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Far-infrared spectra of alkali germanate glasses and correlation with electrical conductivity
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The infrared spectra of 0.R)0O-0.80Ge®@ (R=Li,Na,K,Rb,C3 and xRb,0-(1-x)GeO, (0<x<0.27)
glasses were measured in the reflectance mode and analyzed by the Kramers-Kronig technique to investigate
the nature and composition dependence of metal ion sites in germanate glasses. The deconvolution of the
far-infrared profiles showed that in glasses of low alkali con{gst0.075 forR=Rb) alkali ions occupy one
type of sites M), while for higher alkali contents two types of sife andH) were found. The ion motion
frequencies in these sites are in the ordex vy <vy, and increase with increasing alkali oxide content.
Factor group analysis of the alkali motion modes in analogous crystalline germanate compounds showed that
the H band in glass can be assigned to ion motion in sites similar to those in the crystal. The low-frequency
band () was attributed to ion motion in “secondary” energetic sites, whose coordination numbers and charge
density are correspondingly larger and smaller than their optimum values. The presénsitesfis the cause
of the extra absorption exhibited by glasses at low far-infrared frequencies, as compared to the crystals of
similar compositionM -type sites were shown to be the precursorsiddites, but for the organization of the
latter a minimum alkali oxide content is required. The comparison of activation energies for conductivity
calculated on the basis of the free-ion model with observed values suggests that long-range ion movement is
probably facilitated along/ andH-type sites[S0163-182806)02534-9

[. INTRODUCTION activation energies were fourfdhis result led to the propo-
sition that the structural origin of such differences should be

The dc conductivity of rubidium germanate glasses hasraced to the way alkali metal ions are distributed in the glass
been measured as a function of Rbcontent'? The activa- ~ structure. On the basis of extended x-ray-absorption fine-
tion energy for ionic conductiorE,,, was found to exhibit a  structure (EXAFS) studies Greaves and co-workefs
maximum at~10 mol % RBO. However, such behavior is showed that the alkali ions in silicate glasses are not distrib-
not a peculiarity of the rubidium germanate system aloneuted homogeneously, but rather they segregate in alkali-rich
since similar activation energy maxima have been reportedegions. This structural picture did not seem to apply to Rb-
for K-germanaté, Li-germanaté, and Na-germanate germanate glasses, because the EXAFS and x-ray photo-
glasses. In any case, the composition dependende, af emission spectroscopyXPS) results indicated that Rb ions
germanate glasses is in contrast with the correspondingre relatively randomly distributed in the structure by com-
variation in alkali silicates, wher&, decreases monotoni- parison with the alkalis in silicate glasses.
cally with increasing alkali content. It appears, therefore, that the distribution pattern of ru-

In order to understand the variation B with Rb,O con-  bidium cations in the germanate glass structure could be one
tent, a systematic investigation of the local structure arounaf the key factors determining the ion transport properties.
Rb ions was undertaken, with emphasis placed on internvestigations of ionically modified glasses by far-infrared
atomic distances, coordination numbers, and structural disospectroscopy have demonstrated the capabilities of this tech-
der of glass former and modifier catiochFhe results indi- nique in revealing the nature and distribution of anionic sites
cated that no correlation exists between the compositiomccupied by metal ion¥1° Recent far-infrared studies of
dependence of activation energy and that of the interatomialkali borate glasses have shown that alkali metal ions are
distances, or the disorder parameters. It was found thougtlistributed over two types of sites, and that the mobile cat-
that the maximum irE, parallels the appearance of a mini- ions are mainly those occupying sites of high basicity, i.e.,
mum in the “unoccupied volume” of the glass. sites with high electron density*’

Greaves and Ngai proposed recently a cooperative ion In the present work we apply far-infrared spectroscopy to
movement model to derive transport properties from the loRb-germanate glasses in an attempt to clarify the nature of
cal atomic structure in single and mixed alkali silicate sites hosting rubidium ions and their influence on ionic con-
glasse$. The agreement between experimental and calcuductivity. To facilitate this investigation, the germanate
lated transport properties was found to be satisfactoryglasses containing 20 mol % of different alkali oxides were
Therefore, an attempt was made to understand the composilso studied. Activation energies for ionic conductivity were
tion dependence of activation energy in rubidium germanatealculated on the basis of the free-ion md&é? and com-
glasses in terms of the cooperative ion motion model, bupared with experimental valuésn order to identify the type
considerable discrepancies between calculated and observefiRb ion sites facilitating the long-range ion movement.
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Il. EXPERIMENT 15F

Two glass series, 0.K)0-0.80GeQ (R=Li,Na,K,Rb,C3 10 '_O'ZORZO 0.80Ge0, el //
and xRb,0-(1-x)GeO, (0<x=<0.27) were prepared and 1 SR\ o~
studied. The first series is employed to investigate the effect 0.5 A };/ N
of alkali type, and the second the effect of alkali content on i |\ SIXNE ;‘« N
the far-infrared spectrum. Appropriate amounts of Gefd .or :
alkali metal carbonate powders were thoroughly mixed and ~ | 7
melted in platinum crucibles for-1.5 h at 900-1000 °C, e 10r Rb FAEEA o/
depending on composition. Glass samples were obtained by 6 ¢ ¢ R N AV
casting the bubble-free melts in a stainless-steel mold. Rb- & | Erfs® oK/ N 267 N
germanate glasses witk=0.0075, 0.01, 0.02, 0.05, 0.10, T 0.0 ettt B LSl T TS
0.15, were prepared from the same batch which was used for & 2.0 - )\ y
the glass samples of EXAFS, XPS, and conductivity 2 K P /
studies®° Specimens appropriate for infrared measure- ;,::3 1.0} 72nNi VA
ments were prepared by cutting and polishing glass samples, 2 - L=~ AN /;‘/‘ Yy \)'\. ™
to obtain discs of approximate dimensions 1>icmx1 O 0.0 LeErba e Prvel ) Sl | S’ Taued
mm. c - -

For the purpose of spectral comparisons and assignments, ;8 2.0 Na // hY /
two crystalline compounds of composition f&®,04 (20 g‘ 1.0 i / A e
mol % RO) and K,Gey,0,, (18.2 mol % KO) were also 2 LT TS W
prepared and studied. The first compound was prepared by <« 0.0 keZZ22202> PR B ey
slow cooling the corresponding melt from 1250 °C to -

850 °C, and then letting the melt to stayr &6 h at 850 °C, 20 . /
while the second was obtained by annealing the correspond- i Li RN = /

ing glass at 600 °C for 24 #.In both cases, materials were 10r L L Z }‘\\(’f‘\
obtained in a polycrystalline form. o0l L B N A

Infrared spectra were recorded in the reflectance mode on o 100 200 300 400 500
a Fourier-transform vacuum spectromet@ruker 113y A
equipped with an 11° off-normal reflectance attachment. Ap- Wavenumbers (cm™’)

propriate sourcegHg arc and globarand detector§DTGS
with polyethylene and KBr windowswvere used to cover the  FIG. 1. Far-infrared spectra of 0.2g0-0.80GeQ (R=Li, Na,
entire infrared region. Five Mylar beam splitters of variable K. Rb, C9 glassegsolid lineg and their deconvolution into Gauss-
thickness(3.5-50 um) were used in the far infrared and a ian component bands. The simulated spectra are shown by the dot-
KBr one in the midinfrared to measure the spectrum of eacfd lines.
glass sample. Therefore, six spectral segments, each one cor-
responding to the optimum beam splitter throughout, werespectra(500—1300 cm?) which give information about the
finally merged into one data file to give a continuous reflec-structure of the germanate network, will be presented and
tance spectrum. The combination of this approach with theliscussed in detail elsewhefeAs shown in Fig. 1 the far-
good quality of surfaces of the glass samples resulted iinfrared profiles consist of a number of broad and highly
high-quality reflectance spectra in the range 20—4000'cm overlapping bands. To investigate the origin of such bands
The spectrum of a high-reflectivity aluminum mirror was and their composition dependence we have analyzed these
used as a reference. All spectra were measured with Z-cm spectra using a least-squares-fitting program and a deconvo-
resolution at room temperature and represent the average bfion procedure applied to binary and ternary glasses, in-
200 scans. The reflectance data were first extrapolated @uding borates, silicates, and phosphdféS=*"#In this
frequenciess—0 andv—, using the BrukeEXTPOLR pro-  procedure we employ the minimum number of bands that
gram, and then were analyzed by employing the Kramersgive a reasonable agreement between calculated and experi-
Kronig (KK) techniquet® The absorption coefficient spectra mental spectrum. The final resonance frequencies of the
reported in this work were calculated from the expression bands, their bandwidth, intensity and functional form, are
parameters adjustable by the program.
a=4mvk=2mve"/n, 1) The results of the deconvolution are shown in Fig. 1 and

wherev is the frequency in cm. The real fi) and imagi- the frequencies of the resulting bands are listed in Table I. It
nary (k) parts of the refractive index and the |mag|na‘§y) is noted that all ban.dS have almost 100% Gaussian band
part of the complex dielectric permittivity were obtained by Shape. The frequencies of all bands, but those listed in the
the KK analysis and the application of the Fresnellast two rows of the table, show very small dependence on
formulast® the type of alkali ion. Thus, we assign those bands to vibra-
tional modes of the germanate network with little influence
. RESULTS from the alkali metal ion. Thr?w high-frequency components at
. ~565, 515, 475, and 435 cm are attributed to the bending
A. Far-infrared spectra of 0.20R;0-0.80 GeQ glasses vibration of Ge-O-Ge bridges, and those-a890, 335, and
The absorption spectra of 0RgD-0.80 GeQ glasses are 256 cmi * to the rocking motion of the bridging oxygen atom
shown in Fig. 1 in the far-infrared region. The midinfrared perpendicular to the Ge-O-Ge plafielhe weak components
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TABLE |. Frequenciescm %) and assignments of component

bands obtained by deconvolution of the far-infrared spectra of 400 0.30
0.20R,0-0.80Ge@ glassegR=Li, Na, K, Rb, Cs. i ~ Li-
. i 350 H 10.25 ¢ &

Li Na K Rb Cs Assignment . & FEA
564 565 564 564 560 300 | 10.20 :t_'
515 515 516 513 512 Ge-0O-Ge
478 476 480 478 476 bending ———————0.15
438 437 436 435 437 oso L U Na K RbCs
390 387 386 388 387
334 332 331 327 322 Ge-0O-Ge = Na.
259 259 258 259 255 rocking ‘£ 200 o VLo

195 195 190 190 Network L s

140 142 132 torsion > 150 L K. o
350 190 135 100 80 Alkali ion A
160 82 67 46 37 motion i Rb"' //’

100 o
A -6
at ~140 and 190 cm' are assigned to torsion modes of the [ ,o"
germanate network. The presence of more than one band 50F S o7 0.20R,0-0.80Ge0O,
for each type of vibrational mode can be due to the existence L ,)'
of a distribution of Ge-O-Ge angles ais,%a result of the pres- ;‘,'" . . ' '
ence of germanate rings of various sizes. 0 ‘ ! ! : :
The frequencies listed in the last two rows of Table | and 0.0 0-1 0.2 0.3 0.4 0.5

marked byL andH in Fig. 1, show large dependence on the Mc'"2 (au'1’2)
type of alkali ion. When plotted versus the inverse of the
square root of the Corresl%onding cation mdsg. 2 show a FIG. 2. Cation-motion frequencies W ; */2, whereM, is the

linear dependence avl ; =<, whereM, is the mass of alkali mass of alkali cations, andv denote the low- and high-frequency
cation. On this basis, we assign theand H bands, with maxima resulted from the deconvoluted spectra shown in Fig. 1.
frequenciesy, and vy, respectively, to vibrations of alkali The inset shows the alkali cation dependence of the relative inte-
cations in two types of anionic environments and/or sitegrated intensity A, /(A_+Ay), of the low-frequency ion motion
(sitesL and H), in analogy with our previous findings in band. Lines are least-squares fittings to the data. Error bars of fre-
alkali borate glasse’S™'” The quite linear dependence of quencies are within the size of symbols.

iy on M ;2 does not necessarily mean thdt, is the . _

correct reduced masg, of the vibration, because it involves SPectra were deconvoluted into Gaussian components as de-
also motion of the oxygen atoms which constitute the anionigcribed atiove. While the frequencies of the bands above
site*15 This is in order for the center of mass of the site ~150 cni~ remain practically constant, their relative inten-
and/or cage to remain fixed during vibration. Therefore, FigSities vary with RO content, indicating a systematic modi-

2 implies only that the alkali ion vibrates against a quite rigidfication of the germanate lattice upon adding alkali oxide.
anionic site. Considering the fact that the oxygen atoms of Of particular interest are _”119 results concerning the parts
the site are not free but bonded to germanium atoms in larggf the spectra below-130 cm * (dashed lines in Fig.)4for
and massive network arrangements, the approximatiofi~0-075 two bandgmarked byL andH) were deconvo-

u~M, seems to be very reasonabtdhe relative integrated Iuted, while forx<0.075 one componerimarked byM)

A /(A +Ay), is shown in the inset of Fig. 2. Clearly, H ban_ds have been normr_:tlized relative to the_total integrated
A_/(A_+A,) decreases progressively from Li to Cs. intensity of the spectrgm in the range O—SQO ¢mand the
TheH bands of the K-germanate and Rb-germanate glasésSults are presented in Figiah The linear increase of the
spectra form the envelope of the infrared-active phonorfélative intensities with rubidium oxide content supports the
bands of the corresponding,&e;0,, and RhGe,0, crystal ~ assignment of all th_ree bands to R_b ion motion in the corre-
spectra. This is demonstrated in Fig. 3, where glass and cry§Ponding network sites. Figurdl$ illustrates the composi-
tal spectra are compared. As shown in the same figurd, thetion  dependence  of ~ the  relative intensity
bands of the glass spectra appear to have no counterpart fh.(v)/ (ALw)~Av). Because of the presence of only one
the crystal spectra. This suggests thatands correspond to band M) for x<0.075 the relative integrated intensity

an additional distribution of phonon states in the glassyeduals one in this composition range, and then decreases
forms of the materials. drastically for 0.075x=<0.125 because of the presence of

two bands. Fox=0.125, the relative intensitf, /(A +Ay)
remains practically constant.

The composition dependence of the frequeneiesyy, ,

The far-infrared spectra 0kRb,0O-(1-x)GeO, glasses, andwyy of bandsL, M, andH, respectively, is shown in Fig.
for Rb,O contents spanning the range<0.25, are shown 6(a). The three frequencies increase almost linearly upon in-
in Fig. 4 in an expanded frequency and intensity scale. Thesereasing the RI® content, andy, shows the largest rate of

B. Far-infrared spectra of xRb,0-(1—x)GeO, glasses
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FIG. 3. Comparison between the far-infrared spectra of 0 50 100 150 200 250 300
0.2(R,0-0.80GeQ@ (M =Rb, K) glasses with those of the crystal- Wavenumbers (cm'1 )
line compounds Ri5e,0q (a) and K,GeyO,g (b), having the same

(R=Rb) or similar (R=K) alkali content. FIG. 4. Deconvoluted far-infrared spectraxdtb,0-(1—x)GeO,

) ) ) . glassegsolid lineg into Gaussian components. The simulated spec-
increase withx. The relative bandwidths\v/v, of the three {4 are also showrdotted lines.

bands are plotted versus Kb content in Fig. &) (Av=full

width at half maximum and=y, »y, and wy). For all 4555 spectra we assume that Rb ions in the glass occupy
bands the relative bandwidti/v, decreases with. If we  ctanedral O, sites. This assumption is supported by the
CO”_S'der,Z%V/V as a measure of the disorder of sites hostingex AFs results which give an average rubidium coordination
Rb ions;™ then the data in Fig. 6) suggest thaH bands  ymper around si%.For sites of Q symmetry group theory
should originate from vibrations of Rb ions in relatively predicts that there is only one infrared-active Rpsetch-
more order_ed, or crystal like sites. Aldd,-type _sites tend to ing vibration corresponding to the triply degenerdfg,
becomeH like sites at a faster rate than thesites do. mode. The situation is different in the crystal, because the
presence of Rb ions of; sites in a crystal field oD,y

IV. DISCUSSION symmetry causes the removal of degeneracy of Thg
) o modes, and hence the appearance of additional bands in the
A. The nature of alkali metal sites in germanate glasses crystal spectrum.
1. Comparison between the far-infrared spectra of crystalline The type and number of modes arising from Rb-site vi-
and glassy phases brations in the RiGe0q crystal can be obtained by factor

o o group analysig® as shown schematically in Table II, where
It is illustrated in Fig. 3 that thed band of the glass hoint groupC,,, was utilized to facilitate correlation between
spectrum forms the envelope of the absorption profile in th%l and D4,. After subtracting the three acoustic modes

same frequency range of_the crystal with th_e same or simil 1A,,+2E,) from the total number of Rb translatory
composition. Therefore, it should be possible to reveal thg,gdes the following representation is obtained:
nature ofM, L, andH sites in glass if we understand the
o e e oy ok 1 the CSENe PRESES 1,3, (R) +3lia - OF(R) + e

Rb,Ge,O4 crystallizes trigonally with space group3cl +2A,,(IR) +4E(IR), 2
(D 34) and has six molecules in the unit c&l?® The 12 Rb
ions in the cell are located on sites with symme@ryand are  whereR, ia, and IR denote a Raman-active, inactive, and an
sevenfold coordinated to oxygen atoms. Six of the Rb-O disinfrared-active modes, respectively. The above expression
tances are in the range 2.82-2.93 A and the seventh oxygeatedicts nine Raman-active £3,+6E,), and six infrared
is located 2.99 A apart. For the sake of simplicity and inactive (2A,,+4E,) modes arising from Rb ion motion in
order to make possible the comparison between crystal artthe crystal. On the basis of this factor group analysis, we



54 FAR-INFRARED SPECTRA OF ALKALI GERMANATE . .. 9779

(a) xRb,0-(1-x)GeO, a L (a) xRb,0-(1-x)GeO, _
o12r N 100 |- . AAH‘
I‘.-‘ H R A-A
—_ L -
$0.08 - S .’
= ] A E v
[ ’ T A .
£ w S ° 60 Pd L
<o0al 4 L > TY S— o0
// ® _ . 0"". 40 - ®
2 e L J
» A
]
0.00 N 1 N 1 N 1 N 1 N 1 N 20 N 1 s | N 1 " 1 N [l
1.00 [aw---m..m (M
“) 1.2 - -\\ .\_\ L
~30.80 - : E o
I ~
n u ~
-3 1.0 - *1\.
3 | [ 9 > .
s 0.60 . E H -
= 01 02 03 08} L-..‘____A'___
S0.40 - xRb,0 Beala
< ¥ ol () *
0.20 ~(p) e m. )
R T T T S B | — — o
0.00 0.05 010 015 020 0.25 0.30 000 005 010 015 020 0.25 0.30
xRb,0 XRb,0

FIG. 5. (a) Composition dependence of the normalized inte- ~ FIG. 6. Composition dependence of the frequencagsand of
grated intensities of bands M, andH obtained by deconvoluting the relative bandwidthéb), of rubidium motion bandk, M, andH,
the far-infrared spectra ofRb,0-(1—x)Ge0, glassegFig. 4), and obtained from the deconvoluted far mfrare_d spectra of
(b) variation of the relative integrated intenshy v/ (A )+ Aw) XRb,0-(1-x)GeQ, glasses. Lines are drawn to guide the ¢ipe
with Rb,O mole fraction in the same glasses. The insdbpshows ~ details see text
the composition dependence of the Kohlrausch expogdot the
same glasseRef. 3. Lines are drawn to guide the eye. 127, 148, 155, and 165 cr under the envelope of the

band, in very good agreement with theory. A shoulder ob-

assign the six peaks of the crystal spectrum at 63, 68, 9%eryed at 185 cm' could correspond to the ninth mode of K
102, 107, and 130 Cﬁil' to the 2A2u and Eu predICted ion motion in the CrystaL

modes. As shown in Fig. 3 all six Rb motion peaks in the
crystal are within theH band envelope of the glass. It is,
therefore, appropriate to assign tHeband of glass to the
T,, mode of Rb ion motion in crystal-lik®, sites.

The crystal structure of ¥Ge,O,, is similar to that of It is evident from the comparison of crystal and glass
Na,Ge0,o: space groupl4l/a (C§,) with four formula  spectra that thél band of glasses can be assigned to vibra-
units in the unit celf®3 The 16 alkali ions occupy sites of tions of metal ions in sites similar to those found in the
C, symmetry and are sixfold coordinated by oxygen atomscorresponding crystalline compounds. The local geometry
EXAFS studies of K-germanate glasses showed that K ionground metal ions in germanate glasses can be considered as
are also on the average sixfold coordinated in the gia¥¢e  being nearly octahedral,. The possibility though exists
can thus assum®, symmetry for the sites of K ions in thatLi" ions in germanate glasses of high alkali content may
glass, which leads to thE;, mode of K ion motion. A pre- occupy sites nearly tetrahedrdly, symmetry?* Cation mo-
diction of the corresponding modes in the field of thetion in a tetrahedral site gives rise also to a triply degenerate,
K,Ge&0,, crystal can be made on the basis of the factorT,, infrared-active modé] the degeneracy of which can be
group analysis summarized in Table Il It leads to the fol-removed by the influence of the crystal field.

2. Effect of alkali type and content on the nature and
distribution of metal ion sites

lowing representation for the Ktranslatory modes: We have argued elsewhéfé® that during the glass-
forming process the synergy between site requirements for
I'k=6A4(R)+6By(R)+6E4(R)+5A,(IR) the metal cations and site provisions by the glass network
+6B,(ia) + 4E,(IR) 3) could lead to the establishment of well-defined sites for the

cations. In particular, as the melt of the glass is cooled ther-
after subtracting the acoustic modes, oneAgf symmetry  modynamics drives the system to the stable crystalline state,
and two ofE, symmetry. Thus, factor group analysis pre- but kinetics does not allow it to reach the crystalline struc-
dicts nine infrared-active modes A5+ 4E ) for the K ion  ture. Therefore, the natural tendency of the alkali ions is to
motion in the field of the KGe0O,, crystal. Inspection of situate themselves in crystal-like site, and in fact some alkali
Fig. 3 shows eight well-resolved peaks at 80, 88, 97, 117ions succeed in achieving this goal. It is the vibration of
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TABLE I1l. Correlation diagram between point group, site  TABLE lll. Correlation diagram between point group, site
group, and unit-cell group for the Rb ion motion modes in crystal-group, and unit-cell group for the K ion motion modes in the crys-
line and glassy Rjt5e,0q. In the crystal there are six molecules per talline and glassy phase of,&e,0,4. In the crystal there are four
unit cell, i.e., 12 Rb ions. Note that numbers in parentheses indicat®rmula units per unit cell, i.e., 16 K ions in the cell. Note that

the number of modes. numbers in parenthesis indicate the number of modes.

Glass Crystal Glass Crystal
Point group Site group Factor group Point group Site group Factor group
Oy, C Con D3y Oy Cy Con Cun

/A 9 Are(3) ia A, (127———B,(6) R
B.(9)=——=FE (6) R / B.(12)—E,(6) R
/ & g Tlu(16)—A (48) 8 g
\Au@) A1,(3) ia XAu(lz) 4,(6) IR
Bu(9)§f\zu(3) IR B B,(6) ia

+(12)
E,(6) IR T~—~—Lo R’

Ty,(12)—/————A(36)

metal ions in such type of sites that gives rise to the farthe H sites are formed. The relative population téf sites

infrared H bands in glasses. As the melt cools further thejncreases in the composition range 6:<30<0.125, and then
atom movement becomes sluggish and yet a fraction of alkal} remains almost constant for higher rubidium oxide con-
ions have not established stable sites for themselves. Su‘f@nts[Fig. 5b)].

alkali ions occupy energetically less favorable sites, or “sec-

dary” sit h onic ch densit d di It is of interest to note at this point that the composition
ondary” Slt€s, where anionic charge density and coor InaEiependence of the relative population of cation sites shown

tlpn f?“mber do not _have their optu’_num values. I._arger coor; Fig. 5b) is very similar to that of the Kohlrausch expo-
dination numbers, i.e., larger cation-oxygen distance, an : o

. . . nent, B, for electrical relaxation in Rb-germanate glasses,
smaller charge density of site than the optimum values ar

. . . . 3 .
factors that both result in smaller ion motion frequencfes. gepulzted n Ithe |nse£8f9F|?.(5).<(l)tov;a3 found thatg is
This effect can be easily understood on the basis of the folnearly equal to ong5=0.93 for x<0.05, decreases progres-

lowing expression which gives the ion motion frequenzy, sively to the valugB=0.55 atx.=0.15 and then stays a_Imost
constant up tox=0.25. Previous attempts to explain the

2= ala8mc?eo[(ro/p)— 21[AcOal mr ] (4) vgriation of B with compositipn have made c.orrtlalation's,[bf
with a range of macroscopic glass properties including, the

in terms of the charges of catiof¢, and site,q,, the re-  magnitude of conductivity, the decoupling index, the activa-
duced mass of vibratiory, and the cation-oxygen distance tion energy of conductivity and the nominal cation-cation
ro.** a is the pseudo-Madelung constantjs the speed of distance(for a survey of previous works on correlations@f
light, &, is the permittivity of free space, andis the repul-  see Ref. ® Each correlation was found to have limited va-
sion parameter of the Born-Mayer potential. Therefore, waidity. The results of this work suggest that one structural
assign thd. bands in the glass spectra to vibrations of metalcgyse for the decrease gfi.e., the further broadening of the
ions in “secondary” sites, the existence of which is respon-peak of the imaginary part of electric modulda!, could be
sible for the extra absorption exhibited by glasses at low,o development of a new distribution of siteld)(for the
frequenciesbelow theH bands as compared to crystals.  4a)i jons whenx>0.075. Similarly, Greaves and Nai

ch;rgitgiesstingfa?li;’yoelz(r)r?wg(:tlgn lgasr;gz aaTgn'_é) II? ngts‘”}‘o r]gave associated the decreasegBah silicate glasses with the
ISt . | gérma glasse W UN8stablishment of alkali clusters in the structure.
to be the case in other ionically modified glasses as well, ;

When the RBO content increases, the resonance frequen-

including borates, silicates, molybdates, and . ( du.) of all th Rb motion bands i
phosphate$2-1722Thus, the picture emerging from the far- c'€S (L. ¥u . andwy) of all tnree Kb motion bands increase

infrared study lends support to earlier suggestions for an in[F'g' §(a)]. Assuming that the _reduced mass of Rb vibration
homogeneous distribution of alkali metal ions in the glasg©Mains constany~Mpgy, the increase of can result from
structure’#1234-37 Assuming that the presence of the two the increase ofj, and/or the de.crease of, [see Eq.(2)].
ion motion bands I(,H) is a manifestation of an energeti- XPS, Raman, qr_1d infrared studies of the.same glassgs have
cally inhomogeneous distribution of the alkali ions, the insetshown that addition of RID to GeQ results in the formation
of Fig. 2 shows that the distribution of larger alkali ions in Of negatively charged units; the GgOoctahedra prevail in
the glass structure is relatively more homogeneous. the range €:x<0.15(® is the bridging oxygen while ger-
While the two bands(L and H) characterize Rb- manate tetrahedra with nonbridging oxygens,/Ge@; ",
germanate glasses with relatively high alkali contefts are formed at high rates for further Kb additions’?* Fur-
>0.075, only one band was required to simulate the spectrahermore, the EXAFS results indicate that the average Rb-O
for x<0.075 (Fig. 4. Thus, in the low alkali range distance decreases slightly with increasing amount giCRb
(x<0.075 Rb ions are distributed over one type of sifd),  in the glass. It is obvious that these progressive structural
which is probably the precursor of the sites. When the changes are registered by Rb ions which vibrate at system-
Rb,O content exceeds a certain lim{it~0.079 only then atically higher frequencies as shown in Figa)6
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17.0
xRb,0-(1-x)GeO,

16.5
20|

the free-ion state at the energy gap. They noted that the
above expression becomes equivalent to the Arrhenius ex-
pression for the ion hopping mod®when vy, is replaced
by d?vy, whered is the ion hopping, or jump distance angl
is the ionic oscillator frequency. Then the energy ggpis

identified with E, the mean-free path, with d, and the

g 150 inverse lifetime 14, with v,. Therefore, the energy of the

" TR0 qas mobile ion at the energy gaf,=(M.v3)/2, can be rewritten
- \ 0.00 0.05 010 0.15 0.20

- é _ .
o nn | XRb,0 in the form

\ E,=(M.d?v3)/2. (6)

1.5

A AN The above equation yielded valueskf for crystalline ionic
10| RS a conductors in good agreement with experimental vatfies.
N ’ Exarhoset al!® applied the Rice and Roth model to ionic
T glasses and were able to derive the same energy expression
Ec as for the crystalline conductof&q. (6)]. Activation ener-
gies calculated for alkali metaphosphate and silicate
E glasses? as well as for alkali borate glass&awere found to
be in reasonable agreement with the experimental values.
P We apply here the free-ion model to Rb-germanate
. glasses for which the ion oscillation frequencies have been
determined. Accurate values of the ion jump distam;ere
. : ‘ difficult to obtain even for crystalline ionic conductd¥sfor
0.00 0.05 0.10 0.15 0.20 glasses this difficulty is enhanced. We proceed by equating
xRb,0 with the average Rb-Rb distance, obtained by assuming a
homogeneous  distribution of the ions. Then,
FIG. 7. Activation energy for dc ionic conductivity vs g  d=(V/2xN,)"® whereV,, is the molar volume of the glass
mole fraction inxRb,0-(1—x)GeO, glasses. The experimental ac- given in Table IV} N, is Avogadro’s number, and is the
tivation energiesE,,, are compared with values calculated in this mole fraction of RBO. Since three Rb motion frequencies
work on the basis of the ion-free mod@,, , Ey;, andE_). The  (y_, vy, andwyy) are obtained from the far-infrared analysis,
inset shows the “excess volumeV,,. (in cm’mol), for the same  three activation energie&, , E,,, andE,) are calculated
glasses. Lines are drawn to guide the eye. assuming that Rb ions in all types of sites contribute to ionic
conduction.

The calculated activation energies are compared in Table
Since the nature and distribution of the Rb ion-hostinglv with the experimental result ., and plotted in Fig. 7
sites have been established in the previous sections, it apersus RbO content. Several observations can be made;

pears tempting to find a structural basis for the compositiorfirst, it is observed tha,, provides a smooth continuation of
dependence of ionic conductivity. Figure 7 shows the experithe composition dependence Bf,. This result reinforces
mental activation energy,,, for dc conductivity as a func- the suggestion made earlier thatsites are the precursors of
tion of RO content: A maximum of E, at ~10 mol% H sites. Second, there is a hint for a small hump~at
Rb,O is well pronounced. =0.075, but this is far from being a maximum in the activa-

It was shown above that changes in the distribution of Rltion energy. Third, the activation energies calculated from
ions are manifested by changes in the ion oscillation frequerfrequenciesy are in obvious disagreement with the experi-
cies in the far infrared. A model which places special em-mental results. This observation is in agreement with our
phasis on the mobile ion oscillation frequency is the free-ionprevious results for alkali borate glasses that the mobile al-
model of Rice and Roth, introduced to describe ionic conkali ions are those which occupyl sites'®7 Therefore,
duction in crystalline superionic conductdfsAccording to  conduction pathways seem to be established probably along
this model, an energy gaR,, exists above which the mobile high-frequency sites, which resemble the sites formed in the
ion of massM can be thermally excited from its localized analogous crystalline compounds.
ionic state to free-ion-like states. In thath excited state the The largest difference betweel, and Ey/E, is ob-
ion propagates with velocity,,, and energyE,,=(Mv7)/2.  served at-10 mol % RBO (Fig. 7). At this composition the
Because of the interactions with the rest of the solid the ion‘unoccupied volume,” or the “excess volume V., of the
in the excited state loses energy and returns eventually to iglass passes through a minimum as shown in the inset of Fig.
localized state. The excited state is characterized by a life7. It is noted thatv,,. may be considered as the volume of
time, 7,,, during which the mobile ion travels a mean-free the glass that is not occupied by any atoms, and therefore
path, |, given byl,=v,7,. Rice and Roth then showed may represent the available space for the diffusion of mobile
that the ionic conductivity is given by ions! This suggests that the difference betwdgnand cal-

culated activation energy at10 mol % RBO most likel
o =[(Z€)*nVol o/3KT]exp( — Eo/kT), 5) arises from the fact tha%{he strain part o?the activatiox en-

whereZe is the charge of the mobile ion, is the number of ergy, in terms of the Anderson and Stuart mdtels not
mobile ions per unit volume, anly,lq,vo,7, Characterize accounted for by the free-ion model.

Activation Energy (eV)
>

0.5

e b B O
m
=

B. Conductivity activation energies from far-infrared data
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TABLE IV. Values of molar volumeV,, jump distanced, and TABLE V. Values of molar volumeV,,, jump distanced, ex-
experimental activation energy of dc conductiviti, for perimental activation energy of dc conductiviy,, and calculated
XRb,0-(1-x)GeQ, glasses. Calculated activation energigg , activation energ¥y from the free-ion model usingy frequencies,

Ey, andE_, from the free-ion model using frequencieg , vy, for 0.20R,0-0.80GeQ glassegR=Li, Na, K, Rb, Cs.
andy_, are also given.

R Vi, (cm) dA) E, (eV) Ey (eV)
V2 d E? Ewm En E, :
X (cm3) (A) (ev) (e\/) (eV) (ev) Li 22.10° 451 0.7% 0.81
Na 23.88 4.63 0.87 0.83
0.01 28.25 13.28 1.488 1.98 K 27.0% 4.82 0.83 0.77
0.02 27.95 10.51 1.423 1.59 Rb 29.30 4.95 0.83 0.98
0.05 27.60 7.71 1.455 1.23 Cs 31.98 5.10 - 1.03
0.075 2762  6.74 - 1.20
0.10 27.69 6.12 1.584 1.14 0.24 °“Reference 4.
0125 2788 570 - 107 029 | Reference 42.
0.15 28.30 539  1.021 1.02  0.26 ZREference 5.
0.20 29.37 495 0817 097 021 References1and 3.
®Reference 1. crystal. TheL bands of glass spectra represent additional
PFrom interpolation. absorption in glass as compared to crystals and can be attrib-

uted to ion motion in “secondary” sites, where coordination

The strain part of the activation energy would be maxi-numbers and anionic charge density have not reached yet
mum at~10 mol % RBO whereV,,.is minimum. When the their optimum values established in the crystal, or those val-
alkali oxide content increases above 10 mol\, of glass  ues characterizing crystal-liké sites.
increasegFig. 7), and thus the effect of the strain energy on  From the study of germanate glasses of variable alkali
E, will decrease. Along these lines, we expect a better agreesontent,xRb,0-(1—x)GeG, (0<x=<0.27), it was found that
ment betweerk , and calculated activation energy for such for x<0.075 only one Rb motion band at intermediate fre-
glass compositions, as shown clearly in Fig. 7. We consideguencies 1) is required to simulate the low-frequency parts
also the 0.2R,0-0.80GeQ glassegR=alkali), and compare of the far-infrared spectra. When the Rbcontent exceeds a
in Table V experimental activation energies for ionic con-minimum value (x~0.10 the formation ofH sites takes
ductivity, E,,, with calculated ones on the basis of the free-place, and the far-infrared spectra show the presence of both
ion model. These are tHg, energies obtained by employing H andL bands. The frequencies of all Rb motion bands were
the high frequenciesy,, of cationsR, given in Table I. found to increase with R content, which is attributed to
Clearly, the agreement betwedh and E, has been im- the increase of anionic charge density of the Rb-hosting sites
proved considerably, stressing the importance of the straiand to the progressive decrease of the Rb-O distance. The

energy part of the activation energy for ion transport. change of the relative population of Rb sites was qualita-
tively correlated with the composition dependence of the
V. CONCLUSIONS KohlrauschB exponent.

Finally, the Rice and Roth free-ion model was applied to

The nature and distribution of sites hosting alkali meta|Rb-germanate glasses to calculate activation energies for
ions in germanate glasses has been investigated by infrargdnductivity. It was found that although the activation ener-
reflectance spectroscopy as a function of alkali type and conyies calculated from the Rb oscillation frequencieslirand
tent. The analysis of the far-infrared spectra of glasses witlH sites are comparable with the observed values, there re-
fixed alkali content, 0.2R,0-0.80GeQ@ (M =Li, Na, K, Rb,  mains a qualitative disagreement between the composition
Cs), revealed the presence of two distributions of ionic SiteSdependencies of the two. This discrepancy is most likely due
characterized by lowl() and high H) frequencies of the to the fact that the strain part of the activation energy is not
cation motion modes, besides the presence of bands arisingcorporated in the free-ion model.
from germanate network modes. The far-infrared spectra of
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