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KPUCTAJIIYHA CTPYKTVYPA CIIOJIYK CuGa,S(Se),I

Bcranosneno icHyBanHs HoBMX TeTpapuux cnonyk CuGa,S I, CuGa,Se ], ix xpucraiiuna
CTPYKTypa JOCIi/DKeHa MeTooM nopoinky. CHOMyKH MPOiHICKCOBaHI y TeTparoHalbHii
CHHTOHII, mpocTopoBa rpymma /-4 3 nmapamerpamu komipok: a=0.3311(2) um, ¢=1.04411(5)
M (s CuGa,S,D), a=0.55821(3) um, ¢=1.0981(2) am (uis CuGa,Se,I). V crpykrypax Te-
tpapuux cnonyk CuGa,S.I, CuGa,Se.l atomu Ga 3afiMaroTh JIBi MPABUIIbHI CHCTEMHU TOYOK
(2a i 2¢) i maroth TeTpaeapuune otouenns [Ga 4S(Se), ], [Ga,4S(Se), |; nonoxenns Ga, (2a)
i Ga, (2¢) sanosreni Ha 80 %. Cratuctuyni cymimi M, (Cu + Ga) i M, (Cu + Ga) 3aiimaiots
IBi MIpaBUJIbHI cHCTEMH To4OK (2b i 2d) i otoueni Terpaenpamu [M 4S(Se), ], [M,4S(Se) ].
Craructuuni cymimi M, (2b) i M, (2d) marote Takuit cknan: 50 % Cu i 20 % Ga, 30 %
TIO3UIIIH HE 3al0OBHEHI.

KorouoBi ciioBa: xpucraniuna CTpyKTypa, XaJIbKOTaJOTCHIN.

OaHMM 3 HampsIMKY MOIIYKY HOBUX MaTepiajiB € YCKJIaJHEHHS KOMIIOHEHTHOTO
CKJIaay croiyk. ToMy OTpUMaHHS HOBHX TE€TPAPHUX XaJIbKOTaJIOTEHIIIB 1 TOCIIIKEH-
HS X KPUCTAJII4YHOT CTPYKTYPHU CTalIM 00 €KTOM Takoro noiyky. TepHapHi Ta TeTpapHi
XaJIbKOTEH1IM Ta XaJbKOTaJIOTeHiH 3 TeTpaeIpuyHO KOOPIANHOBAHUMHU KaTiOHAMU Bif-
HOCSITBCS 10 KJIaciB CHONYK, SIKI BUKIMKAIOTh 3HAYHUH iHTepec B AochiaHukiB [1,2].
3rijgHo 3 niTeparypHUMH JaHumH [3] Oymno BusiBieHo, o y cucremax Cu(Ag)CI(Br,l) —
In,S(Se,Te), yreoprorotbest Tetpaphi cnionyku ckinany AB XY (ne A — Cu, Ag; B-In;
X-S, Se, Te; Y-CI, Br, I), TepmomHaMiuHi BIIACTUBOCTI SIKUX JOCIIJKEHO B pOOOTI
[4]. THmwmx poOiT, Jie B IKOCTI METaJIivYHOrO KoMITIoHeHTa B okpim In Buctynae Ga, Hamu
He BuUsiBIEeHO. Bee ne 3o0cepenuo namry ysary Ha cnionykax tuny AB, XY (ne A — Cu;
B-Ga; X-S, Se; Y-I).

MATEPIAJIM TA METOJAU JOCJIIJ)KEHHA

3pa3Kku CTEXiOMETPUIHOTO CKJIaTy Macoro 1 T' TOTyBald CIUIABISIHHSAM pO3paxoBa-
HUX 1 3BakeHUX Ha Barax moneini BJIP — 200 mpoctux Ga, S, Se Ta cBi»KOOTpUMAaHOI
oiraproi Cul uucrororo He MeHme 99,99 mac.% y BaKyyMOBaHHX JO 3aJHIITKOBOTO
tucky 0.1 Pa i 3amassHuX KBapIeBUX aMITyJIax B IeUi OIAXTHOTO THITY 3 CHCTEMOIO pery-
JFOBAaHHS 1 MATPUMKH Temneparypu. Cipka MOIEepeaHbO OYHIIyBajacs ABOXPa30BOIO
BaKyyMHOIO TIEPETOHKOI0. MakcuMmaibHa TeMmIiieparypa cuHTedy craHoBmia 1170 K,
BUTPHUMKa 4 TOJMHH, 0X0i0mKkeHHs 10 770 K mpooaumu 31 mBuakicto 20 K/ron, Bu-
tpuMka 300 TOIWH, MICI YOTO IPOBOIWIN TapTyBaHHS B3ipIiB y 20%-Hui BOTHIIA
po3unH NaCl.

JocmimKkeHHsT KPUCTaIIuHOI CTPYKTYPH TETpapHOi (pa3u 3miiCHIOBAIN METOIOM
moponiKy. MacHBH €KCIIEPUMEHTAIBHUX IHTCHCUBHOCTEH 3pa3KiB OTPUMYBAIH 3 JI0-
nomororo nudpakromerpa JIPOH-4-13 (CuKo-BunpomiHIOBaHHS, IHTEpBaJl 3HOMKH
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10°<26<100°, kpok ckanyBanHus 0.05°, gac excro3utii 20 cex.). Po3paxynku Ta yTod-
HEHHSI KPUCTAIIYHOI CTPYKTYPH MPOBOAMIIN 3 BUKOPUCTAHHIM KOMILICKCY IPOrpaMm
WinCSD [5].

PE3YJBbTATHU TA OBI'OBOPEHHS

Bcranosneno icuysanns HoBux Terpapuux cnonyk CuGa,S.I, CuGa,Se. l. Ananis
hkl innexciB pedekciB BKa3aB Ha TeTparoHaJbHY CHHIOHIIO, Ip. Ip. /-4, y sKiii mpo-
BE/ICHO PO3IIU(POBKY Ta YTOUHEHHSI CTPYKTYpH. Y TaOnuIi 1 HaBeAeHO YMOBH pEHTTE-
HIBCBKOTO €KCTIIEPUMEHTY Ta PE3yJAbTAaTH PO3PAXYHKY KPUCTATIYHUX CTPYKTYP.

Tabmus 1
Pe3ysabTaT YTOUHEHHSI KPUCTAJTIYHUX CTPYKTYP
Table 1
Results of the refinement of the crystal structures
Emnipuyna ¢gopmya CuGaS 1 CuGa Se,l
IIpocroposa rpyna 14 14
Z 2 2
a=0.3311(2), a=0.55821(3),

Tepioaun eneMeHTapHOI KOMIpKH,HM

¢ =1.04411(5) ¢=1.0981(2)
V, um’ 0.29674(4) 0.34216(8)
KinbKicTh aTOMIB B KOMIpIIi 14 14
PospaxoBana rycruna(z/cm’) 4.7680(6) 5.501(1)
Koedimient abcopouii(1/cm) 657.00 696.74

BunpowminioBanHs,
JloBXuHA XBHITi (HM)

CuKa; 0.154185

CuKa; 0.154185

Judpaxromerp

JIPOH 4-13

JIPOH 4-13

Cnocib o0paxyHKy

MOBHOIPOTBHUIT

MOBHONPOUTBEHUI

KinpkicTs BUIBHHX TTapaMeTpiB

10

10

R R

I’. P

0.0505; 0.1927

0.0555; 0.2634

[kanbHuit haxkTop

0.859(8)

0.907(7)

Bick Texcrypu i napamerp

[110];2.0(1)

[100]; 1.14(5)

ExcriepuMenTansHi Ta po3paxoBaHi AU(PAKTOrpaMH CHOIYK, a TaKOXK Pi3HHICBI
MDX HUMH, TIPEICTaBICHI Ha puc. 1-2.
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Kpucmaniuna cmpyxkmypa cnonyx CuGa,S(Se) [
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Puc. 1. ExcnepuMeHTanbHUI (TOYKH), pO3paxoBaHUH (CYIIIBHUI) Ta pi3HAIIEBUI

(rmoxHs mkana) mpodini nuppaxrorpamu conyku CuGa,S. 1

Fig. 1.Experimental (dotted) and calculated (solid) diffraction patterns and their difference

(bottom scale) of the CuGa,S,I compound.
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Puc. 2. ExciepuMeHTanbHUI (TOUKH), pO3paxoBaHuii (CYLiIbHUIT) Ta pi3HULICBHUIT

Fig.2. Experimental (dotted) and calculated (solid) diffraction patterns and their difference

(auHs mKana) npodini cnonyku CuGa,Se,l

(bottom scale) of the CuGa,Se.I compound.
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YTOYHEHHSI KOOPJIMHAT Ta 130TPOITHUX TEIUIOBUX IMapaMeTpiB aTOMIB Y CTPYKTypax
teTpapuux cnonyk CuGa,S.I, CuGa,Se,l nasezeni y ta6m. 2, 3.

YTouHeHI KOOPAMHATH ATOMIB Ta i30TPONHI TenJI0BI NapameTpu

B cTpyKTypax cnoiayk CuGa,S.I ta CuGa,Se,l

Tabmuus 2

Table 2

Refined atom coordinates and isotropic temperature displacement parameters
in the CuGa,S,I Ta CuGa,Se, I structure

IMapamerpu aTomiB y cTpykTypi costyku CuGa,S,1

Atom | TICT va /b ole Salimie® | By, 100
Ga, 2a 0 0 0 0.8 1.7(6)
Ga, 2c 0 1/2 1/4 0.8 2.4(5)
M, 2b 0 0 1/2 0.5Cu+0.2Ga 1.3(6)
M, 2d 0 172 3/4 0.5Cu+0.2Ga 1.2(5)
X 8g 0.255(2) 0.2665(13) 0.1202(4) 0.75S+0.251 1.0(2)

IMapamerpu aTomiB y cTpykTypi cnosnyku CuGa,Se,I

Atom | IICT x/a v/b z/c 3111};51;1?;5 B, 10%
Ga, 2a 0 0 0 0.8 0.87(6)
Ga, 2c 0 172 1/4 0.8 0.86(6)
M, 2b 0 0 172 0.5Cu+0.2Ga 0.85(6)
M, 2d 0 1/2 3/4 0.5Cu+0.2Ga 0.86(6)
X 8g 0.240(3) 0.260(4) 0.1209(5) 0.75Se+0.251 1.38(5)

Y crpyxkrypax terpapuux cnonyk CuGa,S.I, CuGa,Se.I (puc.3) aromu Ga 3aiimarots
JBi IPAaBMIIbHI CHCTEMHU TOUOK (2a i 2¢) i MaroTh TeTpaenpuune otouenns [Ga 45(Se) ],
[Ga,4S(Se), |; nonoxenns Ga, (2a) i Ga, (2¢) 3anosneni Ha 80 %. CratucTnyi Cymini
M, (Cu + Ga) i M, (Cu + Ga) 3aiiMaroTh 1Bi NPABUIILHI CUCTEMH TOYOK (2b 1 2d) i oTO-
geHi TeTpaeapamu [M 4S(Se) ], [M,4S(Se),]. Cratuctuuni cymimi M, (2b) i M, (2d)

MaroThk Takui ckiaza: 50 % Cu 120 % Ga, 30 % 1mo3uiiii He 3aITOBHEHI.
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Kpucmaniuna cmpyxmypa cnonyk CuGa,S(Se) 1

Tabumus 3
Mi:karomHi Bincrani (d, HM) Ta koopauHauiiini ynciaa (K.4Y.) atomiB y cTpyKkTypax
JOCTIZKEHHX CIOTYK
Table 3
Inter-atomic distances (d, nm) and coordination numbers of the atoms (C.N.) in the structures
of the investigated compounds

MixaTomui Bincrani Ta koopaunaniiini uncaa aromis Cu, Ga y crpykrypi cnosyku CuGa,S. 1

AToMH MikaToMHi BiicTaHi, HM K.4.
Ga, —4X 0.23327 4
Ga,-4X 0.22879 4
M -4X 0.21979 4
M, - 4X 0.23582 4

Mixaromui Bigcrani Ta Koopaunauiiini yncia atomis Cu, Ga y crpykrypi cnoayku CuGa,Se. I

ATomMu MiskaromHi BigcTrani, HM K.
Ga—-4X 0.23799 4
Ga,-4X 0.23663 4
M -4X 0.23799 4
M- 4X 0.24945 4

.Ga.- oparkennii Tetpacap
OGai- KOBTHH TeTpACAP
.M,V(Cu +Ga,) wepsornii Te1-1p
@M, <G
.x ~(S(Se).)

Puc. 3. EnemenTapHa KOMipKa Ta KOOPIHHAI[Ii{HI MHOTOTPAaHHUKHU aToMiB Ga Ta CTAaTUCTHYHUX
cymimeit M| i M, y ctpykrypi cionyk CuGa,S(Se), I

Fig. 3. Unit cell and coordination polyhedra of the Ga atoms and statistic mixtures M,
and M, in the structures of CuGa,S(Se),I compounds
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BUCHOBKHA

PeHTreHiBChbKMM METOIOM TMOPOIIKY BIIEPIIEe BUBUEHO KPUCTANIYHI CTPYKTYPH HO-

BuX TeTpaphux cnionyk CuGa, S.I, CuGa,Se,I. Bonu KpucTami3yroThCs y TETparoHaabHilk
CUHTOHIT, TpocTopoBa rpyna [-4. [Tapamerpu komipok a=0.3311(2) uM, ¢=1.04411(5)
M (i CuGa,S I), ¢=0.55821(3) um, ¢=1.0981(2) um (s CuGa, Se.l). ¥V crpykrypax
terpaphux cnonyk CuGa,S I, CuGa,Se,l atomn Ga 3aiiMaroTh JIBi IIpaBUJIbHI CHCTEMH
TO4OK (2a 1 2¢) 1 maroTh TeTpaenpuune orouenns [Ga 4S(Se) |, [Ga,4S(Se),]; mono-
wenns Ga, (2a) i Ga, (2¢) 3anosneni Ha 80 Y%. Cratuctuui cymimi M, (Cu + Ga) i M,
(Cu + Ga) 3aiimMaroTh JBi MpaBUJIbHI CUCTEMH TOYOK (2b 1 2d) 1 oToueHi TeTpaeapaMu
[M,45(Se),], [M,4S(Se),]. Cratuctnuni cyminn M, (2b) i M, (2d) maroTb Takuii ckia:
50 % Cu 120 % Ga, 30 % mo3uliii He 3aITOBHEHI.

N —
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KPAUCTAJLIMYECKASI CTPYKTYPA COEJIMHEHUM CuGa,S(Se),1

ITpn uccnenoanuun cucrem thna AY-B,X, 06pasylorcst TETpapHble COEIMHEHUs COCTaBa
AB, XY (tne A-Cu, Ag B-In; X-S, Se, Te; Y-CI, Br, I). Hame Baumanue 66110 cocpenoto-
4eHo Ha coenunenusax Thna AB,X,Y (rme A—Cu; B-Ga; X-S, Se; Y-I). MeTonoM peHTreHo-
CTPYKTYPHOTO aHaJIU3a ObLJIO YCTAHOBJICHO CYILIECTBOBAHME HOBBIX TETPAPHBIX COCAMHEHMUI
CuGa,S.I, CuGa,Se,l u METONOM MOPOLIKA MCCIIEN0BAHA MX KPUCTAIUIHYECKAs CTPYKTYpa.
CoenyHeHHsT CHHTE3MPOBAINMCh MPSIMBIM OIHOTEMIICTATYPHBIM METOIOM M3 TPOCTHIX Be-
IIECTB MeIH, rajius, cepbl U cBexenonaydeHHoro omuna memu (I). Cepa mpensapurensHO
NoJIBEprajach JAByxpa3oBod BakyymHoii neperouke. Coenunenus CuGa,S,I, CuGa,Se,l npo-
HHJIGKCUPOBAHBI B TETParoHaIbHOI CHHIOHUH, TPOCTPAHCTBEHHAs Ipya /-4 ¢ mapamerpa-
mu staeek: a = 0.3311(2) um, ¢ = 1.04411(5) um s cynbhypconepKamiero CoeanHeHNs,
a = 0.55821(3) um, ¢ = 1.0981(2) HM JuIs1 celeHcoaepIKallero coenuHeHus. B cTpykrype
TETPApHBIX COCANHCHUH aTOMBI rajiis 3aHUMAIOT JIBE [IPaBUJIbHBIC CUCTEMBI TOUCK (2a U 2¢)
1 MMEIOT TeTpasapudeckoe okpyxkenus [Ga4S (Se) ], [Ga4S (Se) ]. onoxenus Ga, (2a)
u Ga, (2c) 3anonnensl Ha 80%. Craructnaeckue cmecu M, (Cu + Ga) u M, (Cu + Ga) 3a-
HHMAIOT JIBE TIPaBUJIbHBIE CUCTEMBI ToUeK (2b 1 2d) n oxpyxkeHsl Tetpasapamu [M 45(Se) ],
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[M,4S(Se),]. Craructiueckue cmecu M, (2b) u M, (2d) umetot cnenyromuii cocras: 50% Cu
u 20% Ga, 30% mo3uuu He 3aI10JHEHEI.

KiroueBble ciioBa: KpUCTaUIM4eCKasi CTPYKTYypa, XaJIbKOraJlOr€HUAbI.
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CRYSTAL STRUCTURE OF THE COMPOUNDS CuGa,S(Se),I

One of the directions for finding new materials is to complicate the component composition
of the compounds. Therefore, the acquisition of new tetrachloride halogens and the study
of their crystalline structure have become the object of this search. Ternary and quaternary
chalcohenides and chalcohalohenides with tetrahedral coordination cations are among the
classes of compounds that are of great interest to researchers.

The tetrahedral compounds of the composition AB,X,Y are formed in the systems AY — B, X,
(where A— Cu, Ag; B—In; X - S, Se, Te; Y — Cl, Br, I). Our attention was focused on the
compounds where A is Cu, B is Ga; X is S, Se; Y is I). By the X-ray phase analysis method,
the existence of new quaternary compounds CuGa,S.I, CuGa,Se.I have been established
and their crystal structures have been studied by the powder method. Compounds were
synthesized by a direct single-temperature method from simple substances of copper, galium,
sulfur, and freshly obtained copper (1) iodide. Sulfur had been previously cleaned by a two-
time vacuum distillation method. The crystal structures of these compounds were determined
from data sets obtained on the DRON 4-13 X-ray diffractometer (CuKa radiation, in the
range of 10°<20<100°, scan step 0.05°, 20 sec. exposure at each point). The computation
of the crystal structure of the quaternary compounds CuGa,S.I, CuGa,Se,I was performed
using WinCSD software package. Compounds CuGa,S.I, CuGa,Se,l have been indexed in
tetragonal syngony, space group /-4 with cell parameters: a= 0.3311 (2) nm, ¢= 1.04411
(5) nm for the sulfur-containing compound, a= 0.55821 (3) nm, ¢= 1.0981 (2) nm for the
selenium-containing compound. The unit cell contains 14 atoms. The coordinates of the
atoms and the isotropic displacement parameters have satisfactory values. In the structures
of the compounds, the galium atoms occupy two regular point positions (2a and 2¢) and have
tetrahedral environments [Ga 4S(Se), ], [Ga,4S (Se),]. The positions of Ga, (2a) and Ga, (2¢)
are 80% filled. The statistical mixtures M, (Cu + Ga) and M, (Cu + Ga) occupy two regular
point systems (2b and 2d) and are surrounded by the tetrahedra [M 4S(Se) ], [M,4S(Se)1].
The statistical mixtures M, (2b) and M, (2d) have the following composition: 50% Cu and
20% Ga, 30% of the position is not filled.

Keywords: crystalstructure, chalcohalohenides.
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