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Abstract

The interatomic distance, R, coordination number, CN, and degree of disorder, A o-?, around the mobile (Rb,Ag) as well
as the network-forming (Ge) cations are obtained using EXAFS (extended X-ray absorption fine structure) of xRb,0 - (1 —
x)GeQ, and mixed rubidium—silver germanate 0.2[ yAg - (1 — y)Rb},0 - 0.8GeO, glasses with x = 0.01, 0.02, 0.05, 0.10,
0.15, 0.20, 0.30, 0.40 and y =0, 0.25, 0.50, 0.75, 1.00. The non-bridging oxygen (NBO) and bridging oxygen (BO)
concentrations are determined by X-ray photoelectron spectroscopy. With the addition of Rb,O, both GeO, and NBOs are
produced for all x <0.2. For x> 0.2, NBOs continue to increase at the expense of GeQ; units. A comparison of molar
volume with various bond lengths indicates the presence of an ‘unoccupied volume’ which may vary with composition
without affecting various interatomic distances. Replacement of Rb by Ag in mixed germanate glasses has the same effect on
Ryy—o and Aog,_o as the reduction of Rb content in single Rb germanate glasses. The R Ag-o and Acr,f'gmo show a trend
opposite to that of the bond around Rb when Ag and Rb replace each other.

1. Introduction

The germanate glasses are potential materials for
low-loss optical applications such as optical fibers
and IR transmitting windows [1]. Their use as the
medium of Raman fiber-optical amplifiers appears
promising after the discovery of high Raman scatter-
ing [2,3]. It has been known for a long time that
when an alkali oxide is added germanate glasses, by
contrast with silicate glasses, show a maximum or
minimum in physical properties such as density and
refractive index [4]. More recently a minimum in
tonic conductivity of alkali germanate glasses as a
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function of alkali oxide concentration was reported
by Mundy and Jin [5]. This phenomenon is often
referred as the ‘germanate anomaly’ in analogy to
the well known ‘boron anomaly’ in borates [6,7]. It
is popularly explained [4] by the formation of GeO;
octahedra with the addition of 0-15 mol% M,0O
(M = alkali) leading to densification, followed by the
formation of both GeO, tetrahedra and non-bridging
oxygens above 15 mol% M, 0, resulting in a loosen-
ing of the network structure. The explanation appeats
reasonable because in silicate glasses the addition of
alkali oxide merely loosens the glass structure by
forming non-bridging oxygens, while maintaining
the tetrahedral units instead of forming octahedral
structural units {8-10]. However, one-to-one corre-
spondence has not been established between the
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variations of properties and structure of germanates.
In fact, Henderson and Fleet [11] insist from their
micro-Raman spectroscopy of sodium germanate
glasses that the anomalous behavior does not result
from GeO, ~» GeO, conversion but from the forma-
tion of three-membered rings of GeQ, tetrahedra.
Clearly, there is continuing controversy on how the
structure of germanate glasses changes by the addi-
tion of alkali oxide.

About a decade ago, Greaves el al. [12] conducted
pioneering EXAFS experimenis on a few silicate
glasses and determined the local structure around
sodium and silicon. They found that the width of the
first-neighbor peak, i.e., the Na—O distance distribu-
tion, was no more than could be expected from
thermal motion. Therefore, they postulated that the
alkali ions in silicate glasses were not really dis-
tributed randomly as expected from Zachariasen’s
continuous random network (CRN) model [8]. These
ions were considered to have a rather well defined
environment to the extent that the structure of glass
may be considered to consist of regions rich in
mobile ions separated by regions devoid of such ions
[13]. This hypothesis is the basis of their proposed
modified random network (MRN) model of glass
structure vis-a-vis the CRN model. If this new MRN
model of glass is generally true, it has very far-
reaching implications for our understanding of vari-
ous properties, especially those dependent on the
distribution and movement of alkali ions [14). Com-
puter simulations and molecular dynamic calcula-
tions of the structure of silicate glass have also
indicated segregation of alkali ions, which is consis-
tent with the MRN structure [15-17]. However, there
is no report of direct microscopic observation of
microheterogeneity on the scale postulated in the
MRN structure. Also, it is not clear how universal
such microsegregation is, if it does exist.

So, the present work is motivated by the need to
further establish the structure of alkali germanates
and to verify the applicability of MRN model to a
glass system which is significantly different from
alkali silicates. We have selected the xRb,0 (1 —
x)GeQ,, glass series, for which one can conveniently
determine local structure around the mobile Rb as
well as network-forming Ge by using EXAFS. By
contrast with alkali silicate systems, the alkali ger-
manates do not phase-separate readily and, therefore,

one would expect them to show less, if any, micro-
heterogeneity. In other words, we expect Rb 1o be
relatively randomly distributed in germanates com-
pared with Rb in silicates. EXAFS is expected to
reveal this difference in structure disorder. Further,
we use X-ray photoelectron spectroscopy (XPS) to
determine the relative fractions of bridging oxygen
(BO) and non-bridging oxygen (NBO) {10,18]. The
BO /NBO ratio is then used to determine the ratio of
sixfold to fourfold Ge coordination. Thus, by com-
bining the results of EXAFS and XPS, a more
detailed structure of germanate glass is revealed.

The mixed (alkali) mobile ion (MMI) effect repre-
senis dramatic non-linear changes in ion transport
when two mobile ions are mixed, bot physical prop-
erties such as density, molar volume, thermal expan-
sion, etc., vary nearly linearly with chemical compo-
sition [19]. Therefore, it is natural to ask whether the
short-range local structure, by contrast with physical
properties, has any significance for the MMI effect
as indicated by a recent IR study [20]. Accordingly,
we have included 0.2(Rb,Ag),0 - 0.8Ge0, glass se-
ries in this investigation and determined local struc-
ture around the two cations, Ag and Rb, as well as
Ge.

2. Experimentai
2.1. Glass preparation

Eleven glass compositions were prepared to form
two glass series: xRb,0 (1~ x)GeO, with x =
0.01, 0.02, 0.05, 0.10, 0.15, 0.20, 0.30, 0.40 and
0.2[ yAg - (1 — y)Rb),0 - 0.8Ge0, with y =0, 0.25,
0.50, 0.75, 1.06. The first series is used to examine
the effect of alkali concentration on germanate struc-
ture; the second series is prepared to investigate
MMI effect with the total mobile ion concentration
fixed while varying the ratio of the two mobile ions.
The samples were prepared by the melt-quench
method. Appropriate amounts of puratronic grade
GeO, (99.999%) and anmalytical grade ' Rb,CO,
(99.8%), Ag,0 (99 + %) powders were thoroughly
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mixed (for ~ 10 h) and preheated at 900 to 1000°C
for 1 h and then melted in a platinum crucible.
Because of the reactivity of silver with platinum, an
alumina crucible was used when glasses contained
silver. The liquid was equilibrated for about 1 h at a
temperature between 1200 and 1450°C depending on
the composition and viscosity. Homogenized
bubble-free liquid was cast in a stainless steel mold
and then the glass was annealed at ~ 450°C for ~ %
h to remove internal stress before furnace cooling to
room temperature. The resulting samples were cut
into thin plates with dimensions ~ 1 cm® X 0.5 mm
for XPS and ground into fine powders for EXAFS
spectroscopy. Some silver precipitated out of the
Ag,O-containing liquids and settled at the bottom of
crucible. So the actual Ag concentration in glass is
less than the batch composition [21]. However, this
loss of silver does not qualitatively change the obser-
vation of mixed alkali effect in the present samples
[22].

2.2. EXAFS experiment

To eliminate self-absorption effects, it was neces-
sary to prepare thin glass samples for which the
change in optical depth on crossing the absorption
edge was < 0.1 [23]. For this reason, the glass was
powdered to ~ 5 pm particle size by grinding in
polystyrene solution with a mortar and pestie. The
powder was mixed with ~ 200 ml polystyrene~
toluene solution in a 250 ml beaker containing a
closely fitting filter paper at its bottom. Next the
solution was left undisturbed until the powder settled
onto the filter paper and the supernatant solution
became clear (about 6 h later). Then the clear super-
natant solution was pipetted out and the powder on
the filter paper was dried and protected with an
adhesive tape.

The K-edge EXAFS spectra of Ge (11.10 keV),
Rb (15.20 keV) and Ag (25.52 keV) in both Rb
germanate and Rb—Ag germanate glasses were
recorded on the X6B beamline equipped with a Si
(220) monochromator, at National Synchrotron Light
Source, Brookhaven National Laboratory, Upton,
NY, USA (for details of EXAFS with synchrotron

radiation, see Ref. [24]). The transmitted X-ray in-

tensities were measured at room temperature with a
Lytle detector or plastic scintillator, while the fluo-
rescence X-ray intensity was measured with an ion

chamber [25]. Data analysis for background subtrac-
tion, normalization and Fourier transformation of
raw spectra was carried out using programs devel-
oped at AT& T [26] and the SEXIE program of Rupp
et al. [27} GeO, and Ag,O were used as model
compounds for the determination of standard param-
eters, namely, interatomic distance, R,, ,, coordina-
tion number, CN, and Debye—Waller factor (Ae?,
the mean square variation in interatomic distance).
Since the Rb~O distance distributions in Rb oxide,
nitrate, carbonate and acetate compounds are all
broad and complex, we used the FEFF program of
Rehr et al. [28] to model the Rb—O and Rb-Ge
amplitudes and phase shifts. In some of the silver-
containing samples there was an indication of Ag
precipitation. However, results for only those sam-
ples are included in this paper for which there was
negligible contribution from Ag—Ag EXAFS.

2.3. XPS experiment

The XPS measurements were carried out on a
spectrometer (Scienta ESCA-300) with Al Ka X-ray
source (1486.67 eV). To avoid surface contamina-
tion, the sample was fractured in situ in a vacoum
better than 3.7 X 10~° Torr. The photoelectrons were
generated from the fracture surface of area about
10 X 1 mm?. The surface was flooded with 4 to 10
eV electrons for minimizing charging. The X-ray
spot size was about 1.6 X 0.3 mm?. The step size
(referring to the internal kinetic energy of photoelec-
tron) in the analyzer was 0.1 eV and the energy
resolution was 0.4 eV, as determined at the Fermi
edge of Ag metal. The photoelectron energy was
determined with a hemispherical analyzer. Data anal-
ysis was carried out with ESCA-300 software pack-
age using a least-square Gaussian fit and Shirley
background substraction [29]. The relative XPS peak
position, full width at half maximum (FWHM) and
intensity (peak area) ratio were determined with this
program.

3. Resulis

3.1. EXAFS spectra

EXAFS spectra have been obtained around Ge,
Rb and Ag K-absorption edges in both the single
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Fig. 1. Fourier magnitudes of k%y(k) extracted from EXAFS
spectra for Ge K-edge in xRb,0 (1 — x)GeO, glasses.

mobile ion Rb germanate and mixed mobile ion
Rb-Ag germanate glass series. The normalized EX-
AFS, x(k), was multiplied by k* to amplify the
magnitude of EXAFS in the high-k region, where &
is the X-ray wave vector. The Fourier magnitudes of
k* (k) for the Ge K-edge in xRb,0 - (1-x)GeO,
series for different values of x (up to 20 mol%) are
shown in Fig. 1. After applying phase shift correc-
tion, we obfain the desired structural parameters. The
basic principle of EXAFS and standard procedure for
EXAFS data analysis and processing are given in
Refs. [30-32]. The spectrum for the model com-
pound, GeO,, is also shown in Fig. 1. In this figure,
we see a well defined peak corresponding to the first
shell neighbor, which is assigned to Ge~O.

From EXAFS spectra in Fig. 1, the bond distance,
CN and structural disorder around the first neighbor
have been determined with respect to GeQO, stan-
dard. Statistical analysis of the data indicates that the
present results are relatively more accurate for Ge
EXAFS than for Rb or Ag EXAFS, The estimated
uncertainty for Ge~O distance is +0.01 A but for
the Rb-O distance it is < +0.03 A. In general, the
uncertainty in CN is high and is typically 30%. The

Table 1

Structural parameters extracted from Ge (first shell) BXAFS:
Ge-0 bond distance, coordination number and disorder (Debye—
Waller factor) around Ge atom in rubidiem germanate and rubid-
m—silver germanate glasses

%Ag,0  %RD,0 R o(A) CNgeo Acd_o
(x10"*AD)

xRb,0 (1 — ©)GeO,

0 2 1.74(0) 4.8 7

] 5 1.74(1) 4.4 8

0 10 1.74(6) 4.8 23 .

] 15 1.76(1) 40 12

0 20 1.75(5) 42 16
0.2{yAg - (1— y)Rb],O 0.8Ge0,

0 20 1.75(5) 42 16

5 15 1.75(2) 42 14
10 10 1.75(0) 4.0 19

15 5 1.74(4) 4.0 7
20 0 1.74(3) 4.0 6

first shell information corresponding to Ge-O is
listed in Table 1, which also gives the results for the
Rb—Ag mixed mobile ion series. There is an increase
of Ge—0 bond distance with increasing Rb,0 mol%
as shown in Fig. 2, in which the bond distances of
Ge-O in GeO, quartz-type and GeQy rutile-type
structures are also drawn for reference to reveal the
existence of GeQ, structural units.

Parallel analysis of Rb EXAFS gives the Rb-O
distance, CN and disorder around Rb as listed in

1.88 prrr T
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Fig. 2. Ge~O bond distance, Rg,._g, 35 2 function of mol%
Rb,0. The Ge~O bond distances in quartz-type (fourfold} and
rutile-type (sixfold) crystalline GeO, are shown for comparison.
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Table 2

Structural parameters extracted from Rb (first shell) EXAFS:
Rb-0 bond distance, coordination number and disorder {Debye—
Waller factor} eround Rb atom in rubidium germanate and rubid-
mm--silver germanate glasses

%AZ,0  %RbO  Rpyo(A) Ny o Aodg
(x107* A

xRbZO - (1 - x)G€OZ

0 1 2.81(2) 5.6 220

0 2 2.82(6) 6.1 234

0 5 2.82(1) 5.5 185

0 10 2.82(4) 7.9 178

0 15 2.76(6) 5.6 119

0 20 2.73(5) 5.2 129
6.2[vAg {1 — yIRb],0-0.8Ge0, -

0 20 2.73(5) 5.2 129

5 15 2.78(3) 4.4 103
0 10 2.78(9 6.5 162
15 5 2.80(9) 6.2 195
20 0

Table 2. The Rb—O distance remains constant within
experimental error for Rb,0 <10 mol% and then
begins to decrease with the further addition of Rb,0
(= 15 mol%). In Rb EXAFS we also observe the
second shell of atoms around Rb and obtain the
corresponding parameters for the Rb—Ge bond (Ta-
ble 3). Finally, the local structure around Ag was
determined in the mixed mobile ion series and the
results for the Ag—O bond are given in Table 4. The
molar volume of Rb germanate glasses was also
measured and the value is plotted in Fig. 3 together
with the Rb—0 and Ge-O bond distances. Note that
the molar volume clearly shows a minimum at Rb,0
concentration between 5 and 10 mol%, but the Rb—0O
and Ge-O distances monotonically decrease and in-
crease, respectively, with increasing Rb,O, the rela-
tive variation of molar volume being much larger.

3.2. XPS spectra
The O 1s X-ray photoelectron spectra of the Rb

germanate glasses consist of a predominant peak at
E,~533 ¢V and a smaller component at ~2 eV

lower binding energy. Fig. 4 shows these spectra

with E, as the reference energy. Fig. 5 shows the
deconvolution of the O 1s spectrum into two peaks
for 0.3Rb,0 - 0.7Ge0, glass using the ESCA-300

Table 3

Structural parameters extracted from Rb (second shell) EXAFS:
Rb-Ge bond distance, coordination number anrd disorder
{Debye—Waller factor} around Rb atom in rubidium germanate
and rubidium-sitver germanate glasses

%Ag,0 %R0 RR%)-—Gc(‘&‘) CNpp-ge Do ge

(x10"*A%)

xRb,0 - (1 — x)GeO,

0 1 371 6.0 186

0 2 372 6.0 183

0 5 372 65 200

0 10 372 41 130

0 15 3.68 83 224

0 20 3.68 72 228
0.2[yAg (1~ y)Rb],0 - 0.8Ge0,

0 20 3.68 7.2 228

5 15 3.70 5.6 193
10 10 3.68 7.6 199
15 5 3.71 6.3 167
20 0

software package. The corresponding peak values for
each O 1s component are listed in Table 5. Note that,
although the absolute values of the O 1s binding
energy in Table 5 may have uncertainty > 0.1 eV
due to incomplete neutralization of surface charge,
the relative values are expected to be accurate to
better than +0.1 eV. The intensity of the lower
binding energy component increases with increasing
Rb,O concentration. It is attributed to NBOs in
germanate glasses and the higher binding energy
component is attributed to BOs [18]. Here a shift of
the photoelectron peak toward lower binding ener-
gies corresponds to an increase in electron density on
the relevant atom. That is, the difference in electron

Table 4
Structural parameters extracted from Ag (first shell) EXAFS:
Ag-0 bond distance, coordination number and disorder (Debye—
Waller factor) around Ag atom in rubidivm-—silver germanate
glasses

%AZ,0  BRb,0  Ru oA) Ny o Add o
(x10~% A%)
0.2{vAg {1 — yIRB],0-0.8Ge0,
0 20
5 135 2.09(6) 1.2 82
10 10 2.17(4) 13 144
13 5 2.25(0) 2.0 245
20 ] 2.24(5) 2.5 273
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Fig. 3. Variation of the molar volume and Rb-0, Ge-O bond
distances as a function of mol% Rb,0 in xRb,0-{1 - x)Ge0,
glass series.

charge density between an NBO and a BO is re-
flected in the energy difference of corresponding
peaks shown in Fig. 4. The area under the deconvo-
luted components represents the relative amount of
the two types of oxygen and thus gives the fraction
of NBO which is plotted as a function of Rb,0O
concentration in Fig. 6. For comparison the NBO
concentration for an alkali silicate system is also
shown. Note that the NBOs in germanate glasses are
far fewer than in corresponding silicates [10]. Also
an appreciable amount of NBOs exists at the lowest
Rb,O concentration investigated (5 mol%).
Following the literature [31], we assume that the
addition of Rb,0 to GeO, causes either the produc-
tion of NBO or conversion of GeO, to GeOg, and
calculate the fraction of six-coordinated Ge, N,

Felative binding energy, E - E_ (eV)

Fig. 4. O 1s XPS spectra of xRb,0-(1~ x)GeO, glasses with
binding energy scale selative to the binding energy of respective
BOs {£,) given in Table 5 (shoulder at relatively lower binding
energy represents NBOs).

80
XPS Ois

Counts <07

30

534 Erﬂa?ﬁdlng Ema?ga[r} fev] 5e8 528
Fig. 5. Deconvolution of O 1s XPS spectrum of 0.3Rb,0-0.7Ge0,

glass into the BO and NBCQ components.

Table 5

XPS results of O 1s parameters for the xRb,0 - {1 — x)GeO, rubidium germanate glasses

x Peak energy (eV) FWHM (eV) Awpo/Anpo+BO N
BO (E,) NBO BO NBO (%) (%)

0.05 534.0 532.1 1.81 1.55 2.8 2.4

0.10 534.4 5323 1.95 1.75 38 7.1

0.15 535.0 5332 1.93 1.67 5.2 12.0

0.20 533.8 532.0 1.98 1.45 54 18.9

0.30 529.8 528.2 1.71 1.30 243 13.4

0.40 531.8 530.1 143 1.37 439 g1

N, is calculated from the experimental fraction of NBO, Awpo/4nso+B0 (A is the area under the peak). E, is the binding energy of
respective BO peaks.
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Fig. 6. The fraction of NBO determined from O Is XPS of
xRb, 0 (1 — x)GeO, glasses. The solid lines show NBO fraction
in silicate glasses comprising of only $i0, units and in a hypothet-
ical germanate in which GeQ, units convert to GeQ, without
forming any NBOs,

from the fraction of NBO (see Table 5): fraction of
NBO = 2(x — p)/(2 — x) and N, = p/(I — x),
where x is the value in xRb,0 - (1 — x)GeO, and p
is the fraction of xRb,O which causes the conver-
sion of GeQ, into GeOy. Fig. 7 shows the results of
this analysis where the solid line represents a hypo-

40 ] ¥ ¥
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e : i
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T XPS
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Fig. 7. The fraction of six-coordinated Ge, N;, as a function of

mol% Rb,0 in xRb,0-(1- x}Ge0, glass series. The solid line

represents a hypotbetical condition where no NBOs exist. The
curves marked XPS and EXAFS are obtained from the analysis of
O 1s XPS and Ge-0 bond distance, respectively.

thetical condition in which all the addition of Rb,0O
converts GeQ, into GeOg without producing any
NBO, ie., N, =x/(1—x). EXAFS results for the
fraction of GeQ,, N, calculated from the increase in
Ge—0 bond distance (as shown in Fig. 2) are also
shown in this figure for comparison.

4. Discussion
4.1. xRb,0 - (1 — x)GeO, glass series

The conversion of GeO, to GeO; structural units
with the addition of alkali oxide in germanate glasses
has been suggested from EXAFS [33], IR [34] and
X-ray edge shift [35]. In the early studies of Ge
EXAFS by Cox and McMillan [33], only the nearest
neighbor oxygen shell could be observed. Their de-
tailed analysis for lithium germanate glasses as-
sumed the splitting of oxygen shell into two env:ron-
ments, with Ge—O distances ~ 1.71 and ~ 1.85 A
respectively. The bond lengths of the two sites were
found to be independent of the lithium content and
were very close to 1.74 A in fourfold a- quartz GeQ,
and 1.90 A in sixfold rutile GeO,. The CN from
these two environments was used to calculate the
ratio of GeQ, to GeQ,. Although this might appear
as direct evidence that the initial addition of alkali
oxide simply converts GeO, to GeOy structural units,
the error in CN around Ge is usually shown to be
large, ~ 30% [30,32]. Further, the S/N (signal to
noise) ratio for the larger Ge—O distance was too
small to make reliable quantitative evaluation. Hence
the fraction of GeQg from the CN estimation in this
work is not definitive.

Very recently, Greaves and co-workers [36,37]
established a fitting index method by constructing
matrices for correlation between Ao? and CN to
calculate the back Fourier transform fitting error. In
their best fit data of 95% accuracy, the precision of
CN as well as Ao? was ~ + 10%. This accuracy is
also the best value of precision in CN and Ao ? ever
reported [31]. Now let us consider the possible varia-
tion of CN in our samples. The maximum value of
N; from XPS is ~ 20% at 20 mol% Rb,O, so that
the corresponding maximum average CN of Ge is
equal to 6 X 20% + 4 X 80% = 4.4. Thus the varia-
tion of CN with Rb,0 mol% ranges only from 4 to
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4.4, This variation of CN < 10% is too small to be
extracted from EXAFS analysis which has an error
of +10% or higher. In other words, CN obtained
from the EXAFS analysis is not accurate enough for
monitoring the change in coordination of Ge in our
germanate glasses.

In subsequent Ge EXAFS studies [34,38] on Li,
Na and K germanate glasses, no evidence is given
for the presence of the Ge—O peak at ~ 1.90 Al
Then the average measured Ge—Q bond length has
been used to determine the fraction of GeO,. Here
the observed increase of Ge—O distance with increas-
ing alkali content is ascribed to the presence of GeOy
structural units; it is assumed to be linearly depen-
dent on the conversion of GeQ, to GeO;. Hence the
increase of the Ge~O bond length is indirectly used
to calculate N;. Fig. 7 shows for the xRb,0 {1 —
x)GeO, series that N; calculated from the Ge-O
bond lengths is consistently smaller than that deter-
mined from XPS measurement of NBOs. Fig. 6.8 of
the review article by Gurman [31] also shows large
scattering of N, datapoints especially when the alkali
conceniration is high, indicating the uncertainty of
estimating N, from EXAFS.

The determination of the NBO concentration from
XPS has been proven to be precise in silicate glasses
[10], and we may expect similar precision for the
determination of NBOs in germanates. It is also
reasonable that the charge compensation for alkali
ions is provided either by the conversion of BO to
NBO or that of GeO, to GeO; units. Then the
determination of N; such as in Fig. 7 should be more
precise from XPS than from EXAFS data. The XPS
results indicate that at low Rb,0O concentration the
major contribution of Rb,0 in germanate glasses is
to convert GeO, to GeQ, although some NBOs are
also observable even at the lowest concentration of
‘Rb,0. However, as the concentration of Rb,0 in-
creases beyond 15 mol%, N; from the XPS data
starts to deviate from the solid curve and goes
through a maximum at ~ 20 mol% Rb,0. With
further increase of Rb,0, in fact, the fraction of
six~-coordinated Ge decreases. This decrease implies
that the conversion of GeQ, to GeQ, gradually
decreases and, instead, comparatively more NBOs
are produced when Rb,0 is >20 mol%. Now,
because GeQ, is a more compact packing of atoms
than GeQ,, one would intuitively think that like N

the compactness of the Ge-O network would also
vary with a maximum at ~ 20 mol% Rb,0 concen-
tration. However the molar volume, V, shown in
Fig. 3 does not exactly follow this prediction. In-
stead, its minimum value, and thus the maximum
compactness, occurs at ~7 mol% rather than 20
mol% Rb,0. The reason for this discrepancy is that
the structural changes are more complicated than
previously suggested [33-35,38]. It is true that GeO,
units are converted to GeQ, units with the addition
of Rb,O (Fig. 7) but that is not the only change. Fig.
6 shows that NBOs are also produced at the same
time, although in smaller concentration than in sili-
cates. Even with the initial addition of Rb,O, both
the GeQ, units and the NBOs are produced in the
structure. As we know, generally the occurrence of
NBO upon the addition of alkali oxide leads to a
loosening of the glass structure [8,39], which is
opposite to the effect of forming GeOy;. So the
maximum compactness would occur at an Rb,O
concentration which is Jess than the observed con-
centration of the N; maximum at 20 mol%.

Next, we ask how the molar volume correlates
with the short-range local structure? Since the Rb-O.
distance remains the same to 10 mol% Rb,0 and
decreases only a little thereafter (Table 2), it cannot
account for the observed behaviour of V. The aver-
age local volume around Ge (i.e. the Ge—O distance)
increases with increasing Rb,O by a very small
amount (Table 1), and its variation with mol% Rb,0
does not correlate at all with that of molar volume
(see Fig. 3). If we examine the variation of molar
volume and bond distances, we observe that the
change in molar volume does not correlate with the
Rb—0O and Ge-—O interatomic distances. Then it is
possible that the observed variation of molar volume
depends more on the CN of network-forming atoms,
namely Ge and oxygen, rather than on the various
interatomic distances. A comparison of Figs. 3 and 7
shows that the variation of CN around Ge with
composition does not correlate with that of the molar
volume.

From Rb EXAFS we determined second shell
Rb—Ge distance (Table 3), which shows little varia-
tion with Rb concentration in comparison with the
Rb--0 and Ge—0O distances. That is, it also shows no
correlation with the concentration dependence of the
molar volume. At the same time, one would expect
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the second shell distances to be more representative
of molar volume than the single shell distances. A
possible explanation for the lack of correlation be-
tween V, and the Rb~0, Ge—O or Rb-Ge distances
is that a part of the molar volume is ‘unoccupied’ in
the structure which is not affected by the various
bond distances. The change in molar volume is
mainly from the variation in ‘unoccupied volume’.
One can conceive that the unoccupied volume is the
preferred pathway for diffusion of alkali atoms in
glasses. Further experiments and analysis of data are
needed to establish the validity of this suggestion.
The concept of MRN structure originated from
the observation that the disorder around alkali ions in
silicates is primarily of thermal origin [12,13]. The
magnitude of disorder around Rb in our germanate
glasses is almost an order of magnitude larger than
that of alkali atoms in silicates (Table 2). We do not
exactly know the contribution of thermal disorder to

the observed disorder, yet we can say from a prelimi-

nary measurement at liquid helium temperature that
the structural disorder around Rb is significantly
more than that for the alkalis in silicates. It then
follows that Rb is far more randomly distributed in a
germanate glass than, for example, sodium in a
silicate glass. Consequently the segregated channeled
structure assumed for alkali migration in MRN is
less meaningful for our case. We do not see any
trivial effect of this difference on the variation of
properties dependent on ion movement. Meanwhile,
the increase in Aoy, _, with reduction of Rb,0
content (see Table 2) implies that the Rb environ-
ment is less uniform at low concentration. When
more Rb,0 is added, the non-uniformity is averaged
out and the environment around Rb becomes more
homogeneous, resulting in smaller mean square dis-
placement.

4.2. 0.2[yAg - (1 — y)Rb],0 - 0.8GeO, mixed mobile
ion glass series

The results of Ge EXAFS in Table 1 indicate that
the Ge--O distance decreases as Rb is replaced by
Ag, which is also the trend when the Rb,O concen-
tration is decreased in the binary xRb,0-(1 -~

x)GeO, germanate system. From Rb EXAFS we

note that the Rb—O distance increases as Rb is
replaced by Ag, ie., as y varies from 0 to 1 (Table

2). Again, the same is also expected as x decreases
in the binary samples. Therefore, it appears that the
substitution of Ag for Rb produces the same changes
in structure as the reduction of Rb does in the binary
xRb,0 - (1 — x)GeO, system. That is, the presence
of Ag has little effect on the structure around Ge and
Rb. This trend also appears to be true for the disor-
der around these two species. We suggest that Ag,
being a highly deformable atom, accommodates the
influence of composition variation and allows the
local environment of more rigid alkali and
network—former atoms to remain unaffected.

Our mixed Rb—Ag germanate glass series shows
the typical mixed mobile ion effect, in that ionic
conductivity, o, has a minimum and its activation
energy, E, has a maximum as Rb is replaced by Ag
[22]. However, Ge~O and Rb-0 distances and struc-
tural disorder, Ao ?, vary monotonically with the
same composition variation (Tables 1 and 2). The
fundamental manifestation of the MMI effect is that
the diffusivity of a mobile ion {e.g., Rb) decreases
but monotonically as it is gradually substituted by
another mobile ion (e.g., Ag) [40}; the effect is
similar for both the ions. Then it is difficult to
understand how the monotonic variation of Ge-O or
randomness around Ge can account for the MMI in
this system. Only those structural parameters can be
important which involve the mobile ions. Further, for
a structural feature to correlate with the MMI effect,
it must vary in a complementary manner as diffusiv-
ity does when one cation is replaced by the other
[40,41]. That is, we may expect the mobile ion—
oxygen distance to be important for MMI if the
increase of Ry,_o with decreasing Rb fraction is
accompanied by an increase of Ag~O distance with
decreasing Ag fraction. Similarly, the disorder around
a mobile jon could be relevant for MMI if the
increase of Ao g, _, with decreasing Rb is matched
by an increase of Avg_o Wwith decreasing Ag.
However, the Ag K-edge EXAFS results in Table 4
show that the Ag—O distance, the disorder and CN
around Ag decrease significantly with decreasing
Ag,O content. These relatively larger changes in
structural parameters for Ag than for Rb are ex-
pected from the large polarizability of Ag ions. The
important observation is that the trend of the Ag-0O
distance is qualitatively opposite to that of the Rb~O
distance as the two ioms replace each other. The
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same is true for disorder around Ag and Rb, respec-
tively. Thus, the mobile cation—oxygen distance and
the disorder around the mobile cation should not be
the key to MMI effect in the present glass system.

From Table 4, it is not clear whether the structural
change around Ag atom (namely, the increased Ag-O
distance and Aofgwo with increasing Ag/Rb ratio)
is due to the replacement of Rb by Ag or only due to
the increase of Ag concentration itself. To answer
this question, one must conduct EXAFS experiment
for the local structure around Ag atom in zAg,0-
(1 — 2)GeO, binary germanate glass series. Without
this information it is difficult to assess whether or
not each of the mobile cations (Rb, Ag) stays in its
own environment irrespective of Ag/Rb ratio. This
assumption is important in a recent theory of MMI
effect proposed by Maass et al. [42], which also
considers that there are preferred sites for each type
of cation. In fact, we have performed preliminary
EXAFS experiments on the zAg,0 (1 —2)GeO,
series with z = 0.02, 0.05. 0.1, 0.15 and 0.2. The
results indicate nearly the same Ge Fourier EXAFS
spectra for all z values. That is, the Ge—O bond
distance and structural disorder around the Ge atom
remain almost unchanged. From Ag EXAFS, we
note that the Ag--O distance also does not seem to
change much. Unfortunately the signal-to-noise ratio
for Ag EXAFS is not good and there may be intet-
ference from the Ag—Ag corelation presumably
coming from Ag microprecipitates. To obtain more
accurate structural information it will be necessary to
repeat these experiments after eliminating the prob-
lem of Ag precipitation.

5. Summary

The presence of GeQ, structural units besides
tetrahedral GeO, units in a xRb,0 - (1 —x)GeO,
glass series is supported by the increase of the Ge-O
bond distance obtained from Ge EXAFS. However,
quantitative evaluation of N; from XPS shows that
the addition of Rb,O introduces GeO, as well as
NBOs as charge-compensating centers for Rb™ for
all x <0.2. For x> 0.2, the concentration of NBOs
increases at the expense of GeQg. The variation of
molar volume with composition does not correlate
with that of various interatomic distances. We sug-

gest the existence of an ‘unoccupied volume’ in the
structure. The relatively large disorder around Rb in
germanate glass indicates that the MRN model is
less applicable to alkali germanate than to alkali
silicate glasses.

The presence of Ag seems to have little effect on
the local structure around Rb and Ge atoms in mixed
0.2{ yAg - (1 — y)Rb],0 - 0.8GeO, glasses. Replace-
ment of Rb by Ag in mixed germanate glasses has
the same effect on the Rb—O distance and disorder
around Rb as the reduction of the Rb content in Rb
germanate glasses. The Ag~O distance and disorder
around Ag show a trend opposite to that of the
Rb—O distance and disorder around Rb when Ag and
Rb replace each other. Therefore, the mobile
cation—oxygen distances and structural disorder
around them should not be an important component
of the MMI effect.
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