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Electric conductivity of LiNaGe,O,:Cu crystals
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Crystals of Li,0 — Na,O — GeO, system belong to the germane-germanates family, in which charge transfer is determined by
lithium ionic conduction. Conductivity ¢ of LiNaGe,O, crystals doped with Cu ions is studied in the paper. Measurements were
performed in AC field (f=1 kHz) in the temperature interval 300 — 800 K. It is shown that in contrast to the nominally pure crystals,
anisotropy of ¢ in LiNaGe O,:Cu is practically absent and conductivity has near the same values along three main directions. Activation
energy of conductivity in LiNaGe,O,:Cu crystals are higher, approximately, one and a half times in comparison with nominally pure
samples. Influence of Cu doping on temperature behavior o(T) is discussed with the help of EPR spectroscopy data. According to the
results of EPR studying, in LiNaGe,O, lattice lithium ions are substituted for bivalent copper centers Cu**—Li". Lithium or sodium
vacancies can compensate excess charge introduced by impurity. It is assumed that doping with Cu ions changes mechanism of charge
transfer from interstitial to vacancy.
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Kpucramner cuctempl Li)O — Na,O — GeO, npuHajiekar CeMeHCTBY IepMaHO-TePMAHATOB, TEPEHOC 3apsia B KOTOPBIX
OTpPE/IENSIETCl MOHHON TPOBOMMOCTBIO MO JMTHIO. B paboTe uccmenyercst 3MeKTpOnpoBOMHOCTE G KpucTamios LiNaGe,O,,
nerupoBanubIx Cu. M3mepenust nposeneHs! B nepemeHHoM noie (f=1 kHz) B untepsane temneparyp 300 — 800 K. [Toka3zano, uto B
OTIIMYHE OT HOMHHAILHO YHCTBIX KpUCTamnos, 1yt LiNaGe,O,:Cu aHM30TPONHS G MPAKTUIECKH OTCYTCTBYET, H SNEKTPOMPOBOTHOCTh
nMeeT OIM3KKME 3HAYEHUS BI0JIb TPEX IIABHBIX HANPABJIEHUH. DHEPrUs aKTUBALH DJIEKTPONIPOBOAHOCTH B kKpucTamiax LiNaGe,O,:Cu,
MIPUMEPHO, B MOJITOPA pa3a BBIIIE 110 CPAaBHEHHIO C HOMMHAJIBLHO YUCTHIMHU oOpasnamu. Bnusuue mpumecu Cu Ha TeMIiepaTypHOe
nosezienne 6(T) obcyxaaeTcs Ha ocHose nanHbx DIIP cnekrpockonuu. CormacHo pesyssraram usydenus JI1P, B pemetke LiNaGe,O,
JIByXBAJICHTHBIC LEHTPbI MEIH TETEPOBAICHTHO 3amelatoT uoHbl jnuths Cu**—Li". B kauecTBe KOMIIEHCATOPOB 3apsiia MOTYT
BBICTYTIATh BAaKaHCHU JINTHS nO0 HaTpws. [Ipenmonaraercs, 9To BBeJeHIE IPUMECHBIX HOHOB Cu IPUBOAUT K U3MEHEHHIO MEXaHM3Ma
TIepeHoca 3apsija OT MEKI0Y3€IbHOTO K BAKAHCHOHHOMY.

KnroueBble ci10Ba: KpUCTAIIIBI INTHEBO-HATPHUEBBIX T€PMAHO-TEPMAHATOB, IPUMECHBIE HOHBI, HOHHAS TIPOBOJHMOCTb.

Kpucranu cuctemn Li,0O — Na,O — GeO, Hajexars JIo ciMelicTBa TepMaHO-TePMaHATiB, IEPEHOC 3aps/y B AKHX BU3HAYACTHCS
IOHHOIO TIPOBIHICTIO TIO JIiTiFO. Y POOOTi JOCIIIKY€EThCS eeKTponpoBianicTh ¢ kpuctanis LiNaGe,O,, nerosanux Cu. Bumipn
nposezieHi B 3minHoMy moni (f=1 kHz) B intepsaini Temneparyp 300 — 800 K. ITokxaszano, mo Ha BigMiHy BiJ HOMIHAJIbHO YHCTHX
kpucraiis, 1 LiNaGe,O,:Cu ani30Tponis G MPaKTHYHO BiJCYTHS, Ta €IEKTPONPOBIJHICTE Mac ONM3bKI 3HAYEHHS B3IOBXK TPHOX
TOJIOBHUX HanpsAMKiB. Enepris axtusanii enextponposignocti y kpucranax LiNaGe,O,:Cu, nmpubmusHo, y MiBTOpa pasu BHILA
MOPIBHSIHO 3 HOMIHAIBHO YHCTHMHU 3pa3kaMu. Brume nomimku Cu Ha TemneparypHy noBeiHky o(T) 06roBopro€eThCs Ha OCHOBI JAHMX
EIIP cniekrpockorii. 3rifHo pesynbratam BusdenHs EITP, y rparui LiNaGe,O, 1BoXBaIeHTHI LEHTPH MiJli FETEPOBAJICHTHO 3aMilllyiOTh
ionn sitis Cu>*—Li". B sKOCTi KOMIIEHCATOPIB 3apsiay MOXKYTh BUCTYNaTH BakaHCii JiTis abo Harpis. [IpuIrycKaeThesl, 1110 BBEICHHS
JOMIMIKOBUX 10HIB Cu IPU3BOAUTE 10 3MIHU MEXaHI3My HEpPEeHOCY 3apsiLy BiJl MiXKBY30JI5HOTO 10 BAaKaHCIHHOTO.

Kiro4oBi cj10Ba: KprcTau JiTi€BO-HATPIEBUX TEPMAHO-TEPMAHATIB, JOMIIITKOBI 10HH, 10HHA TIPOBITHICTb.

Introduction
In recent years an interest to the crystals of germane-
germanates family is growing due to the need for new

transition, are actively investigated [2]. Electrical properties
of nominally pure LiNaGe O, crystals were studied earlier
in AC field [3]. Significant anisotropy of o was observed

dielectrics with high ionic conductivity. In particular,among
the superionics there is a large group of solid solutions
based on lithium orthogermanate Li,GeO,. The best known
compound of this group is lisicon Li,,, Zn, GeO, (x=0.75),
electrical ~ conductivity = of  which is  about
6 ~0.13 Ohm'cm™ at T=573 K [1]. Among the family
representatives, the crystals of lithium-sodium germane-

germanates Li, Na Ge,O,, undergoing ferroelectric phase

for T>500 K. It was shown, that highest conductivity c was
detected for measuring field directed parallel to [001] axis,
along which there were structural channels containing Li
ions [4]. Conductivity of LiNaGe,O, crystals doped with
Mn and Cr was studied in [5]. It was shown that doping
with Mn didn’t practically change typical values and
character of ¢ anisotropy. On the contrary, doping with Cr
increased o approximately in one order, anisotropy of ©
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remained as in undoped crystals and highest conductivity
was detected along [001] direction. Available data showed
that in LiNaGe,O, structure Ge*" host ions located within
oxygen octahedra were substituted for Mn*" and Cr** doping
ions [6, 7]. These data allow to suppose that conductivity of
LiNaGe,O, crystals is determined by motion of interstitial
lithium ions (A,)).

Conductivity of LiNaGe,O, crystals doped with Cu is
studied in the paper. The data obtained are discussed on
the basis of the first results of EPR spectra measuring in
LiNaGe,O,:Cu crystals.

Experimental results

LiNaGe O, single crystals, doped with Cu ions (0.07
wt.%), were gown from the melt by Czochralski method.
Conductivity ¢ was measured in AC field (f=1kHz) by
bridge method along main crystallographic directions in the
temperature intervals 300-800 K. Samples for ¢ measuring
were prepared as the plates with dimensions 5x5x1 mm®
and main faces parallel to (100), (010) and (001). Silver
electrodes were deposited by vacuum evaporation method.
EPR spectra were recorded in X-range frequency by using
the serial radiospectrometer.

It is well known, that thermally activated growth
of electric conductivity can be described by exponential

function
O'(T):%-exp(—p%T) , ()

where proportionality coefficient A depends on carrier’s
charge, concentration and jump length, W — activation
energy of charge transport, k — Boltzmann constant, T —
absolute temperature [8]. According to (1), temperature
dependences of conductivity in LiNaGe,O,:Cu crystals
are plotted in fig.1 in Arrhenius scale for measuring
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Fig. 1. Dependences o(1/T) for LiNaGe,O,:Cu crystals,
measured in AC field (f=1 kHz) along axes: 1 — [100];
2 —[010]; 3 - [001].
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field directed along [100], [010] and [001]. One can see
that along main crystallographic directions ¢ has similar
temperature behavior and values. Activation energy of
conductivity is about 1.2—1.3 eV at T>500 K.

Discussion

It should be noted that for LiNaGe,O,:Cu crystals
anisotropy of ¢ is practically absent in contrast to strong
anisotropy observed in undoped crystals [3]. Besides the
data in fig.1 show that activation energy of conductivity
for Cu doped crystals (1.2—1.3 eV) is higher one and a half
times, than for nominally pure crystals (0.8-0.9 eV) [3].

Dependencies o(1/T) for nominally pure and Cu
doped LiNaGe O, crystals are compared in fig.2 (E||[001]).
It can be seen that in the studied temperature interval
for LiNaGe,O,:Cu crystals ¢ is noticeably lower than
for undoped crystals. Moreover, greater slope of o(1/T)
dependence indicates that comparing with pure crystals,
in Cu doped samples charge carriers should overcome
higher potential barriers moving between quasi equilibrium
positions. Obviously, that small concentration of Cu
dopant (0.07 wt.%) cannot change so strongly the potential
relief of the structure. One can assume that Cu doping is
accompanied by appearance of additional charged defects
and causes changing type of the major charge carriers.

The data on Cu ions state and localization in the
structure could clarify the mechanism of copper impurity
influence on conductivity in LiNaGe,O, crystals. Such
information can be obtained by EPR spectroscopy. EPR
spectra, shown in fig.3, evidence that in LiNaGe,O, lattice
copper ions are in bivalent state Cu®*. Accounting the ratio
between radiuses and charges of the impurity and host
cations in LiNaGe,O, formula unit (r_ ,, =0.72 A, =0.68

Cu2+ Li+

A r, =097 A,r,, =0.53 A), one can assume substitution
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Fig. 2. Dependences o(1/T) for LiNaGe,O, (1) and
LiNaGe,0,:Cu (2) crystals, measured along [001] axis.
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Fig. 3. EPR spectrum of LiNaGe,O,:Cu crystals,
BJ|[001], T=300K.

of lithium or sodium for copper ions as the most probable.
This assumption was verified by studying the angular
dependences of EPR spectra. It was shown that four
conjugated Cu®" spectra from structurally equivalent centers
were registered for the arbitrary orientations of magnetic
field B with respect to the crystal axes. According to [9],
magnetic multiplicity k =4 indicates that paramagnetic
centers occupy positions of triclinic point symmetry group
C, in LiNaGe,O, lattice (space symmetry group D, *). As
shown in [4], in LiNaGe,O, unit cell Li" ions are located
in the sites with point symmetry C,, whereas sodium ions
occupy positions of monoclinic symmetry C,. Comparing
the positional symmetry of the impurity and the host ions,
one can suppose substitution of lithium ion for copper
one Cu>*>Li". In that case, an excess charge introduced
by impurity can be compensated by remote vacancies of
lithium V; or sodium V.

Thus, heterovalent substitution Cu**—Li" increases
concentration of vacancies V , or V. The last ones can
act as the traps for interstitials A , mobility of which
determines conductivity in undoped LiNaGe,O, crystals
[5]. Obviously, concentration of copper dopant significantly
exceeds equilibrium content of A ; for studied temperature
interval. Therefore in LiNaGe,O,:Cu crystals lithium
interstitials are captured effectively and concentration
of A, significantly decreases. Oppositely, content of
vacancies V ; or V| is significantly higher than equilibrium
one, it is determined by dopant concentration and weakly
depends on temperature. It seems obvious, that V ; hopping
from the regular position to the neighboring free site should
overcome more high potential barriers in comparison with
motion of A . through quasi-equilibrium interstitial sites.
Considering noticeable difference in activation energies
(fig.2) and all mentioned above, one can assume that charge
transfer in doped LiNaGe,O,:Cu crystals is determined
by mobile vacancies V , or/and V| in contrast with A .
interstitials conduction regime in undoped crystals.
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Conclusions

The results obtained show that Cu doping significantly
affects conductivity of LiNaGe,O, crystals. Unlike
nominally pure crystals, conductivity of LiNaGe,O,:Cu
is almost independent of the measuring field direction.
Activation energy of conductivity in the doped crystals is
higher one and a half times than in the undoped samples.

Study of EPR spectra allow to suppose that in
LiNaGe,O, lattice lithium host ions are substituted for
bivalent copper Cu*" ones. The excess charge introduced
by heterovalent substitution Cu**—Li" can be compensated
by vacancies V  ; or/and V, which are surplus with respect
to equilibrium vacancy content. Based on the EPR data it
is supposed that doping LiNaGe,O, crystals with copper
changes charge transfer mechanism from the interstitial to
the vacancy.
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