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CONDUCTANCE OF MULTIPHASE INTERMEDIATE STATE
IN Li,O-7GeO, GLASS-CERAMICS

Conductance of the phase states, obtained on heating run at devitrification of Li,O-xGeO, (x = 7)
glass, is studied. Conductivity ¢ was measured in AC field (f = 1 kHz) on heating through the interval
including glass crystallization temperatures. It is shown that glass crystallizes in a few stages and heat
treating makes possible to turn initial glass into the intermediate state with increased conductivity.
Above 904 K the composition x=7 is finally crystallized and ¢ abruptly drops in two orders of magni-
tude. To clear up the physical mechanisms of o increasing in the intermediate state, impedance spectra
p*(®) were measured for frequencies 10*-10° Hz in the interval 600-675 K. The results are discussed on
the basis of equivalent circuit approach; multiphase nature of the compounds is taken into account.
Referring to previous DTA and X-Ray data, it is argued that o increasing in the intermediate state
results from nucleation of nanometer Li,Ge,Oq4 and Li,Ge;O;5 ordered regions. In such nano- disper-
sive state surface phenomena become main factor that could change the mechanisms of charge trans-
fer. Just as for other lithium germanate oxides, it is assumed that mobile Li ions determine conduct-
ance of Li,O-7GeO, glass-ceramics in studied frequency and temperature intervals.

Keywords: glass-ceramics, lithium heptagermanate, impedance spectroscopy.

BuBuaerbest npoBigHicTs (a3oBux craHiB, oTpUMaHHX NpH po3cTekiayBanHi ckiaagy LiO-xGeO,
(x=7) B mpoueci HarpiBanus. [TuTomMa ejieKTpoNpoBiIHicTL ¢ BUMipoBaiacs B 3minHomy moui (f = 1 k')
NpH HATPiBaHHi B iHTepBaJi, AKUI BKJIIOYAE TeMIepaTypu KpucTatizauii ckia. [TokasaHo, mo kpucrasmiza-
Lisl BiA0YBA€THCS MOETAMHO i LUISIXOM TepMiYHOI 00pOOKHU BUXI/IHE CKJIO MOK/IMBO NlepeBecTH B MPOMIizKHUI
CTaH 3 MiIBHLIEHOI0 eJleKTponpoBiaHicTio. Bume 904 K ckiax X=7 0CTATOYHO KPUCTANIZY€EThCA i 6 pi3ko
Naja€ Ha ABa nopsaaku. Jljs 3'acyBaHHs NPUYMH 3POCTAHHSA G B IPOMIKHOMY CTaHi, IPOBEIECHO BUMIpIO-
BaHHsI iMITETAHCHUX CTIEKTPIB p*(®) B Aianasoni yactor 10'-10° I i TemmepaTypHomy inTepBai 600-675 K.
Pe3ysibTaT 06roBOpIOIOTHLCH HA OCHOBI METO/ly eKBIBAJIGHTHHX CX€M 3aMillleHHs 3 ypaxyBaHHsAM OaraToga-
3HOI IPUPOU JOCIKYBaHUX crioayK. [locuinarounck Ha nonepenHi nani /ITA Ta pentreniBebKkoi qudpak-
i, NPHITyCKAETbCS, 10 MIBULICHHS 6 B IPOMIZKHOMY CTaHi BiI0OYBAa€ThCsA BHACII0K YTBOPCHHSI HAHOMET-
poBux 3apoakis ¢a3 Li,Ge;Og i Li;Ge;O15. ¥ TakoMy HaHO- THCHEPCHOMY CTaHi MOBEPXHEBHi SIBUILA CTa-
0Tb 1OMiHYI0YMM (aKTOopoOM, 110 MOKe 3MiHIOBAaTH MeXaHi3Mu nepeHocy 3apsiay. [loaiono no inmmx gitie-
BO-TepMaHi€BUX OKCHIIB, BBAXKAETHCSI, 1110 MOOLIbHI ioHM Li BU3HAYaI0Th NPOBiTHiCTH cKiI0Kepamiku Li,O-
7GeO, st AOCTKYBAHUX YACTOTHOI'O i TEeMIIEPATYPHOT0 iHTEPBATIB.

KunrouoBi coBa: ckiokepamika, renTarepMaHar JITiio, iIMIIEfaHCHA CIIEKTPOCKOMISL.

H3y4aercsi mpoBoIMMOCTh ()a30BBIX COCTOSIHU, MOJyYeHHBIX NMPH paccTekiaoBanuu cocraBa Li,O-
xGeO, (x=7) B mpouecce HarpeBa. Ye/lbHas 3JIeKTPONPOBOIHOCTH G H3Mepsiiach B nepemMenHoM noste (f=1
k') Npu HarpeBaHMM B MHTEPBAJle, BKJIIOYAIOUIEM TEMIIEPATyphl KpUCTALIM3auu cTekia. IlokasaHo,
YTO KPHCTAIN3AIMS NPOMCXOAUT MO3TANHO U IMyTeM TepMHYecKoii 00paloTKH MOKHO IepeBecTH HCXO0/-
HOe CTeKJIO B POMEeKYTOYHOe COCTOSTHHE ¢ OBBILICHHOI1 3J1eKTPONPOBOAHOCTHIO. Bhilie TemnepaTypsr 904
K cocTaB X=7 okoHYATeILHO KPHCTALIIN3YeTesl U G NaJaeT Ha JBa nopsiaka. /Ijsi BeIsicHeHHsl IPHYHH BO3-
pacTaHusi ¢ B POMEXXYTOYHOM COCTOSIHHM, NPOBeIeHbI M3MepeHHsi HMITEIAHCHBIX CIIEKTPOB p*(®) B aua-
nasoue yactor 10'-10° I'u u TemmnepaTypHom uuTepBajie 600-675 K. Pe3y/ibTaThl 06Cy/KIAI0TCS HA OCHOBE
MeTO0/1a SKBHBAJICHTHBIX CXeM 3aMeLleHHsl ¢ y4eTOM MHOro(asHoii mMpupoabl McclleAyeMbIX coeInHeHMIl.
Ccbuiasich Ha npeapigymue gannbie ITA 1 peHTreHoOBCKoOH AupaKkiuy, NPeano/iaraercs, 4YTo nopbiiie-
HHe 6 B NMPOMEKYTOYHOM COCTOSIHHHM NMPOUCXOAUT BCJIEICTBHE 00PA30BAHUSI HAHOMETPOBBIX 3apojbIiIei
¢a3 Li,Ge,Oy u Li;Ge;O5. B TakoM HaHO- TUCHEPCHOM COCTOSIHUHM MOBEPXHOCTHBIE Y(PPEeKT CTAHOBIITCSH
JOMHHHPYIOIIUM (haKTOPOM, UTO MOKeT H3MEHNTH MeXaHH3MBI NepeHoca 3apsiia. [loxo6no Apyrum Jutue-
BO-TePMaHHEBBIM OKCH/IAM, CYMTAETCS, YTO MOOHIbHBLIE HOHBI Li onpenesisioT MpoBOINMOCThL CTeKJIOKe-
pamuxu Li,O-7GeO, B ucciienyeMbIX YaCTOTHOM U TEMIIEPATYPHOM HHTEpPBAJIAX.

KnroueBble c10Ba: CTEKIIOKEpaMUKa, FelITarepMaHart JINTUS, UIMIEJaHCHAS CIIEKTPOCKOIIHSL.
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1. Introduction

lonic conductance in spatially inhomogeneous, multiphase materials depends on a
number of factors, such as structure, relative volume and size of grains and interfacial
regions, type of phase spatial distribution [1]. Among dielectrics with high ionic conduc-
tivity, the crystalline and glass-ceramic compounds of lithium germanate family Li,O-
xGeO, are actively investigated. Quenching of Li,O-xGeO, glasses and their stage-by-
stage crystallization on heating were published earlier in [2]. In [3] the glass samples with
x=7, 11.5 were heat treated and turned into the intermediate state with increased conduc-
tivity o. In this paper we study conductance of such intermediate state in Li,O-7GeO,
composition.

2. Experimental results

Li,O-7GeO, glass was prepared by fast quenching of the melts, more details on
technology were given in [2, 3]. The samples in the initial glass state were cut as the
plane-parallel plates, Pt electrodes were deposited by vacuum sputtering.

The glass samples were heated in the range 300-950 K, including the crystallization
temperatures of x=7 composition [2, 3]. Simultaneously conductivity ¢ was measured in
AC field (f=1 kHz) by bridge method. The data are presented in Arrhenius scale in Fig. 1.
For comparison differential thermal analysis (DTA) curve [2] is given in the insert to Fig.
1. Joint DTA and X-ray phase analysis, performed in [2, 3], shows that devitrification of
Li,O-7GeO, glass occurs at T;=780 K. DTA anomaly at T;=837 K is presumably at-
tributed to appearance of lithium tetragermanate Li,Ge4Oq (X=4) nuclei which are
nonequilibrium and on heating transform into thermodynamically stable regions with lith-
ium heptagermanate Li,Ge;O;5 (x=7) structure. Above T,=904 K the samples of x=7
composition become Li,Ge;Oys polycrystals [2].
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Fig. 1. 6(1/T) dependence measured on heating of initial Li,O-7GeO, glass in AC field (f=1 kHz). In the
insert — DTA curve registered on the first heating run of Li,O-7GeO, glass (the data from [2])

Comparison of o(1/T) dependence with DTA curve (Fig. 1) demonstrates that devit-
rification near Ty leads to more steep temperature growth of o and visible deviation from
linear dependence observed below Ty Nucleation of the ordered regions at T, indicates
transition to the intermediate state and is accompanied by o increasing approximately in
one order as compared with conductivity of glass. On heating in the range between T, and
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T, the sample is in the intermediate state with increased conductivity. Above T,
Li,Ge;O;s phase is finally crystallized [2] and o abruptly drops approximately in two or-
ders of magnitude (Fig.1).

In order to clear up the physical mechanisms of o increase in the intermediate state,
we studied spectra of complex impedance p*(w)=(c*(w))™ in frequency range 10'-10° Hz
and for temperature interval 600-675 K. Li,O-7GeO, samples in the intermediate state
were prepared by heating of glass to the temperatures between T, and T, and subsequent
cooling to room temperature. In accordance with [3], such treating makes possible to sta-
bilize the intermediate phase for temperatures well below T,. The experimental data are
presented in Fig. 2 as the diagrams in (p”— p’) complex plane. One can see that the exper-
imental hodographs consist of arcs from two semicircles which are well separated in fre-
guency scale. Such hodographs can be simulated by impedance of serially connected two
parallel R;C; and R,C, circuits [4]. The dispersion of relaxation times t1=R;C; (i=1, 2),
which is usually observed for real systems, results in shift of the semicircles centers
downwards from abscissa axis p’. Such behavior is described by substituting of usual ca-
pacities C; by constant phase elements (CPE) C,*=A4-(io)"" (o — external field frequency,
0<n<1) [4]. The experimental spectra p*(w) were described with a help of the equivalent
circuit (the insert to Fig. 2), which impedance is given by:

p*(w)=(S/d)- l(Rf +Alio)" )_1 + (sz1 + A (o)™ TlJ (1)

where S, d — the electrodes area and the sample thickness correspondingly. The results of
calculation are plotted by solid lines in Fig. 2. The dependences of the relaxation times
1(1/T), determined for high- and low-frequency arcs (Fig. 2), are shown in Fig. 3.
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Fig. 2. (p”- p’) diagrams for Li,0-7GeO, samples in the intermediate state. Circles represent experi-
mental data; solid lines are calculated using the impedance of the equivalent circuit in the insert

3. Discussion

It is known, that presence of two or more semicircles in the hodographs is typical for
heterogeneous, multiphase systems [4]. According to X-Ray phase analysis [2], the in-
termediate state of Li,O-7GeO, composition contains nuclei with Li,Ge,Oq (x=4) and
Li,Ge;O45 (Xx=7) structures, which are surrounded by amorphous medium. Therefore spe-
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cific conductivity c and impedance p, plotted in Figs. 1, 2, are the quantities averaged
over the existing phases. X-Ray diffraction shows [2] that for composition with x=7 rela-
tive volumes of Li,Ge4Oq and Li,Ge;O45 ordered regions are comparable with each other.
Since Li,0-7GeO, ¥& Li,0-4Ge0,+3Ge0,, one can see that nucleation of Li,Ge,Oy met-
astable regions slightly depletes with Li the surrounding glass matrix relative to x=7 stoi-
chiometry.
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Fig. 3. Dependences t(1/T), determined for high-frequency (1) and low-frequency (2) arcs in the hodo-
graphsin Fig. 2

Thus, the intermediate state of Li,O-7GeO, samples consists of three phases, namely
nuclei of Li,Ge,Oy and Li,Ge;O5 and glass surroundings [2]. Nevertheless, the experi-
mental hodographs demonstrate only two semicircles. As it was pointed out in [5], the
crystal structures of Li,Ge,Oq4 and Li,Ge;O45 are similar to each other. Authors of [5] em-
phasized that formation of lithium heptagermanate (x=7) crystallites occurs through nu-
cleation of Li,Ge4Og metastable clusters which subsequently turn into Li,Ge;O4s ordered
regions. Similarity of Li,Ge,Oq and Li,Ge;O,5 structures allows to think that relaxation
times t and corresponding rates of charge transfer are close for nuclei of both x=4 and 7
phases. Analysis of p*(w) spectra and the data in Fig. 3 shows that relaxation times for
two observed arcs differ in two orders of magnitude. Therefore one can assume that one
arc in the hodographs (Fig.2) reflects charge transfer within nuclei of both x=4 and 7 or-
dered phases, whereas another arc corresponds to conduction in amorphous surroundings.

According to [6, 7], conductance in Li,Ge;O,s single crystals is determined by inter-
stitial Li ions hopping along the channels of the framework structure. It is natural to sup-
pose that conductivity of the materials, studied in this work, is contributed by mobile Li
ions too. In that case high-frequency arc with less diameter (Fig. 2) can be associated with
Li ions moving within nuclei of the ordered phases. Then low-frequency arc can be at-
tributed to Li ions motion through the amorphous surrounding matrix. Since relaxation
times t for high- and low-frequency arcs (Figs. 2, 3) differ in two orders of magnitude,
one can conclude that mobility of Li ions is essentially higher within nuclei in compari-
son with amorphous interfacial space.
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4, Conclusion

In summary we notice that recrystallization of Li,Ge,Oy metastable nuclei and
growth in size of Li,Ge;O45 ordered regions lead to abrupt conductivity fall observed for
polycrystal above T, (Fig. 1). Since initial glass, intermediate state and polycrystal corre-
spond to the same chemical composition (x=7), the observed changes of conductivity
(Fig.1) should be attributed to the structural features. Apparently, o increasing in the in-
termediate state can be connected with high spatial dispersity. High conductivity is ob-
served when mean size of the nuclei is less than certain value, typical for the compound
studied. In that case surface phenomena are expected to play a key role and determine
charge transfer of the intermediate state.
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