical dotted red line).
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Figure 13. (Colour online) Spin-polarized (a) total and (b) partial densities of states of Ing 75Tig.o5Sb.
The Fermi level is set to zero (vertical dotted red line).

Table 2. The calculated indirect bandgap for InSb, half-metallic ferromagnetic gap Gygmp and half-
metallic gap Gy of minority-spin bands for Inj_,Ti,Sb at concentrations x = 0, 0.125, 0.25, 0.50,
0.75,0.875 and 1.

Compound Guwmr (€V) | Ggm (V) ET-T(ev) Method Behavior
This work GGA-WC
InSb 0.3216
In07875Ti07125 Sb 0.8423 0.3989 HMF
Ing 75Tig.25Sb 1.3635 0.5182 HMFE
In0.50Ti()'5()Sb 1.3194 0.3072 HMF
Metallic

Ing o5 Tip.75Sb - -

Ing.125Tig.8755b - - Metallic
TiSb - - Metallic

Other calculations
InSb 0.24 [29] GGA-WC

0.23,0.2169, 0.1947, 0.17 [40] | Experimental

electronic density of states for titanium atoms in In;_, Ti,Sb structures. We can observe that the high
section of valence bands is formed by the 3d (Ti) partially occupied states, and the lowest part of the
conduction bands is dominated by the 3d (Ti) unoccupied states higher than Fermi level Ep.
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°
7

Spin-dn

T
-0 -5

Energy (eV) Energy (eV)

Figure 14. (Colour online) Spin-polarized (a) total and (b) partial densities of states of Ing 50Tig.50Sb.
The Fermi level is set to zero (vertical dotted red line).
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Figure 15. (Colour online) Spin-polarized (a) total and (b) partial densities of states of Ing »5Tig 75Sb.
The Fermi level is set to zero (vertical dotted red line).
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Figure 16. (Colour online) Spin-polarized (a) total and (b) partial densities of states of Ing_125Tig g75Sb.
The Fermi level is set to zero (vertical dotted red line).
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Figure 17. (Colour online) Spin-polarized (a) total and (b) partial densities of states of TiSb. The Fermi
level is set to zero (vertical dotted red line).

3.3. Magnetic and half-metallicity properties

To explicate the specificity of the effects of the p — d exchange aspect on the magnetic comportment,
we calculated the total and local magnetic moments of the Ti, In, and Sb atoms as well as the interstitial
sites in the Inj_,Ti, Sb structures. Table 3] exposes the total and local magnetic moments of In;_, Ti, Sb
for different concentration x. We can note that the total magnetic moment for each alloy was around 1 ug,
usually overdue to the local magnetic moment of the Ti atom, and could be mainly attributed to the strong
p — d exchange interaction between 3d 5, (Ti) and p (Sb) states. The calculated magnetic moment in
interstitial sites in the In;_, Ti, Sb alloys increases with the concentration of Ti. The results also indicate
that for In;_, Ti, Sb at all compositions except x = 0 (i.e., InSb), the magnetic spins of the atoms between
Ti and Sb and between Sb and In have opposite signs, signifying the antiparallel induced ferromagnetic
interaction between Ti and Sb and between Sb and In.
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Table 3. Calculated total and local magnetic moments per Ti atom of the relevant Ti, In, and Sb atoms
and in the interstitial sites (in Bohr magneton B) for Inj_, Ti,Sb at concentrations x = 0, 0.125, 0.25,
0.50, 0.75,0.875 and 1.

Compound Total (up) | Ti(ug) | In(ug) | Sb(ug) | Interstitial ( ug)

InSb 0 - 0 0 0
Ing.g75Tig.125Sb 1 0.8584 | 0.0023 | —0.0164 0.1925
Ing 75Tip.25Sb 1 0.8462 | 0.0046 | —0.0266 0.3864
Ing 50 Tig.50Sb 1 0.8641 | 0.0151 | -0.1164 0.8054
Ing 25 Tig.75Sb 1 0.8063 | 0.0343 | —0.0635 1.4459
In0,125Ti0'g75Sb 1 0.8477 0.0416 —0.1295 1.6442
TiSb 1 0.70123 - —0.04942 0.1800

4. Conclusion

In this paper, we used the Full-Potential Linearized Augmented Plane Wave (FP-LAPW+lo) method
to predict the structural, electronic, and magnetic properties of the substitutional doping of Titanium on
the binary InSb alloy. In0_375Ti0_1258b, In()_75Ti()_25Sb, Ino_soTi()joSb, In0_25Ti0_758b, and In0_125Tio_g758b
structures were evaluated. The calculated formation and cohesive energy demonstrates that Ing g75 Tip.125Sb,
Ing.75Tig.25Sb, Ing 50 Tip.50Sb, Ing 25Tig.75Sb, and Ing 125 Tig.g75Sb alloys are stable and can be synthesized.
We used GGA-PBEsol approximation to predict the ground-state properties. The calculated structural
parameters of InSb are in good agreement with the available theoretical and experimental data. GGA-
PBEsol coupled with (TB-mBJ) of Tran-Blaha modified Becke-Johnson approximation was used to
estimate electronic and magnetic properties. We demonstrated that Ing g75Tig.125Sb, Ing 75Tig.25Sb, and
Ing.s0Tig.50Sb are half-metallic ferromagnetic structures with a spin polarization of 100% at the Fermi
level, while Ing »5Tip.75Sb, and Ing 125Tig 375Sb present a metallic comportment. The total magnetic mo-
ments are 1 up for all compounds. The investigation of magnetic properties demonstrates that the p — d
exchange systems operate in stabilizing ferromagnetic state configuration, and are the origin of a low
magnetic moment in the investigated alloys. According to our bibliographic research, there are no earlier
theoretical or experimental studies on the In;_, Ti, Sb materials. Thus, we hope that our results serve as
a reference for future theoretical and experimental research.
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Aocnip>keHHS CTPYKTYPHUX, MarHiTHUX i e1eKTPOHHUNX
BJIaCTUBOCTEW Ta HanNiBMeTani4yHOCTi TBepANX PO3UUNHIB
In1_,Ti,Sb Ha ocHOBI MeToAYy PYyHKLIiOHANY FYCTUHN

C. AmpaHi/ I M. bep6ep/ 22 M. Me6pek (2B

L JNlabopatopis $is3mKo-xiMiuHMX gocnigxeHsb, YHiBepcuTeT Caian, 20000 Caiga, Anxump
2 JNlabopaTopia NepcnekTUBHMX MaTepianis i NpnnafobyayBaHHs, YHiBepcuTeTChknii LeHTp Hyp Enb-balump
Enb-basiax, Anxump

3 YHiBepcuTeTcbkuin LeHTp Hyp Enb-bawwmvp Enb-basax, Enb-basgx, 32000, Anxunp

3 MeTOol0 3'ACyBaHHSA BMAMBY 3aMilLleHHs B 1eroBaHoMy atomamu Ti cniasi InSb nposegeHo nepLuonpuHLmn-
Hi po3paxyHKM B pamkax MeTojy JliHeapu3oBaHVX PO3LUMPEeHNX NAOCKMX XBUAb 3 MOBHUM noTeHuianom (JIP-
MX3MMM). 3 BUKOPWUCTaHHSM y3araabHEHOro rpagieHTHOro HabnmxeHHs MNepapto-bypke-EpHueproda ans Teep-
anx Tin (YTH-NBETT) B nokpalieHomy nigxoai TpaH-bnaxa 3 mogudikauieto beka-ZxoHcoHa (TB-mbJ) nepesba-
YeHO CTPYKTYPHIi, eNeKTPOHHI i MarHiTHi BnactneocTi cnoyk Inj— Tix Sb 3 koHueHTpauismm x = 0, 0.125,0.25,
0.50, 0.75, 0.875 1a 1. Po3paxoBaHi 3HaueHHs CTaAnx rpaTku 06pe y3rofxytTbCs 3 HassBHUMU TEOPETUYHU-
MW Ta eKcreprMeHTaNbHUMM AaHUMU. SIK NOKa3ykTb PO3paxXyHKH, YCi CTPYKTYPY € eHepreTUYHO CTiikumu. Jle-
ryBaHHS 3aMillleHHs NepeTBOPHOE IOHHWIA XxapakTep BuXigHoi cnoaykn InSb Ha HaniBMeTaniuHy pepomMarHiTHy
noBeaiHky Ans koHueHTpauiin x = 0, 0.125, 0.25i 0.50, 3i 100% cniHoBoto nonsipy3avieto Ha piBHI Gepmi
Ta Ha meTaniuHy Ans Ing 25Tig 75Sb i Ing 125Tig.g75Sb. OLiHOYHI 3HaYeHHA NOBHMX MarHITHUX MOMEHTIB CTa-
HOBASTL NpV6AN3HO 1 up. Ing g75Tig.1255b, Ing 75Tip.25Sb, Ta Ing 50Tip.50Sb AEMOHCTPYIOTL HaniBMeTaniyHy
depomarHiTHy NoBeAiHKy Ta NOTEHLiIHO MOXYTb BUKOPWCTOBYBATUCS B CMIHTPOHIL.

KnrouoBi cnoBa: merog ¢yHkyioHany ryctnHm, Tb-mb/l, enekTpoHHI CTPYKTYpy, HaniBMeTanu, pepomarHeTyk,
CriHTPOoHiKa, JIPMX3III1
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