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TEPMOJAUHAMMWYECKHE CBOMCTBA TBEPIbIX PACTBOPOB
B CUCTEME Cu,GeS, — Ag,GeS,
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Annotanus. M3mepennem DJIC KOHIIEHTPAIIMOHHBIX 1IeTIel ¢ TBEpAbIM dJeKTponuTtom Cu 4RbC|3|2
B unTeppane temneparyp 300+380 K nsyuena cucrema Cu,GeS ~Ag,GeS.. Ilokazano obpasoBanue
IIMPOKHUX 00IacTe! TBEPIBIX PACTBOPOB HA OCHOBE MCXOIHBIX COSAMHEHMH. M3 TaHHBIX M3MEpEeHUH
O/1C BBIYHCICHBI TAPIHANTEHBIC MOSIPHBIC (PYHKITHH METUB CIIaBaX.

KiroueBrle cioBa: cucrteMa CuBGeSG—AgBGeSG, TBepAble pacTBOpbl, MeToa DJC, TBepAbIN AIeKT-

pomut Cu,RbCI

3|2’

BBEJEHHE

XanbKOTeHHU Bl MEITH 1 cepedpa ¢ p?-dlieMeHTaMu
SIBIISIFOTCS [ICHHBIMH (DYHKIIMOHAJILHBIMU MaTepHaa-
MU JIeKTpOHHON TeXHUKH [1, 2]. CoeqrHeHMS ceMerCT-
Ba apruponauta (argyrodyte) c¢ obmei Gpopmynoi
A' BVX, (A'-Cu, Ag; B"-Si, Ge, Sn; X-S, Se, Te)
001a1a10T TaK)Ke BBHICOKOW MOHHOW MPOBOAMMOCTHIO
o karuony Cu*(Ag*) 1 MOTYT OBITh HCITOIB30BAHBI B
KageCTBe AIEKTPOXUMHUIECKIX CEHCOPOB, SIEKTPOIOB
WJIA DJICKTPOJIMTHBIX MaTepHalOB B YCTPOMCTBAX
ANEKTPOXUMHUYECKOTO TPEBPAIIeHUs YHEPTUU — B
TBEPIOTEIbHBIX Oarapesix, TucIuiesx u ap. |3, 4].

Panee Hamu ¢ 11e7TbI0 TIOMCKA U pa3pabOTKH Hay4-
HBIX OCHOB ITOJTyYCHHUST TBEPJIBIX PACTBOPOB HA OCHO-
BE COEAMHEHUN TUIIA A'HB'VX6 ObUTH U3y4eHbI (Pa30BbIC
paBHOBECHS U TEPMOAMHAMUYECKHE CBOWCTBA psija
CUCTEM Ha uX ocHOBe [5-9].

JlanHas paboTa NOCBsIIeHa U3YYSHHIO TEPMOIH-
HaMUYECKUX CBOWCTB TBEPABIX pacTBopoB Cu ,GeS —~
Ag,GeS, metonom DJIC ¢ TBEPABIM JIEKTPOIUTOM
Cu,RbCLL,.

Hcxonnple coeqMHEHNs] 3TOM CUCTEMBI U3YUYEHbI
noapo6no. Cu,GeS, nnaBuTcs ¢ pasiokKEHUEM I10
nepuTekTnieckor peakiuu npu 1253 K u npereprie-
BaeT nonuMopdusril nepexoxn nmpu 328 K [1]. Huzko-
TeMIeparypHas MOJUPUKAIUS KPUCTAILTU3YETCS B
opTopoMOuyecKkoi pemetke (mp.rp. Pmn2,) ¢ napa-
MEeTpaMu 3JeMeHTapHoUW sueiikn a = 0.70445,
b =0.69661, ¢ = 0.98699 um [1], a BeIcOKOTEMIIECpa-
TypHas — B Kyomdeckoi (mp.rp. F-43im) ¢ nepuomom
a =0.99567 um [10]. Coenunenne Ag,GeS, mnasurcs

TEepMOJIMHAMUYECKHUE CBOMCTBA.

¢ OTKpHITEIM MakcumyMmoM 1ipu 1218 K u umeer da-
30BbIH niepexon ipu 496 K [1, 11]. Huzkoremmeparyp-
nas monupukanus Ag,GeS, nmeer pomOHIeCcKyo (1Ip.
rp. Pna2,), a=1.5149, b=0.7476, ¢=1.0589 um [1], a
BBICOKOTEMIIepaTypHasi — KyOM4ecKyIo CTpYKTypy (1p.
rp. F-43m), ¢=1.070 am [10].

JKCIHHEPUMEHTAJIBHASA YACTb

Cuntes ucxonneix coenunenuii Cu,GeS, u
Ag,GeS, npoBOANIIH CILJTABJIEHUEM CTEXHOMETPUYEC-
KUX KOJUYECTB COOTBETCTBYIOIINX 3JIEMEHTAPHBIX
KOMITOHEHTOB BBICOKOH CTEIICHU YUCTOTHI B BAKYYMHU-
poBanHbix (~1072I1a) kBapiieBbIX amiTysiaX. MeTOMUKH
cuHTe3a onucansl B [6, 8]. UHAMBHIYyaIbHOCTD CHH-
TE3UPOBAHHBIX COCIMHEHUN KOHTPOJIHMPOBATN METO-
namu [ITA u POA.

CIiaBlieHUEM CHHTE3UPOBAaHHBIX COCAMHCHUN B
Pa3IUYHBIX COOTHOIIEHUSAX B BaKyyMHUPOBaHHBIX
KBapIEBbIX aMIlyJiaX T'OTOBHJIM CILIABBI CHUCTEMbI
CUSGeSG—AggGeSG, KOTOpBIE JJISI TOMOIE€HU3aluH
omxkuranuch npu 900 K B teuenune 500 u.

Hunst nposeaenust uamepennit J{C Obln cocTas-
JICHBI KOHIICHTPAI[MOHHBIC ST THTIA!

(-) Cu (tB.) | CuARbCIEI2 (tB.) | (Cu B crmase) (TB.) (),

1)
B KOTOPBIX JIEKTPOIUTOM CITY>KUJ TBEPIBIN CyTepH-
onnblit nposoauuk Cu,ROCL I, 0bnanarommii Beicokoi
HMOHHOH TPOBOJAMMOCTBIO YKE IIPU KOMHATHOW TeMIIe-
parype [3]. JIeBbIM 3JeKTpOIOM CIYXKHJIa METAIITH-
YeCcKast MeJlb, a IPABbIMH 3JICKTPOIaMK — PABHOBECHBIC
CIUTaBBI HCCIIETyeMOH CUCTEMBI.
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MeToauKH COCTABJICHUS 3JIEKTPOXUMHUYECKUX
neneit u usmepenuit DJ]C noapoOHo onmcansl B [12].
O/1C n3mepsv ¢ TOMOMIBIO IIU(PPOBOTO BOIBTMETPA
Mapku B7-34A B unrepsane remneparyp 300+380 K.
[IepBblec paBHOBECHBIC 3HAUYEHUS OBUIM MOJYUYCHBI
nocne 25-30 4 BeiepxkuBanHus sueiiku npu 360 K,
MOCIeNyONIe — Yepe3 KaxKable 3 4 Mociie yCTaHOB-
JICHUs OTIPEJIeNICHHON TemMneparypbl. PaBHOBeCHbIMU
cuutanu Te 3HadeHust JJIC, KOTopbIe MPU HEOTHOKPAT-
HOM M3MEPEHUH IPH TAaHHOH TEMIIEpaType OTIANIAINCh
JpyT OT Jpyra He 6onee, yem Ha 0.5 MB HezaBucuMo
OT HaIpaBJICHUs U3MEHEHUS TEMIIEPaTyphl.

PE3VJIBTATBI U OBCYXJAEHUSA

DKcIieprMeHTaIbHbBIE JTaHHBIC, TIOTYYeHHbBIE Me-
tomom D/1C, moaTBep MM pe3yNbTaThl padoTHI [7] 00
obpasosanuu B cucteme Cu,GeS —Ag,GeS, mupokux
oOacTeil TBepIbIX PacCTBOPOB Ha OCHOBE MCXOIHBIX
coenuHennid. Kak BuaHo u3 puc. 1, npu KOMHATHOM
teMriieparype 3HaueHus 3/1C MOHOTOHHO BO3pacTaroT
B obnacTax cocraso 0-60 mon.% Ag,GeS, (o-dasa
Ha ocHose Cu,GeS ) u >77 mon.% Ag,GeS, (B-thasza
Ha ocHoBe Ag,GeS)), a B IPOMeXKyTOUHOH 00macTH
OCTalOTCs IOCTOSTHHBIMH HE3aBHCHUMO OT COCTaBa. ITO
HaxOJHUTCSI B COOTBETCTBUHU ¢ (Da30BON quarpaMMoit
cucrembl Cu,GeS,~Ag,GesS, [7].
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Puc. 1. 3aBucumocts J/IC uerneii Tuna (1) ot cocraa
[Fig. 1. Dependence of the electromotive force
for the chains of type (1) upon composition]

AHanM3 XxapakTepa TEMIIEPaTypPHBIX 3aBUCUMOCTEN
3HaueHnit JJ1C moxaszan, 4YTO OHU MPAKTHYECKU JIH-
HEHHbI 17151 BceX cruiaBoB. [loaToMy pesyibTarsl u3-
mepennit DJ]C Ob1i 00pabOTaHbI B MPUOIKEHUH X
JUHEWHON TeMIepaTypHOU 3aBUCUMOCTU METOIOM
HaWMEHBIIINX KBAJPaTOB M MpeIcTaBiIeHbI (Tadm. 1) B
BUJIc ypaBHeHHH THma [12]:

2 1/2
E:a+bT-_lrt{S?E+sz(Ti—f)2} (2)

(t— xpurepuii Ctronenta, S u S7 — nucnepcuu ot/e-
npHbIX m3Mepenuit I/1C u koaddunmenta b cooTet-
cTBeHHO). JlaHHbBIE IS CILIaBOB C cOCTaBamMH 65 u
75 mon.% Ag,GeS, u3 nByxdazHoii obnacTu o+ 6bHI
obOpaboransl BMecTe. B Tabn. 1 takke mpuBeneHo
ypaBHEHHE, MMOJydeHHOE aBTopaMu [8] jIsl BBICOKO-
TemneparypHoi moxupukanuu Cu,GesS,.
N3 gannbix Ta6a. 1 mo cootHomeHusM [3]:

_ AGe, =-2FE (3)
AHcu =AG,, +TAS, =

:—zF{E—T(a—Ej }:—zFa, ®)
aT ),

AS,, __98Ga _ (a—E) = zFb (5)
dT aT ),

rae F —uncno ®apanest, £ — 3apsi noreHIuanoopasy-
IOIIET0 HOHA, PACCYUTANH apIUaibHbIe MOJISIPHBIC
TepMOJIMHAMUYECKHE QYHKIIMUA MEJIH B CILTaBaX MPH
298 K (tabm. 2).

CoracHo puc. 2, B mipejienaax o01acTeil roMOreH-
HOCTH 0 U B-(ha3 ¢ yMEHBLICHUEM COACPKAHUSI MEIH
MOHOTOHHO BO3pAaCTaeT ee mapiuaibHas SHTPOITUS 1

_ 2
aSe, I
J-mol K" f

Ln
T

atp

|
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AgGeS,

-46

2G;aH
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50 F Y

Puc. 2. 3aBuCHUMOCTH MapUUATBHBIX TEPMOANHAMUYECKUX
Gbynkuui Memm ot cocrasa B cucteme Cu,GeS ~Ag,GeS,
npu 298 K
[Fig. 2. Dependence of the relative partial thermodynamic
functions of copper upon composition for the Cu,GeS ~
Ag,GeS, system at 298 K]
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Tadomuna 1. Temneparypubie 3aBucumoctd DJ[C KOHIEHTpAIMOHHBIX Herned Tuma (1)
s crnagoB cucremel Cu,GeS ~Ag,GeS,

| Table 1.Temperature dependences of the EMF for the chains of type (1)
for alloys of the Cu,GeS.~Ag,GeS, system]

Cocras, Mon.%AgﬂGeS6 B bT +1.S
[Composition, mol.% Ag,GeS,| E, mV=a+bT £1-5.(T)
Cu,GeS, [7] 357.8+0.116T + 2[%+ 6.5-10°(T —350.4)2}1’2
11 -5 2 |12
20 371.8+0.1356T +2 %+ 2.8-107(T —340.6)
_14 -5 2_1l2
40 378.4+0.170T £2 2—8+3.2 :107(T —339.2)
_10 -5 2_1/2
50 384.6+0.183T 2 %+ 2.6-107(T —339.4)
(1.5 5 2—112
60 386.3+0.211T £2| = +33-10°*(T ~338.7)
_27 -5 2_112
65; 75 382.7+0.232T £2 E+4.6-10 (T-338.1)
_18 -5 2_1/2
R0 414.8+0.158T £2| = +3.710°(T ~3388)
_22 -5 Z_lIZ
90 4475+0.194T £2 §+4.1-10 (T —339.7)

Tadauma 2. OTHOCUTENBHBIC TAPIUAIBHBIE TEPMOANHAMUYECKUE (DYHKIUH Menu
B cucreme Cu,GeS~Ag,GeS, mpu 298 K

[Table 2. Relative partial thermodynamic functions of copper in the alloys
of the Cu,GeS,-Ag,GeS, system at 298 K]

Cocras, M(_)J:I.% Ag,GeS, —AGa, —-AH,, AS
[Composition, mol. % cu
Ag,GeS | xJ-mol* J-mol ™K~
Cu,Ges, [6] 37.86+0.09 34.52+0.55 11.19+1.56
20 39.73+0.06 35.82+0.36 13.12+1.02
40 41.40+0.06 36.51+0.37 16.40+1.09
50 42.37+0.06 37.11+0.33 17.66+0.98
60 43.34+0.06 37.27+0.38 20.36%£1.11
65; 75 43.60+0.07 36.93+0.44 22.38+1.31
80 44.57+0.06 40.02+0.40 15.24+1.17
90 48.76+0.07 43.18+0.42 18.72+1.24
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YMEHBIIAOTCS TTAPIUATBHBIC SHTAIBITHS K CBOOOTHAS
sueprus | moboca. Ha rpanniiax pasaena sTux odmacreit
¢ aByx(a3HbIM MmojieM O+3 HaOIIOMArOTCs CKAYK000-
Ppa3HbIe U3MEHEHHS MapIMATLHBIX SHTPOIMHY ¥ SHTAb-
nuu. Bce maprnuanbHble MONsipHbIE (QYHKIIMH MEIH
AMEIOT ITOCTOSTHHBIC 3HAYCHUS B ABYX(pa3HOM 00IacTu
o+f3, 9TO CBSI3aHO C MOCTOSTHCTBOM COCTaBOB COCY-
mecTByOmuX (asz. DTa KapTUHA XapaKTepHa Il
OMHApPHBIX W KBa3UOMHAPHBIX CHCTEM, OOpa3yIONINX
OTpaHUUYEHHBIEC TBEPJIbIC PACTBOPBI HA OCHOBE HCXO/I-
HBIX KOMIIOHEHTOB [12].

3AK/IIOYEHUE

Teepnodasusie paBHoBecus B cucreme Cu,GeS
Ag,GeS, uzyuennt metoom IIC ¢ TBEPIBIM SIEKTPO-
satom Cu,ROCL I, B uuTeppane Temneparyp 300+380 K.
[Toka3zaHo, 4TO OHA XapaKTepH3yeTcsl 00pa3oBaHUEM
IIUPOKHUX 00NacTell TBep/bIX PACTBOPOB HA OCHOBE
HACXOIMHBIX coenuHeHnH. 13 manubeix naMeperwit 9J1C
BBIUHCIICHBI TTapIIHaIbHBIC CBOOOIHAS YHEpTHs | mO0ca,
SHTAJIBITUS ¥ SHTPOITUS MEJIU B CIIABAX.
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THERMODYNAMIC PROPERTIES OF SOLID SOLUTIONS
IN THE Cu,GeS,-Ag,GeS, SYSTEM
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Abstract. The system Cu,GeS,- Ag,GeS,was studied by electromotive force measurements of the

(=) Cu (sol.) | Cu,RbCLL, (sol.) | (Cuin alloys) (sol.) (+) 1)
concentration chains within 300+380 K temperature interval. In these chains, solid-state superionic
conductor Cu,RbCI, 1, was used as the electrolyte. This compound possesses high ionic conductivity
(0.5 Om™-sm?) on Cu+ cationsat a room temperature. The metallic copper was used as a left (nega-
tive) electrodeand equilibrium alloys of the studied system were served as right (positive) electrodes.
The formation of wide areas of solid solutions based on Cu,GeS, (a-phase, 60 mol.%) and Ag,GeS,
(B-phase, 23 mol.%) starting compounds is defined. Based on EMF measurements, the linear equa-
tions of temperature dependences EMF wereobtained and presented in the following form

1/2
E:a+bTit{S—E+S§(Ti —T")Z} ) )
n

where 11 is the number of pairs of E and T values; SZ and S? are the error variances of the EMF

readings and b coefficient, respectively.
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The partial molar thermodynamic functions of copper in alloys were calculated based on the results

of the EMF measurements.

Analysis of the concentration dependences of the partial molar functions of copper showed that the
within homogeneity areas of a and B-phase with a decrease of the copper content the partial entropy
increases monotonically, while the partial enthalpy and Gibbs free energy decrease. At the interfaces
of a- and B-phases with two-phase o, + [ field, there are abrupt changes in the partial entropy and
enthalpy. All partial molar functions of copper are constant in the oi+[3 two-phase area, which is related
with the constancy of compositions of coexisting phases.

Keywords: Cu,GeS,~Ag,GeS, system, solid solutions, EMF method, Cu,RbCL], solid electrolyte,

thermodynamic properties.
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