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PoboTy npucBS9eHO TEOPETUIHOMY TOCITIIZKEHHIO IPYKHUX Ta AKyCTUIHUX BJIa-
cruBocreit kpucrana AgAlTe, 3 meprux npuHIUIB. Y paMkax Teopil ¢pyHKIHO-
Hasia rycrunu, BukopucroByoun BFGS meron, nposemeno onrTumizariio Kpu-
craimivnol crpykrypu, Bukopucropyioun LDA ta GGA dyukiuionanu s onu-
Cy OOMIHHO-KOpEIiitHOl B3aemoii. Po3paxoBaHo ejleMeHTH MATPHIN TPYKHIX
KOHCTaHT, MOaysh FOura F, 06’eMmumit MOmysIh IpyKHOCTI B, MOaysib 3cyBy G Ta
koedirmient Ilyaccona v. IlobyaoBamno mpoCTOPOBUil PO3MOMLIT AEAKUX MPYKHUX
MOJIY/IiB Ta MPOBEIEHO IX aHasi3. Po3paxoBaHO MIBUIKOCTI MOMUPEHHS ILTOCKUX
aKyCcTHIHUX XBUJIb B mionmHax (100) i (001) ra ouineno ix anizorporio.

Kurro4uoBi cjoBa: KpHCTAJ, XaJIbKOMIPUTH, MPYKHI BJIACTUBOCTL, AHI30TPOITid,
AKyCTHUYHI XBUJI.

Beryn

HamiBnposigaunkosi marepianu depe3 pisHOMaHITTS (PIZUIHAX BIACTHBOCTEN IIHPOKO
BUKOPHUCTOBYIOTH [IJIsi IOOYIOBYM Ha TXHil OCHOBI TPUCTPOIB, IO TOJIErMIYIOTH Ta TMOJIi-
MIIYIOTH YKUTTS JTIOJEH. 1X BUKOPHCTOBYIOTH ¥ BCiX cepax JI0AChKOl aisprocTi. Tlopsin
3 PO3POOKOI0 HOBWX MPUCTPOIB 3 MOKPAIIEHUMY XapPAKTEPUCTUKAMU, MOPIBHIHO 3 Bim0-
MHUMU AHAJOTAMHU, Tepes iHKeHepaMHU Ta HAYKOBISME [OCTAE 3aBJAAHHS 3 PO3IIMPEHHS
KoJ1a (PYHKIIOHATBHUX MATEPIasiB i MOMIYKYy HOBUX.

[Torpiitni HAMiBIPOBITHUKOBI KPUCTAIN TTOCITAIOTH BaYKJINBE MiCIle CepeJT PI3HUX TPYT
MaTepiaiB, OCKiJIbKM BOHU MAlOTh DAraro XapaKTEPUCTHUK, 10 € KpalmuMmu 3a OiHapHi
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ananoru. Cepes moTpiftHUX MaTepiaiiB 3HAYHA yBara NpUIiISeThCsl KpucTraigam rpymnu -
III-VI, (I = Cu, Ag; III = Al, Ga, In; VI = S, Se, Te) uepes ixue norenuiine npakTuine
BUKOPHCTAHHS, 30KPEMa y BiIHOB/IIOBa/IbHIi eHepreruti. JlocizKenHs i TBep i, 1o
KPUCTAJIN €l TPYNH € TEPCTEeKTUBHUMU MaTepiajJaMu Jjisi COHSYHOI eHepreTnku [1,2]
3 MOXKJIMBICTIO IOCATAaHHS €(QEeKTHBHOCTI MEpeTBOPEHHS COHAYHOI eHeprii momax 24%.
BoHE TakoX MOXKYTh OyTH 3aCTOCOBAHMUMHU $K TE€PMOEJEKTpWYHi Marepiamm [3,4], Ta
KOMEPIIIHHO BUKOPHUCTOBYIOThCH Yy HEJIHIHHIAT onTuili jjs reHepariii Jpyroi rapMOHIKU
11t i padepBoHoi 06Js1acTi CleKTpa i K ONTUYHI apamMerpuyHi ocuussropu [5-7].

OpxuuMm i3 mikaBux Ta mepcnekTwBHEUX Marepianie rpymu I-I11-VIy 31 crpykTyporo
xajbkomipury € crnonayka AgAlTes. Kinbkicrs mpaiib OPUCBAYEHUX CUHTE3Y Ta JIOCJIiI-
JKEHHIO BJIACTHBOCTEH i€l CIIOJyKH HeBeTnKa. Pamilie onTWdHi BIaCTHBOCTI KpHCTAJIa
AgAlTe, 3a kimuarHol TemuepaTypu AocaipKyBamm y [8]. 3i crekTpis OnTHYHOrO IPoIyC-
KAHH¢ [I0KA33aHO, [0 MupruHa 3a00poHeHol 30uu Kpucrasia cranosuthb 2,3 eB. Teoperuwuni
JIOCITIKEHHST 30HHO-€HEPTeTHYHOI CTPYKTYpH KpucTaia [9] susieuian, mo dbopMyBaHHS
rereporiepexony AgAlTes Ta LilnTey 3 nomaBanust HOMIMKH Sn a€ 3MOTY CTBOPUTH
¢ oTOeNEKTPHYIHI KOMIDKH 3 TEOPETHYHO OLIHEHOK e(pEeKTHBHICTIO, siKa CTaHOBHTH 43%
[10].

it BUTOTOBJIEHHS TOTOBHX BHUPOOIB Ta OIMHKHU IXHIX TEXHITYHUX XapPaKTEPHUCTUK Ba-
KJINBUM € BUBYEHHSI MEXAHIUHUX BIaCTUBOCTEN cronyku. Came TOMY Iist TIpalsd MPUCBsI-
YEHA TEOPETUYHOMY BUBUEHHIO MPYKHUX BjacTuBocTeil kpucraia AgAlTe, Ta akycTny-
HAX XBWJIb, & TAKOXK TOCIIIZKEHHIO IXHBOI aHI30TPOITIi.

Crarts Mae Taky CTPyKTYypy. ¥ JAPyromMy pO3Jiil IOJZaHO KOPOTKi BigoMocti mpo
METO/IMKY IIPOBE/IEHNX PO3PAXyHKIB i BuKOpucTaHi mapamerpu. Tpertiit po3mia mMicTuTh
OCHOBHI OTpuMaHi pe3ynabraru. [IpoBeneHo TXHEe OOrOBOPEHHST Ta MOPIBHSIHHS 3 iHITUMUI
pesyabraTamu. Hanpukinili cTaTTi € BUCHOBKH, MOASIKHU Ta, CIIICOK IUTOBAHOI JIITEPATY PH.

1. Meroauka po3paxyHKiB

epronpuanunui mocaimkenns kpucrana AgAlTes npoBomuan 3 BUKOPUCTAHHSAM
uporpamu CASTEP (Cambridge Serial Total Energy Package) [11,12]. IIporpama 6a3ye-
Thes Ha Teopil dyukiionana rycrunu (density functional theory - DFT). B ocuosi MmeTomy
€ caMoy3rojzKene po3s’s3yBanHst piHsHHs Kona-IITema [13]. BasieHTHi e1€KTpoHN OITH-
CyBaJIM TIJIOCKUMU XBUJIIMH. B3a€MOif0 #OHHOTO OCTOBA 3 BAJIEHTHUMHU €JIEKTPOHAMU
olucyBaJsiu yJabrpaM’sKuM 1cepionorenniasom Banjgepbinbra [14]. Ejgekrponna komdi-
rypais BasenTnux enexrponis: Ag 4d'0 5s1; Al 352 3p'; Te 552 5p*. Enepriio sigcikanns
MJIOCKUX XBUJIb BHOMPAJIU TAKOIO, IO JOPIBHIOE Feyi—ofy = 500 eB. Ilapamerp 36ixH0-
CTi IUKJIy CAaMOY3TOIKEeHHsT BUOMPAJIN TaK, MO0 3MiHa, €HepTil MiXK JTBOMA TOCIiTOBHUMHI
iTepanisvu Gyaa memme 3a 107 eB.

Omnuc 06MiHHO-KOPEJTSIIITHOT eHepril BUKOHYBAJIH, BUKOPUCTOBYIOYN HAOJIMXKEHHST JIO-
kasbhol rycrunu (LDA) 3 napamerpusauiero Ianepai-Asgaepa-Ileparo-Byurepa (CA-
P7Z) [15], a Takoxk y3arajbpHeHOTO TpajieHTHOTO HabiamkenHs GGA 3 mapamerpusarnieo
Iepmio-Bypre-Epuzeproda (PBE) [16]. InTerpyBanus nposoamim 1o k-citii 5 X 5 X 6
BUOpaHiit 3a Meromom Monxopcra-Ilaka [17] o meprmiit 30ui Bpimmoena.

[Mepen, pospaxynkamu (hizUIHUX BJIACTHBOCTEH Marepiasry MPOBOAUINA ME€OMETPUIHY
onruMizanio KoMipKu Kpucraia (KoopauHaT aroMmisB ra napamerpis rparku). s upo-
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ro BUKOpHCTOBYBasiu anropurm bBpoiinena-®rueryepa-Tonndapba-Ilenno [18]. B mpo-
meci omrmMmizarii BUKOPHCTOBYBAINW Taki Kpurepil 30iKHOCTI: 30i2KHICTH ITOBHOI e€Hep-
rii 2 x 107 eB / arom, mMakcumasibHa cuia 3 X 1072 eB A~ makcumanbuuii THCK
5 x 1072 I'lla, MakcuMaIbHe 3MimenHs fonis 1073 A.

2. Pe3yapraTu Ta 006TOBOpPEHHH

2.1. Crpykrypa kpucrana AgAlTe,

Kpucranmu AgAlTes kpucrasizyloThCsd B CTPYKTYPl TUIY XaJabKOIIpUTy (IPOTOTHII
CuFeS,) 3 rerparonanbuo cumerpieio (npocroposa rpyia cumerpii I — 42d — Ne 122).
3a csoero crpykryporo kpucran AgAlTey 6iusbkuit 10 6inapuux anagoris rpymu AUBVYL,
EnemenTtapHa KOMipKa KPUCTAJIA CKJIAIAETHCS 3 TBOX KOMIDOK TUMY IIMHKOBOI OOMAHKM,
TTOCTABJIEHUX OJTHA Ha OHY B370BXK Hanpamy c. Kpucramam rpynu [-I11-VI,; mputamanna
nmedopMaliig CTpyKTypH, TPUYUHOIO 90r0 € pi3He OTOYeHHS aHioHa VI, 1110 mpu3BOAuTS 10
#0ro 3MiIIeHHsI CTOCOBHO i/1€aIbHOTO MOTOXKEeHH y miomuii ab. Kpucramiaay cTpykTypy
AgAlTey nocaimkysamu y npaui [19]. ExcriepumenTanbii napaMerpu rparku noJaHo y
Tabs. 1, a KoopauHaTH aTomiB 3i0pano y tabs. 2. Komipka Kpucrasa CIpOEKTOBaHA HA
mwromuan be, ab Ta ac 300paykena Ha puc. 1. TyT cuHi KyJbKy MO3HAYAIOTH ATOMY CPidJIa,
3eJIeH] — aJIIOMIHIO, & KOBTI KYJIbKU BiAMOBIZAIOTH aroMaMm Teaypy. 3 puc. 1 BHIHO, IO
KOXKEH aTOM Telypy 3B’sa3aHuil 3 IBOMA aTOMaMM ATOMIHIIO Ta JIBOMAa aTOMAaMHU CpiOia,
MPUYIOMY JIOBXKHUHHU 3B’A3KiB Pi3Hi.

ITepen po3paxyHKOM MPYKHUX BIIACTUBOCTEHN AOCIIIXKYyBAHOIO KPUCTAJIA ITPOBEIEHO
reOMETPUYHY ONTUMI3aIio HOro KOMipku. Y bOMY BHUIIAJKYy ONTHMI30BYBAJHUCh I1apa-
Merpu rparku i koopjuHaru aromiB. OnrumizoBani mapamerpu rparku Ta KOOPIAUHATH
aromiB orpumano, Bukopuctoryoun LDA ta GGA meronm.

Puc. 1: Crpykrypa kpucrana AgAlTes: a) npoeknis Ha mwomuHy be; 6) NPOEKIiA HA TIONIMHY
ab; 6) mpoekmisa Ha TommHy ac. Ag — curi Kymbkw; Al — 3emeni kyapkm, Te — 3KOBTI KyJIbKH
Fig. 1: Structure of the AgAlTe, crystal: a) projection onto the bc plane; b) projection onto the
ab plane; ¢) projection onto the ac plane. Ag — blue balls; Al — green balls, Te — yellow balls
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Tab6us. 1: ExcnepumenTanshi [19] Ta pospaxoBani napamerpn rparkn kpucrana AgAlTe;
Table 1: Experimental [19] and calculated lattice parameters of the AgAlTes crystal

Meron, | a=b, A c, A V, A3
LDA 6,2122 | 12,0185 | 463,83
GGA 6,4212 | 12,3004 | 507,18
Exp. [19] | 6,2960 | 11,8300 | 468,93

Tabn. 2: ExcniepumenTanpai [19] Ta pospaxoBani BigHOCHI aTOMHI KOODIMHATH I KPHCTAJIA
AgAlTe,
Table 2: Experimental [19] and calculated relative atomic coordinates for the AgAlTes crystal

Excu. LDA GGA
Arom | z/a | y/b | z/c | xz/a | y/b | z/c x/a | y/b | z/c
Ag 0 0 0 0 0 0 0 0 0
Al 0 0 0,5 0 0 0,5 0 0 0,5
Te 0,260 | 0,25 | 0,125 | 0,264 | 0,25 | 0,125 | 0,267 | 0,25 | 0,125

3 taba. BumHO, MO onruMmizamis 3 BukopucranasM GGA dyHKIioOHATA TPUBOIUTH
JI0 HE3HAYHOI'O 3ABUIINEHHY [1aPAMETPIB I'PATKH MMOPIBHAHO 3 €KCIIEPUMEHTAJIbHUME 3HA-
YeHHSAMHA. 3aBUINEHHSA CTaHOBUTL 1,9 % nma mapamerpa a Ta 3,9 % 11sa mapamerpa c.
Tlomibme 3aBuIienHs MapaMeTpiB I'PATKHA € TUITOBUM i CIIOCTEPITAJIOCh PAHIIIe M1 1HIIHIX
HANIBIPOBIIHUKOBHX 1 jAiesekTpudaHnx Kpucraiis [20-22]. 3acrocyBanHs byHKIiOHAIA
LDA nae gemo inmi pesynpraru. 3azsudail dyukmnionan LDA mpuogurs 10 edexty
HA3B A3yBaHHs, 110 BUSBIISAETHCH B 3aHUKEHHI NOBXKWHK XimMiuHOro 3B’s3Ky. s ma-
paMerpa I'PAaTKH @ CHOCTEPIraeTbCd 3aHMXKEHHA Horo 3Hadendd Ha 1,3 %. Ommax ama
mapaMerpa ¢ OTpuMaHe 3HadeHHa Ha 1,5 % Olibime 3a excnepuMenTaabue. [lomibna mose-
JIiHKa paHile mpocrexxyBaack B iHmux Kpucranax rpymm I-III-VIy, ne I = Ag [20]. Take
3aBUIIEHHSA MOXKe Oy TH OB’ sI3aHe 3 BIAMIHHICTIO CHJI XIMIiYHUX 3B SI3KiB aHIOH-KATIOH /T
PI3HHX THIIB KATIOHIB, 10 TPU3BOINTD IO CYTTEBOTO AePOPMYBAHHS KyTa MizXK 3B’ I3KaMu
1 BUJIOBXKEHHS KPUCTAJIA y HAIPAMi C.

2.2. Ilpy>xkHi BiractuBocti kpucraisa AgAlTe; Ta Tx anizorporris

Cepep, pi3HuX BIacTHBOCTEH MaTepiasiB BaxKIMBO MaTh iH(MOPMAIGIO PO HOro Mexa-
HivHi xapakrtepuctuku. lle momomoxke 3’scCyBaTH MOXKJIHBICTD HOTO 3aCTOCYBaHHS, 0CO-
O6smBoCcTi 0OPOOKHM Ta mepeadadaTn eKciuryaTarmiiini xapakrepuctuku. 1IpyzkHi BracTuBo-
CTi KPUCTAJIa MOXKHA, OTPUMATH 3 MEPINONPUHIINITHUX PO3paxyHKiB. Kpucraam terparo-
HAJIFHOI CHUMETPil MAOTh IMICTh HE3AJEKHUX KOEMIIEHTIB MATPUIN TTPYKHUX KOHCTAHT
C11,Cs3,Cyq, Ceg, C12, C13. Tenzop npyKHAX KOHCTAHT MOYKHA PO3PAXYBATH 3 PO3KIALY
y pan Teiinopa nosuoi eneprii E(V, ) asis 10caipKyBaHOrO MaTepiasy CTOCOBHO MAJiol
nedopmanii § kpucrasiynol rparku 06’emom V' [23]:
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Ta6s1. 3: Mpyxui xoncrantu C;; (y T'Tla) Ta komcTanTn mpy»xmHoi momarmsocti S;; (y TTla™!)
kpucrana AgAlTe; pospaxosani 3 Bukopucranusm LDA/GGA ¢yrkijonanis

Table 3: The elastic constants C;; (in GPa) and the elastic compliance constants S;; (in GPa™!)
of the AgAlTes crystal were calculated using LDA/GGA functionals

i 11 33 A4 66 12 13
C,; LDA) | 771 | 754 | 176 | 257 | 56,1 56,2
(GGA) | 59,1 | 54,1 | 12,7 | 282 343 33,6
S;; (LDA) | 0,0339 | 0,0357 | 0,0568 | 0,0389 | —0,0136 | —0,0151
S;; (GGA) | 0,0298 | 0,0335 | 0,0784 | 0,0354 | —0,0104 | —0,0120

(3

E(V,8) = E(Vo,0) + Vo) _ mi&idi + % > Cii6itidi&;) + 0(5%). (1)
ij

Tyr E(Vp,0) — enepria uemedbopmoBanol cucremu; Vo — piBHOBaxkHEA 00’e€M; To —
e/leMeHT TeH30pa THCKY Ta & — daxrop immekcy Doiixra. Po3paxoani mmasa Kpucraaa
AgAlTey upyaxui xkoucranru Cyj 3i6pano y tabu. 3. Tyr pesy/ibraru 10gaHo Jjid po3pa-
XYHKIB, fIKi MPOBOAWJIN 3 BUKOPUCTAHHAM OOMIHHO-KOpesIiinnx dyukmionamais LDA i
GGA.

3 Tabj1. BUAHO, M0 Ha#biabmmM KoedimiearTom € Ch1, Tomi gk Hafimermmm — Cyy. s
OTPUMAHHUX PE3YyIbTATiB MOXKHA MOOAYUTH, IO MPYKHI KOHCTAHTH PO3PAXOBAHI 3 BUKO-
pucranasam LDA dyaknionana 6inbmi 3a orpumani GGA merogom. Paninte 3’sacyBasm,
o Jig 6ararbox marepianis LDA ¢dyukiionan mae 3aBuineni pesysabraru, 1o sk GGA
XapaKTePU3yEThCsT TOOPUM Y3TOIZKEHHSIM 3 eKCIiepuMeHTOM [24-26].

BukopucToByroun mpyxKHI KOHCTAHTH, MOYKHA MEPEBIPUTH CTAOLIBHICTH MaTepiaJy.
Tlepesipka MexaHigIHOI CTAOLTLHOCTI BiIOYBAaETHCs 3a MomoMoroio Kpurepito Bopra. s
KPUCTAJIIB TETPAroHaJbHOI cuMeTpil Npy2KHiI KOHCTAHTU MAalOTh 3aJI0BOJIbHATHA TaKi He-
pisnocri [27]:

Ci >0,
(C11 = C12) >0, (2)
(C11+ C33 — 2C43) > 0,
[2(C11 + C12) + C33) +4C13] > 0,

Je i 3MiHI0€eThCs Bix 1 10 6. Ak MoxkHA mobadnTH 3 TabJI. 3, OTPUMAHI Py KHI KOHCTAH-
TU 33JI0BOJLHAIOTH KpUuTepiil (2), 1o CBLAYUTh PO MeXaHiuHy CTablLIbHICTD JOCILIKY-
BaHOI ciomyku. Marpuils IpyKHUX KOHCTAHT IIOB’A3aHAa 3 MATPUIIEIO MIPY2KHOI TOJATIIH-
socri gk Cyj = Sigl. Snavenns koedinientis npyzkuoi nogarausocti kpucragsa AgAlTey
TaKOXK BimoOpakeHo y tabi. 3.

Jlo mpyKHuUX mapaMerpiB TAKOXK HaJjexXarb Moayiab FOura E, 00’eMHMit MOIy/Ih CTH-
cky B i momyns 3cyBy (G. BUKOpHCTOBYIOTH TPHU CXeMU BU3HAYEHHS WX MOIYJIiB, a caMe:
Qoiixra, Peyca ta Xinma. s TeTparoHaabHOrN0 KPUCTAIA IX PO3PAXOBYIOTh 3 TAKUX BU-

pasis:
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Ta61. 4: Pozpaxosani 06’emunii momys npysxkuocti B (B ['Ta), momyms 3cysy G (8 I'I1a), Mmomymnn
FOura E (8 I'lla), Binaomenns By /Gy Ta cuisignomenns Ilyaccona v qyist kpucrana AgAlTes
Table 4: Calculated the bulk modulus of elasticity B (in GPa), shear modulus G (in GPa),
Young’s modulus E (in GPa), ratio By /Gx and Poisson’s ratio v for the AgAlTes crystal

BV BR BH GV GR GH BH/GH F v
LDA | 62,96 | 62,95 | 62,95 | 16,26 | 1433 | 15,20 | 4,12 | 42,43 | 0,3877
GGA | 41,71 | 41,61 | 41,66 | 15,46 | 13,78 | 14,62 | 2,85 | 39,27 | 0,3429

2 C
By = §(OH + Cr2 +2C13 + %)v (3)
02
BR = M) (4)

ne C% = (C1y + C12)Cs3 — 2C%5, 1 M = Chy + Cia + 2C33 — 4Ch3,

Gy = M +3Cq; — 30;204- 12Cy4 + 60667 (5)

15
Gr =

, (6)

8By 6 6 3
( C? + (C11—C12) + Caq + Css)

By + B
By = =12, ™)

. Gv + Ggr
-1t ®)

Takox Jy1s mosikpucTaaidaHoro marepiany monysb FOura F ta criBsinnomenus [Ty-
aCCOHA ¥ OTPUMYIOTH 3 PiBHAHB:

Gu

9BrGpy
E= oHuH 9
3By +Gr) ©)
3By — F
=22 1
v 6B (10)

Tyt ingexcu V', R i H no3unagators cxemu Poiixra, Peyca ra Xima, siagnosiguo. Pos-
paxoBaHi 3HAYEHHS NMPYKHUX MOYJIiB 3i0pano y tabu. 4.

SHadeHHs PO3PaxOBaHUX MapamerpiB mepebyBaiorh y Mexkax Bin 13,78 T'Tla no
62,96 I'lla ra € menmmumu 3a 100 I'lla, uo cBiguuTs 1po BigHOCHY M 4KICTH HOCILIKY-
BAHOTO KPUCTANA. XapaKTePU3aIliio TUITY MaTepiaay JacTO MPOBOIITH 3a BiTHOIIEHHIM
IT’to. Marepiajl Ha3WBAIOTH [JIACTHYIHUM, KO By /Gy > 1,75, 1 KpUXKHM y BHIAJIKY,
komu By /Gy < 1,75. 3 taba. Buano, mwo g kpucraga AgAlTes sinnomenus By /Gy
cranouth 4,12 ta 2,85 nna LDA i GGA dynkmionanis. Ormxe, neit Mmarepian miactud-
HUi.



JHocnigxeHHs NpyXHUX | aKyCTUYHUX XapaKTEPUCTUK...
ISSN 1024-588X. BicHuk JlbBiscbkoro yHisepcutety. Cepis disnqna. 2023. Bun. 60 9

Amnizorponis nNpy>KHUX BJIACTUBOCTEH KPUCTAIIB MOXKe OyTH OIiHEHa 3 BUKOPHCTAH-
HM yHiBepcasbHOro ingekcy anizorpomii AY. ITapamerp AV po3paxoByioTh 3 piBHSHHS:

Gy B
Uu_gXVv 2V
AT =5a+ 5o =6 (11)

3 anauizy (opmysin BHIHO, IO JJjis Marepianry 3 i30TPOIHUMHU IPYKHUME BJIACTABO-
CTSIMU 3HAQUEHHST YHIBEPCAJIHHOTO iHIEKCY aHi30Tpormil Mae gopiBaoBaTH HYJ0. 1110 Gimh-
me AU Binxunserncs Bif myas, To GlabmMi cTymiEE anizoTpormii. Po3paxopame 3HaueHHs
yHIBepCaJIbHOrO iHAeKcy anizorpomii gopisuioe 0,67 i 0,61 mqusa LDA ra GGA dyukmiona-
niB, Biamosiguo. BapTo 3a3nadnTw, 1m0 11e# iH1eKC MiCTUTh BHECKH Bi 06’€MHOT0O MOIYIst
[IPYKHOCTI Ta BiJl MOMYJIsA 3CYBY.

L1t HAa0YHOCTI Ta JETAJBHINIOrO aHAII3Yy aHI30TPOMil MPYKHUX BIACTUBOCTEN KpHC-
TaJiB BUKOPHUCTOBYIOTH METO/I MOOYIOBH MIPOCTOPOBOTO PO3IOILTY BiAMOBITHUX MPYKHAX
napamerpis. Ha puc. 2 306pazxkeno mobynosani 3D mosepxui posnominy mist momysist FOH-
ra FE, o6’emuoro momyis npyxuocri B ta momyis 3cyBy G. B i3orponHoMy BUIAJIKY
PO3MOALT MOIYJIiB MPYyKHOCTI Mae (opmy cdepu. Binxumenus Bim cdepuunoi dbopmu
CBITIUTHL TTPO Mipy MPOCTOPOBOI amizorpomii. Takok Ha HUKHIN MaHe i HaBeIEHO TIia-
HapH] npoeknii Ha miaonwHE (100) ta (001) (ra (010) mus moayss 3cyBy). fK BHIHO
3 puc. 2, a, npocTopoBuii po3nomin momyns FOHra mae 3HadHe BigxwieHHs Bin cdepu-
49HOI (POPMHU, IO O3HAYAE CYTTEBY AHI30TPOIIIO IHOrO MPYKHOIO MapaMerpa. 3arajibHuii
BUTJISIZT TIOBEPXHI HAraaye Kyd 31 3TJIaIKEHWMU BEPITUHAMU Ta BIABJIEHUMU [IEHTPAMU
rpaneii. Puc. 2, 6 BigoOparkae mpocTOpoBuil pO3moIia 06’eMHOT0 MOmyas cTucky B. Mo-
2KHQ, 3ayBaXKUTH, 110 00’€MHMIT MOIY/Ib CTUCKY MAa€ PO3MOILT Maiizke chepuanol dhopmu,
IO CBiIYATH MPO MPAKTHYIHO i30TPOIHY XapaKTEPHCTHKY IhOro mapamerpa. Puc. 2, 6
BiAnmoBizae posmnomisy momyns 3cyBy G. JK BUAHO 3 pHC., MOIYJIb 3CyBY, HOMIGHO 10
Moy FOura, xapakrepusyerbesi cyTTeBOIO anizorporieo. Tonosnoris noBepxui Mae xa-
PAKTEPUCTUKY OOEPHEHI /10 XapaKTEepUCTHUK MOBEPXHI po3momiay momyias FOura, a came:
B [IEHTPAX IPaHEN CIOCTEPIra€ThCst MAKCUMYM, TO/I SK IO [iarOHAJIAX YMOBHOTO Ky0a —
MiHIMyM.

s meTasIbHINIOrO aHAMI3Y TOOYIOBAHUX TOBEPXOHb HA HUXKHIN MaHeN i puc. 2, 2, J,
0 TIOMAHO TPOEKIII BiAMOBIIHUX MPOCTOPOBUX PO3MOALIB HA pi3Hi mjomuau. Puc. 2,
BimoBinae nranapauM npoekiiam ua miomuau (100) Ta (001) momyisa FOura. Buamo, mo
MIPOEKIIIT MAIOTh METETUKOIONIOHY popMy, momibHy 10 Ti€el, Mo crmocTepiranach y KpucTa-
aax AgGaTey, AgoSiSs [20,28] ra iHnmux HaniBupoBiAHUKOBUX Marepianax. Y LJIOLMHI
(100) suauenns momyns FOwura mermo menme mixk B (001). 3 mpoekIiiii TaKoK TOMITHO,
0 B JiarOHAJIBHUX HAMPAMAX MOIYJIb MAa€ Haibijabme 3uadenns. [Ijas 06’eMHOTO MO-
Iy CTHCKAHHS YIiTKO TPOCTEXKYETHCA 130TPOIMid MPOCTOPOBOTO PO3MOINY B TIJIOIIMHL
(001). Ipoekuis ua niouwmny (100) nokasye He3HadHe cTUCKAHHS Kosia B HanpsMi z. IIi
Pe3yMbTATH MiATBEPIKYIOTH, 10 00’€MHUIT MOIYJ/Ib MPYZKHOCTI BOJIOJIE HU3BKOIO AHI30-
TPOIIEIO MTOPIBHSIHO 3 1HIMTUMHY IPYKHAME MOILYJIIMHE JJjisi KpucTtasia. [loaidne orpumano i
Jutst iHmux Kpucradnis [20,29]. Puc. 2, /' Bimobpaskae miiaHapHi mpoexiii Momysst 3cyBy G
kpucrana AgAlTes. st momysa 3cyBy npoekuil Oyaysaau na nyommuax (100), (010) Ta
(001). 3aranpuuil BUrJIsig OPOEKIIl JJist TPHOX IJIOHMH Ma€e (GopMmy MOAi6HY 10 KBITKH.
3 puc. BuaHO, WO Jia upoekuil Ha oy (001) npuramanHe HafiMeHIle 3HAYEHHS
MOy 3CYBY.
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Puc. 2: IIpocroposuii posnozinr npyxuux Moxynis kpucrana AgAlTes: a) momyna FOura; 6)
06’€MHOTO MOJIYJIsl TPYKHOCTI; 6) MO/ 3CYBY

Fig. 2: Spatial distribution of elastic moduli of the AgAlTe, crystal: a) Young’s modulus; b)
bulk modulus of elasticity; ¢) shear modulus

2.3. Akycruusni BaactuBocrti kpuctrajia AgAlTe,

Mexanidni BJIacTHBOCTI MaTepiasiB MOB’s3aHi 3 IHIMMMHA IXHIMU XapaKTEPUCTHKAMH.
30KpeMa, BUKOPHCTOBYIOUH TPy KHI KOHCTAHTH (), MOKHA OIiHUTH aKyCTHYHI BIACTH-
BOCTi KpucTajiB. Mu mpoBen po3paxyHOK i aHaJIi3 MBUIKOCTI MOMMUPEHHS aKyCTUIHUX
xBuJib y Kpucrayi AgAlTes. [1jist 11bOro BUKOPUCTOBYIOTH piBHsHHS ['pina-Kpicrodders,
SKe TTOB’I3Y€ MPY?KHI KOHCTAHTHU 3 TYCTHHOIO KPUCTAIA Ta MBUIKICTIO 3BYKY B MaTepiauii.
Il KpucTamiB, depe3 IXHIO aHI30TPOMiio, MPYKHI Ta aKyCTHYHI BJIACTUBOCTI 3aJ1€2KATh
Bix Hanpsamy B kpuctadi. s 3icraBienasa mapaMerpis I0CKOI MOHOXPOMATHYIHOL XBUJIL,
o 6iXKUTH y HAPAMI, 33JAHOMY €IMHUM BEKTOPOM XBUJIBOBOI HOpMAJ n(ni, na, ng) i3
TYCTHHOIO KPUCTAJIa Ta HOTO TEH30POM MPYKHOCTi, BUKOPUCTOBYETHCS TAKWIl BUPA3:

pv*u; = Cyjranmur, (12)

Tyr v — daszosa wBHAKiCTH XBUIi; p — rycTuna cepenosumia; Cjjx — TEH30DP IPYKHOL
2KOPCTKOCTI KpHUCTaIa; U; — 3MirmenHs. [IpoBiBiiy 3ropTky TeH30pa mpyKHOI 2KOPCTKOCTI,
orpumytorh Ter30p I'pina-Kpicroddens, mo no3HavaeThes K

Fik = Cijkmjnl. (13)

Jlo6yTok pv? y pienamni (12) € BracauM 3HadenHaM Temsopa ['pina-Kpicrodbddens,
TOAl AK HOro BJACHUM BEKTOPOM € u. Po3B’sa30K cucremu (12) MOKHA OTPUMATH, SAKINO
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11 BUBHAYHUK JIOPiBHIOE HYJIIO
det|[Tst, — pv20ix]ug| = 0. (14)

Ty 6;; — nenvra Kponekepa (upu ¢ = k, 0;, = 1, a konu @ # k, §;5 = 0). Po3p’azyioun
cekyuspHe piBusunsg (14), orpuMyIoTh Tpu PO3B’I3KH, K1 JAIOTH 3MOr'Y 3HANTH 3HAYEHHS
MIBUIKOCTI 3BYKY, 10 Bianosigaors mos3mosxkuii (LA) i nsom monepeunum (TAq, TA5)
aKyCTUIHAM XBHJIIM. MW po3paxyBajn pO3MOIiI MBUIKOCTI aKyCTHIHUX XBUJIb Y JIBOX
momuHax. Ha puc. 3 300pakeHo MIBUIAKICTH mommupenHs 3ByKy B kpucraji AgAlTes y
nstonmaax (100) Ta (001). PospaxyHku npoBoauin, BAKOPUCTOBYIOUH BJIACHY IIPOIDaMy,
HaIKMCaHy MOBOIO mporpamyBamis Python.

LLiBMAKICT 3ByKy B NaowuHi (100) LLiBuAKicTb 38yKy B naowmHi (001)
90 90 A =

270 270

Puc. 3: Posuoais mBuakocTi nommpents akycrudnux xsuib y kpucraai AgAlTe; B mromunax
(100) Ta (001)

Fig. 3: Distribution of the propagation velocity of acoustic waves in the AgAlTe, crystal in the
(100) and (001) planes

VY mnomuni (001) HAAOLIBIIA MBUAKICTH MOMMPEHHSA AKYCTUYHAX XBUJIb, IO BiIMO-
Bimae LA XBWJISIM, CIIOCTEPIragThCs B AiarOHAJIBLHUX HAMpsiMax. MakcuMaibHe 3HAUYEHHS
IIBUJIKOCTI CTAHOBUTH Ving, = 3682,59 m/c. YV mromuni (100) Ha#binbira MmBHIKICTH
akycruynux xpuib Ha 411 M/c menma 3a mBuiakicrs y miomuni (001). TIpocroposuit
po3moain mBuakocTi nommpernds 3ByKy B Kpucraimi AgAlTes mae Hesnadny anizorpo-
nito. [Tonepeuna akycruana xsusis TAj nomumpoerbes B Kpucraii 3 Mailzke 0JHAKOBOIO
IIBUJIKICTIO B ycix HampsaMmax. MakcnmanbHi Ta MiHiMaIbHI 3HAYEHHS IITBUIKOCTI 3BYKY B
ngtontuai aromuoro mapy (001) i B nepnenaukyssapuiit nytommui (100) 3i6pani B Tabi. 5.

Jst KITbKICHOIL OIIHKY MipH aHi30TPOMil MBUIKOCTI MOMUPEHHSI aKyCTHIHUX XBUJIb
B kpucraii AgAlTes Mmu po3paxysasiu BifcOTKOBHUil iHeKC aHizoTpormii A

A= Vimaz — Vinin
=15
E(Vmaz + szn)

Jna LA xBuab aHi30Tpomid IIBHIKOCTI MOIIMPEHHS 3BYKy cranosuth A = 4,4 %

(11,8 %), nia TA; — A =394 % (39,4 %), a niusa TAs nokasnuk anizorpouii A = 5,1 %

% 100%. (15)
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Tabut. 5: MakcuMasibHi Vi, Ta MiHIMATBHL Vi TBUAKOCTI 3ByKY B KpucTai AgAlTes meTomom
GGA 3 BukopucranusM piBasaHb ['pina-Kpicroddess

Table 5: Maximum V4, and minimum V;,;, sound velocities in the AgAlTe, crystal by the
GGA method using the Green-Christoffel equations

mwornuaa (100) mwiornuaa (001)
Vmin: M- C_l Vma;ﬂa M- C_l Vmin: M- C_l Vma;ﬂa M- C_l
LA 3129,76 3271,19 3271,19 3682,59
TA, 1516,01 2259,63 1516,40 2259,63
TA, 1440,81 1516,01 1498,36 1516,40

(1,2 %) mus mwnommumr (100) ((001)), BimmosinHo. Pesynbraru po3paxyHKIB IOKA3HHKA
aHi30TpoNil akycTudHuX XBUJIb JJjist Kpucrajia AgAlTes niarBepkyiors, 1m0 anizorporis
xBujii TA; waitbinnia, a anizorporis xeum TAg — waiimenta.

BucHoBknu

Y pamrax Teopii yHKI[IOHAJ A TYCTUHU MPOBEICHO MEPIIONPWHINITHI PO3PAXYHKU
MPYKHUAX Ta aKycTHIHUX Xapakrepucruk Kpucraia AgAlTes B kpucramivduiii crpykTypi
runy xanbkomipury. OnrumizoBana 3 Bukopucranasm LDA ta GGA meroais kpucrasiv-
HA CTPYKTypa OJu3bKa JI0 eKcrnepuMeHTaabHol. OTpuMaHi mapaMeTpu KPUCTATITHOT Ipa-
TKW BUSBUJIUCH JEIN0 3aBUIEHNMU MOPIiBHAHO 3 eKCIIEPUMEHTATHPHUMU 3HAYCHHAMY [1J1sT
pospaxyskis 3 BukopucranuaM GGA dynkuionasna na 1,9 % (mug napamerpa a) ta 3,9 %
(ns mapamerpa c¢). ¥ pasi Bukopucrannsg LDA dyukuionana s napamerpa rparku a
CIIOCTEPITaeThCsA 3aHMXKEeHHs #Woro 3HadeHHs Ha 1,3 %, a mns mapamerpa ¢ oTpuMane
3HadeHHs € Ha 1,5 % OlibmuM 3a ekcrepuMmeHTaibHe. PO3paxoBaHO MATPULIO HPY2KHUX
KOHCTAHT, 1m0 1t kKpucrana AgAlTes ckIamaeThcs 3 IMECTH HE3AJEKHUX KOedilieHTiB
C11, Css, Cyq, Ceg, C12, C13. Cepen, nux HaitbimbmM npyxanM koedimientom € C11, a
nadiMertum — Clyy. 3 pO3PAXyHKIB yHIBEPCAJIHHOIO MO/ aHI30TPOMIl 3’ICOBAHO, IO
KPHCTAJI BOJIOIE€ 3HATHOIO aHI30TPOITEI0 MPYKHUX Baactusocreit. Ilobymosa TpuBuMip-
HUX IIPOCTOPOBUX PO3IOALIIB IPYKHUX MOIYJIB BUABHUIA, IO 00’€MHUII MO/YyJIb CTUCKY
B wmaiixke i3oTpomnuuii, Toai gk Momysab 3cyBy G Bosofie HaiibinbIo anizorpomieo. 3
MaTPHUIIl TPYKHUX KOHCTAHT, BUKOPUCTOBYI0UHN piBHsHHS ['pina-Kpicrodens, po3paxoBa-
HO MIBUKICTH MONIAPEHHS aKyCTUYHUX XBUJIb Y TOC/IIKYBAHOMY KPUCTAJi. 3’sCOBAHO,
IO HAFOLIBINA IIBUAKICTD AKYCTUYHUX XBUJIb CTAHOBUTH Vingr = 3682,59 Mm/c y muio-
mwui (001) ra Bianosigae noB3nosxkuiit akycruuniii xsusi LA. Haiibiaba anizorpomis
IITBUIKOCT] TIOMMPEHHST aKYCTUIHUX XBUJIb CrocTepiraerhess miast TA| XBUIIb, 11 SIKUX
nokasHuk anizorporii A = 39,4 % s (100) ta 39,4 % nus (001) muomumH.
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The work is devoted to the theoretical study of the elastic and acoustic properti-
es of the AgAlTes crystal from the first principles. The studies were carried
out using the CASTEP program, which is based on density functional theory
(DFT). Within the framework of the chosen approach, using the BFGS method,
the optimization of the crystal structure was carried out using the local density
approximation (LDA) and the generalized gradient approximation (GGA) to
describe the exchange-correlation interaction of electrons. During the optimi-
zation, both the parameters of the crystal lattice and the coordinates of the
atoms were changed. The optimized crystal structure turned out to be close to
the experimental one presented in the literature. It was found that the optimi-
zed parameters of the crystal lattice differ slightly from the experimental ones.
Using the GGA functional leads to an overestimation of 1.9% and 3.9% for
parameters a and c, respectively. For the LDA functional the lattice parameter
a is underestimated by 1.3%, while the value of parameter ¢ is 1.5% higher than
the experimental one. Using the standard method, the elements of the matrix of
elastic constants, Young’s modulus ¥, bulk modulus B, shear modulus G, and
Poisson’s ratio v were calculated and analyzed for the investigated crystal in
tetragonal symmetry. It is shown that the Pugh’s ratio for the studied material
is By /Gy > 1.75, from which it follows that this material has inherent plastici-
ty. Using the universal anisotropy index AV, the degree of anisotropy of elastic
properties is shown. It was found that for both used methods the universal ani-
sotropy index is different from zero, which indicates the anisotropy of the elastic
properties of the AgAlTe, crystal. A detailed analysis of anisotropy is carried
out using the construction of 3D surfaces and their planar projections for various
parameters. Spatial distributions of Young’s modulus E, bulk modulus B, and
shear modulus G are plotted. B is shown to be nearly isotropic, while F and
G exhibit significant anisotropy of the opposite character. Using the calculated
matrix of elastic constants C;; and solving the Green-Christoffel equation, the
speed of acoustic plane waves propagation in the crystal was calculated. Planar
projections of the velocity V' in the (100) and (001) planes were constructed and
their anisotropy was discussed.

Key words: crystal, chalcopyrite, elastic properties, anisotropy, acoustic
waves.



