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Chemical and dynamical speciation of mobile ions in the glassy fast ionic conductor
Ag2S¿B2S3¿SiS2: A 109Ag nuclear magnetic resonance study
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109Ag NMR in the highly conductive glass 0.525Ag2S10.475~0.5B2S310.5SiS2! was investigated from 230
to 433 K. The109Ag NMR spectra reveal for the first time three well resolved lines corresponding to three
kinds of chemically speciated Ag ions in sites with different chemical shifts in a macroscopically homogeneous
glass. This chemical speciation of Ag ions is discussed in relation to the microstructure of the glass. As the
temperature is increased, the three lines that originate from three different species of ions are narrowed, but
these lines exist independently up to 433 K, the highest temperature measured. Nuclear spin-lattice relaxation
rates~NSLR’s!, 1/T1 , were also measured. Two relaxation processes were found; one is associated with two
of the chemically speciated Ag ions and the other is associated with the other Ag ions. The two different
NSLR’s gradually approach a common value as the temperature is increased, and finally exhibit a common
relaxation rate at and above 373 K. From the results of the NMR spectra and of the NSLR’s, which observe the
ion dynamics on different time scales, it is concluded that the silver ions move fast within separate clusters of
similar chemical environments~@kHz!, but exchange among the three different clusters at relatively slow rates
~<100 Hz! above 373 K. From the time the ions reside at any one site, the mean free path of the ions is
estimated.

DOI: 10.1103/PhysRevB.63.024303 PACS number~s!: 66.30.Hs, 76.60.2k
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INTRODUCTION

Glassy ionic conductors have attracted much interest
cently because of the tremendous decoupling of the dyna
cal timescale for ion motion, typically on the order of nan
seconds, from the timescale for structural relaxation~change!
of the host network forming glass, typically on the order
geological time. Such decoupling enables ionic diffusion t
rivals, and in some cases exceeds, that of ionic liquid1,2

These high ionic conductivity values have prompted the c
sideration of their application in electrochemical devic
such as ion-selective electrodes, solid-state batteries, and
cells. The advantages of glassy electrolytes over other e
trolytes such as polymers are their higher single ion cond
tivity, typically cationic, and their electrochemical stability

In the last two decades, much work has been done in
pursuit of even higher ionic conductivities. For example
has been found that the ionic conductivity is progressiv
increased by using highly polarizable Ag ions,3 doping of the
glass with alkali or silver halides,4 mixing of the glass
formers,5 and the use of sulfide-based glasses.6 Unfortu-
nately, it is found that selenide-based glasses, while bein
logical extension of this chemical modification of glass,
not provide the increase in the ionic conductivity as might
expected.7 By a combination of these compositional optim
zation effects, the conductivity in glass can be increa
from that of essentially nonconducting values
;10210(V cm!21 for simple alkali silicate glasses8 up to
;1022 (V cm!21 at room temperature for AgI-doped silve
borate, silver phosphate, or silver germanate glasses,
example.9–11 At this point, it appears that our recent work o
the compositionally optimized AgI-doped Ag2S1B2S31SiS2
glasses are among the most optimized of all glasses.12,13
0163-1829/2000/63~2!/024303~7!/$15.00 63 0243
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Although simple calculations14 predict that the highes
conductivity would be in the range of;102 (V cm!21, it
appears that the ionic conductivity never reaches val
above;1022 (V cm!21 even in highly compositionally op-
timized glasses. The question naturally arises then is whe
this value is the highest conductivity that can be achieved
glassy ionic conductors? If the glass composition has b
optimized as far as is possible, what new underlying phys
and materials chemistry lie at root of the cause of the lim
ing value of the conductivity? To begin to answer the
questions, we return to some of the theories describing
transport mechanisms in glassy ionic conductors.

Many theories have been proposed to interpret the c
positional dependence of the ionic conductivity in glass.15–17

In most models, the conductivity activation energy is divid
into two terms, an electrostatic energy and a strain ene
These models have been successful in explaining the g
features of the relationships between the ionic conductiv
and glass composition and in predicting new glass comp
tions with even higher conductivities, as alrea
mentioned.4,6 While these particular models have been su
cessful, they nonetheless deal with compositional and st
tural features that lie at the simplest short-range order le
of glass.

Many researchers stress that the models of the condu
ity should describe larger segments of the glass structure
to at least the intermediate range, because ionic conduc
involves the long range hopping of ions over multiple sites
the glass structure. One particular set of intermediate ra
order models are those based on the percolation of ca
sites to form preferred, and hence lower energy, conduc
pathways18–21 in the glass. This model suggests that dopi
of the glass either by a glass structure modifying oxide s
©2000 The American Physical Society03-1
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as an alkali oxide (M2O), or by a structurally neutral dopan
salt, such as AgI, creates preferred conduction pathways
tweenclustersin the glass. This concept seems to be a na
ral one considering the tendency for many glass-forming
uids to heterogeneously phase separate on both microsc
and macroscopic levels. However descriptive these mo
are, they are nonetheless not easily proven. Even if the m
els were correct, fundamental questions about them and
veracity remain unanswered. For example, what are the
crostructures like in these glasses? How fast do ions mov
between, and among these microdomains and how do t
motions affect the macroscopically measured ionic cond
tivity?

In this paper, we report the first109Ag NMR results for a
family of compositionally optimized silver sulfide thioboro
silicate glasses previously investigated12,13 by ionic conduc-
tivity. In principle, 109Ag NMR is informative in elucidating
the complex chemical environment in glasses because it
hibits a large chemical shift that can be used to discrimin
between different chemical environments. However, beca
of the poor signal-to-noise ratio,109Ag NMR in superionic
glasses and crystals are relatively rare.22–28In this first NMR
study of these glasses, we report109Ag NMR measurements
on ternary Ag2S1B2S31SiS2 glasses that can distinguish di
ferent silver ions speciated not only by their unique chem
environment, but also by their different ionic mobilitie
yielding new information about the formation of microstru
tures in these glasses.

EXPERIMENT

Ag2S1B2S31SiS2 glasses were prepared from reage
grade Ag2S and SiS2 ~99.9%, metals basis, Cerac, Inc.! and
vitreous B2S3(v-B2S3! prepared in our laboratory. Th
preparation procedure ofv-B2S3 has been describe
elsewhere.29 The glass batches of appropriate amounts of
starting materials were melted in a vitreous carbon cruc
at ;850 °C for;15 minutes in an O2- and H2O- free glove
box and quenched by pressing the melt between brass pl
The samples were ground to a fine powder using an a
mortar and pestle and sealed under vacuum in a silica tub~7
mm OD!. Powder x-ray diffraction was used to verify th
amorphous nature of the glasses. Liquid–liquid phase s
ration has been observed for compositions lower in Ag2S
than the target composition and crystallization observed
compositions higher in Ag2S than the target composition.13

Neither process was observed for the target composition u
in this study.

The 109Ag NMR experiments were performed using
phase coherent pulse Fourier transform~FT! home-built
NMR spectrometer in connection with an 8.2T superco
ducting magnet. The resonance frequency was 16.259 M
In order to maximize the signal-to-noise ratio of the109Ag
signal, a coil was designed to give highQ values of;100.
This largeQ value coil, however, caused long dead tim
due to ringing~;100 ms!, and for this reason the spect
were created by Fourier transforming the latter half of
echo signal obtained by a (p/2)x-t1-(p/2)y-t1 pulse se-
quence witht15100ms. This sequence is usually used
02430
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observe solid echoes in solids where the free precession~fp!
decay is dominated by short spin–spin relaxation times,T2 ,
and the echo is observable only when the second puls
given inside the fp decay. In the present case, the fp de
has a non-negligible contribution arising from the inhomog
neous broadening of the line (T2* ) so that the echo can als
be observed outside the fp decay~Hahn echo!. With a
(p/2)x-t1-(p/2)y-t1 sequence, the solid echo gives the sa
intensity as the free induction decay in the rigid case, wh
the Hahn echo gives half of it. What is observed here the
a mixture of the two kinds of echoes. In this case, therefo
the intensity of the spectra is not simply proportional to t
number of resonating nuclei.

Because of the relatively longT1 values and low signal-
to-noise ratio for109Ag, the saturation-recovery method wa
used for the NSLR measurement to minimize the experim
tal time. After saturation by a long sequence of radio f
quency ~rf! pulses, the magnetization was measured a
function of recovery time. The measurement ofMz was ob-
tained from the FT spectrum. The typicalp/2 pulse was;20
ms long. Approximately 1600 FID’s were accumulated. N
thermal hysteresis was found in NMR data throughout th
experiments.

RESULTS

Absorption spectra

Figure 1 shows the temperature dependence of the109Ag
NMR spectra for the glass 0.525Ag2S10.475~0.5B2S3
10.5SiS2!. As can be seen in the spectra, the widths of
three NMR lines are motionally narrowed as the temperat

FIG. 1. 109Ag NMR spectra for 0.525Ag2S10.475(0.5B2S3

10.5SiS2) glass at different temperatures from 230 to 433 K. T
spectra were obtained by (p/2)x2t12(p/2)y2t1 methods.
3-2
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is increased. Among these three peaks, peak~C! undergoes
narrowing at higher temperatures~;330 K!, while peaks~A!
and ~B! are narrowed in the same lower temperature ra
~;260 K!. A very weak line~D! is also discernible in the
spectra and lies between lines~B! and~C!. Above 333 K, the
lines seem to have reached the limiting of narrowing and
spectra do not show any significant change with further
crease in temperature. One interesting feature in this t
perature range is that the narrowed three peaks are we
solved. This means that the motion of the silver ions is v
rapid within each site~sufficiently fast to narrow the line!,
but there is no fast chemical exchange between the t
different sites~sufficiently slow to inhibit chemical exchang
and hence the averaging of the sites!.

To chemically assign these three sites, samples were
pared with different thermal histories and chemical com
sition, and examined using109Ag NMR. In Fig. 2, the spectra
are for 0.525Ag2S10.475~0.5B2S310.5SiS2! at 298 K in a
rapidly quenched ~homogeneous! 2~a! and a slowly
quenched~partially crystallized! 2~b! sample, respectively
Peaks~A! and ~B! appear to shift downfield, whereas pe
~C! appears to be little changed in peak position. We a
measured the109Ag NMR spectra in samples with differen
composition. Ideally, one would want to measure the spe
of both v-0.5Ag2S10.5SiS2 andv-0.5Ag2S10.5B2S3 to ob-
tain good chemical shift references for silver ions in thios
cate and thioborate environments, respectively. Unfo
nately, the Ag2S1SiS2 system does not form glasses und
normal rapid quenching conditions, so we were able to o
preparev-0.5Ag2S10.5B2S3. The 109Ag NMR resonance in
this glass gives a single peak at around the frequency of p
~B!, Fig. 2~c!. These results will be further discussed belo
to develop a structural model for these glasses.

NSLR measurements

Figure 3 displays the recovery of109Ag nuclear magneti-
zation in the 0.525Ag2S10.475~0.5B2S310.5SiS2! glass at
230, 244, 279, and 298 K. The recovery ofMz(t) after satu-

FIG. 2. 109Ag NMR spectrum in ~a! rapidly quenched
0.525Ag2S10.475(0.5B2S310.5SiS2), ~b! slowly quenched
0.525Ag2S10.475(0.5B2S310.5SiS2), and ~c! slowly quenched
0.5Ag2S10.5B2S3.
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ration for nuclear spinI 5 1
2 should be expressed as a sing

exponential if all nuclei have a common spin temperature

Mz~`!2Mz~ t !

Mz~`!
5exp~2t/T1!. ~1!

As Fig. 3 shows, below;298 K, deviation from single-
exponential recovery was found. Such a nonexponential
covery has also been found in 0.7Li2S10.3B2S3 glasses.30

Observing the time evolution of the recovery of the spec
after the saturation of rf pulses at 298 K, we found that lin
for the ~A!1~B! sites show similar recovery, while line~C!
relaxes at a much slower rate as shown in Fig. 4~a!. Hence,
we attribute the nonexponential recovery to the differe
NSLR’s from the different chemical environments for th
silver ions. Since the separate measurements of 1/T1 for the
different sites by evaluating the areas under the differ
peaks is uncertain at low temperatures, we decided to s
rate the relaxation rates of the different sites by fitting t
recovery of the area of the whole spectrum using the exp
sion

FIG. 3. Semi-log plot of the recovery of the109Ag nuclear mag-
netization Mz for 0.525Ag2S10.475(0.5B2S310.5SiS2) glass at
230, 244, 279, and 298 K. At 230 K, it was impossible to meas
the longer relaxation time, so that only the shorter relaxation ti
was measured.
3-3
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FIG. 4. 109Ag magnetization recovery afte
the saturation by rf pulse in 0.525Ag2S
10.475(0.5B2S310.5SiS2) at ~a! 298 K and~b!
313 K, and~c! 373 K. The recovery times are
shown in the figures.
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Mz~`!2Mz~ t !

Mz~`!
5 f 8 exp~2t/T18!1~12 f 8!exp~2t/T19!,

~2!

where 1/T18 and 1/T19 are the NSLR’s of sites~A!1~B! and
site ~C!, respectively, andf 8 and f 95(12 f 8) are the frac-
tions of the contribution of each of these to the magneti
tion recovery.f 8, 1/T18 , and 1/T19 were obtained by fitting
the recovery curve by the least-squares method. To exam
whether twoT1’s ~T18 and T19! thus obtained measure th
different relaxation rates in the~A!1~B! and ~C! sites, re-
spectively, we compared them with the 1/T1 obtained from
the recovery of the intensities of peaks~B! and~C! separately
at 298 K. It was found that these two 1/T1 values so obtained
are approximately similar, which justifies the procedu
used.

At 313 K, these two sites still give a different relaxatio
behavior as shown in Fig. 4~b!. Since the lines are narrowed
it was possible to integrate the spectra of the~A!1~B! and
~C! sites separately to obtain each area. In Fig. 5, the rec
ery of the area of sites~A!1~B! ~closed circles! and of site
~C! ~open circles! are plotted along with that of the total are
~crosses!. The normalized magnetization from the total spe
trum ~crosses! approaches a single exponential decay. T
behavior is probably due to the fact that theT1 values be-
come closer in magnitude. It is seen that the recovery r
for the ~A!1~B! and ~C! sites become similar with the in
crease in temperature and eventually coincide at 373 K
give a common 1/T1 value above this temperature. Abov
373 K ~up to 433 K!, all of the magnetization relaxes wit
the same relaxation rate as illustrated in the recovery s
trum shown in Fig. 4~c!. This commonT1 shows a slight
tendency to increase as the temperature is increased as c
noted at the bottom of Fig. 5.

The temperature dependence of the109Ag 1/T1 for the two
sites is shown in Fig. 6. The faster 1/T1 @closed circles, sites
~A!1~B!# exhibits a very weak temperature dependen
This behavior has been found in other silver conduct
glasses.24,25,28A most interesting feature in this figure is th
two different 1/T1s at low temperature gradually approach
common value as temperature is increased and a com
1/T1 is observed above 373 K.

In summary, two relaxation processes were found in
109Ag NMR NSLR’s. These two sites have different 1/T1
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values below 298 K. These two different 1/T1 values ap-
proach a common value as the temperature is increased
finally a single relaxation rate 1/T1 is measured above 373 K

DISCUSSION

Chemical speciation in fast ion conducting glasses

We begin by discussing the origin of the three peaks
served in the109Ag NMR spectra. As mentioned above, th
motion of the Ag ions is fast enough to average out magn

FIG. 5. Semi-log plot of the recovery of the109Ag nuclear mag-
netization for 0.525Ag2S10.475(0.5B2S310.5SiS2) glass at 313,
333, 373, and 433 K. Open circles show those from the area of
peak in the right-hand side~C!. Closed circles show those from th
area of the peaks from the left-hand side@(A) 1(B)#. Crosses show
those from the total area of the spectrum.
3-4
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inequivalency or anisotropy in each site. Since a local vib
tional mode would not be able to average out the site ani
ropy, the fast motion of the ions must extend out in distan
at least more than a single chemical bond, for example.
the other hand, the motion must be restricted in dista
since three separate resonance lines are observed. Ther
the ions must be moving fast within domains of differe
chemical environments in the glass. There have been pr
ous examples of this behavior, such as that in the work
Villa et al.26 They observed multiple resonance peaks in
Ag–I doped Ag2O–B2O3 glass from what they hypothesize
as different domains in glass. As shown in Fig. 2~b!, the Ag
absorption peaks in our glasses also become more diffe
tiated with heat treatment, which strongly support the vi
that the different sites observed in Fig. 2 arise from doma
with different chemical environments in the glass.

The question becomes then, what is the origin of the
ference in the averaged chemical environment that gives
to three separate resonance peaks? Since the chemica
of Ag is known to be very large~1000 ppm,'16 kHz!,31 the
differences in the resonance frequencies must be assoc
with the averaged chemical shift differences of the th
various sites. The best way to identify these peaks would
to compare the chemical shifts observed with those of
corresponding crystals whose short-range structures
known and well defined. Unfortunately, due to the uniqu
ness of the phases being studied here, neither the chem
shifts nor the corresponding phases are known at presen
as such we cannot completely assign these peaks. How
we can suggest on the origin of the chemical shift differen
by considering the possible short-range structures of Ag i
based on the results as shown in Fig. 2 and previous stu

Our work on the structure of alkali thioborate glasses
shown that in similarity to the oxide borate glasses, th
glasses exhibit the formation of tetrahedral borons and tr
nal borons with varying numbers of nonbridging sulfu
bonded to them.32 Our preliminary11B NMR ~Ref. 33! and
Fourier transform infrared ~FTIR! studies34 of
v-0.5Ag2S10.5B2S3 shows that a large fraction the boron
in the glass are four coordinated. Further, we35 and Eckert
et al.36 have shown that in alkali thiosilicate glasses, the s
con is tetrahedrally coordinated by sulfurs and that the fr

FIG. 6. Temperature dependence of109Ag T1 for 0.525Ag2S
10.475(0.5B2S310.5SiS2) glass. Open circles are obtained fro
peak~C!. Closed circles are obtained from~A! and ~B!. These two
different 1/T1’s merge into a common value above 373 K as sho
as crosses.
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tion of nonbridging sulfurs increases with modifying alka
sulfide content. The thiosilicate tetrahedral units have
strong propensity for sharing edges rather than corne36

Ag1 ions bonded to the thiosilicate part of the glass struct
will therefore be bonded to nonbridging sulfurs, in tur
bonded to silicon atoms at the center of edge sharing te
hedra. These studies show, therefore, that there are two
sible units for the coordination of Ag: Ag bonded to thiob
rate units and Ag bonded to thiosilicate unit. In addition
this, we suggest the possibility that the Ag ions are equa
shared between these two structural subsets based upo
recent studies of alkali borosilicate glasses.37

Returning to the fact that we see a single absorption p
in the 0.5Ag2S10.5B2S3 glass close to the position o
~A!1~B! peaks in the ternary glasses, it is very likely th
these two peaks are from Ag1 associated with thioborate
units and peak~C! is from Ag1 associated with thiosilicate
units. The origin of the difference in~A! and~B! is not clear
at present. However, from the above arguments, it may
appropriate to associate the origin of minor difference of~A!
and ~B! to minor differences of chemical bonding of A
bonded to thioborate units, i.e., four coordinated~B! or three
coordinated borons~A!. Site ~D!, lying between~A!1~B!
and ~C!, may be associated with Ag1 ions residing in an
‘‘interface’’ region between~A!1~B! and ~C! microstruc-
tures. Hence, we propose a model as depicted in Fig. 7
should be noted that the figure shows only chemical asso
tion of each site and it does not show any information on
size or the shape of each domain.

Dynamical speciation in fast ion conducting glasses

The lines ~A!1~B! are motionally narrowed at a lowe
temperature compared to that of line~C!. It is also found that
the silver ions residing, on average, in site~A!1~B! yield a

n FIG. 7. Proposed model for the structure of the three doma
~A!, ~B!, ~C!, and~D!, observed in109Ag NMR spectrum. Sites~A!
are silver ions bonded to nonbridging sulfur anions connected
trigonal borons. Sites~B! are silver ions bonded to bridging sulfur
connected to tetrahedral borons. Sites~C! are silver ions bonded to
nonbridging sulfur anions connected to tetrahedral silicons. Poss
sites ~D! would be silver ions located interstitially between the
domains. Note that circle describes only chemical association,
the size of the domain.
3-5
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broad 1/T1 maximum at a lower temperature than the 1/T1
maximum of the ions in site~C! ~see Fig. 6!. These facts
indicate that the Ag1 in ~A!1~B! and ~C! which are dis-
tinctly chemically speciated, as discussed above, have
namical speciation as well. The 1/T1 measurements furthe
indicate that the ions in~A!1~B! sites exhibit faster ion dy-
namics than those in the~C! sites.

The question naturally arises as to whether the faster
tion of ions residing in the~A!1~B! sites is associated with
ionic conduction. To examine whether they are related,
compare the diffusion constants calculated from the io
conductivity (Ds) and that calculated from the NMR 1/T1
measurements (DNMR). From the Nernst–Einstein equatio

Ds5
skT

Nie
2 , ~3!

where k is the Boltzmann factor,T is temperature,Ni is
number density of mobile ions, ande is the charge of elec
tron. Substituting Ni51.731028m23, s55.0
31023 (V cm!21, Ref. 12, we getDs54.7310212m2/s at
298 K. From the Einstein equation,DNMR can be expresse
as,

DNMR5
r 2

6tc
. ~4!

The mean jump distance,r, is found to be;0.4 nm from
the density, assuming a homogeneous distributions of i
The chemical inhomogeneity described above refers to
anion structure, not the mobile cations. The 1/T1 data shown
on Fig. 6 exhibits a broad maximum that is centered in
vicinity of room temperature. In this case, we can direc
use the relationv0tc50.64, when 1/T1 is at its maximum.
As such,tc becomes;6.331029 s and using Eq.~4! DNMR
is calculated to be 4.2310212m2/s. Since these two diffu-
sion coefficients are similar, this suggests that the motion
ions in this domain may be associated with ionic conduc
ity.

So far, we have discussed the dynamic speciation
chemically speciated ions, but on the other hand, it is v
likely that these ions moving fast within a domain are p
fectly isolated and do not exchange at all. In the followin
we discuss whether there exists interdomain exchange
tween these silver ions based on the 1/T1 results described
earlier.

At low temperature~below 298 K!, spins in the~A!1~B!
sites have different spin-temperatures after the saturatio
the irradiation of the pulse from that of the spins in the~C!
sites. This means that the two spin subensembles@~A!1~B!
and ~C!# are energetically isolated, i.e., the cross relaxat
~CR! time tCR between these two sites fulfills the conditio
1/dv'531025 s!T1'1 s!tCR. As already described, th
two T1’s of these sites merge gradually above room tempe
ture and finally a commonT1 is observed at 373 K. From
373 to 433 K, only a singleT1 is observed. One possibility o
this behavior is simply that the two sites happen to have
same relaxation timeT1 above 373 K. This coincidence i
unlikely sinceT1 remains unique over a wide temperatu
range ~see Fig. 6!. The second possibility, which we wil
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assume here, is that the two sites acquire a commonT1 be-
cause the condition 1/dv'531025 s!tCR!T1'1 s is ful-
filled.

There are two possible mechanisms for the cro
relaxation between these sites. The first is the chemical
change of ions between the~A!1~B! and ~C! sites and the
second is spin diffusion between the sites. We favor
chemical exchange mechanism between the two sites
cause spin diffusion is not enhanced as the temperatur
increased, while chemical exchange, viz., ion diffusi
among the sites, is promoted at higher temperature. From
T1 behavior, then, we suggest thatinterdomain diffusion
does exist although it is slow; and occurs on a time scale
T1(;Hz), but also that it is much slower than chemical sh
difference~;kHz!.

Given the fact that the mobile silver ions have fastintra-
domainmotion and a relatively slowinterdomainmotion, we
now use NMR measurements to estimate both the resi
time the ions spend, on average, in each domain, as we
the mean free-path~a measure of the distance the ion trave
in a random walk during the residence time! for intradomain
motion.

At the upper temperature range of our measureme
.373 K, where the silver ions have a commonT1 , the time
spent by any one Ag1 ion in a given cluster or domain, lie
betweenT1 , ;0.3 s and the inverse of the chemical sh
difference between the two sites, 1/(2pd f )s'0.000 05 s.
Hence,t;0.001 s is a plausible estimate for the resident ti
of any one silver cation in a given domain or cluster. Assu
ing a three-dimensional diffusion model,38 the mean dis-
placement distancel is expressed as,

l 5A6Dt, where D5
r 2

6tc
f , ~5!

and r is the jump distance andf is the correlation factor. As
above, the jump distance~;0.4 nm! was calculated from the
density assuming the Ag ions are homogeneously distribu
in the glass.f is taken as 0.3 which is often found in glass
with high ionic concentration.39 As seen in Fig. 6, at highe
temperatures, the NSLR is not strongly temperature dep
dent and suggests a similar weak temperature dependen
tc . Hence,tc is assumed to be the same as that at 298
calculated before to be 6.331029 s. Substituting these
values into Eq.~7!, l is calculated to be 87 nm (10, l
,200 nm). This distance calculated here is in general ag
ment with the length scales for diffusional domains as de
mined by neutron scattering among other techniques.40

At present, it is not clear how the mean free path th
obtained corresponds to the domain size of the thiobo
glass structure in which the~A!1~B! sites reside. All that can
be concluded from the present measurements is that the
ions residing in these sites diffuse on average 87 nm be
their spin energy is relaxed. We are currently using neut
scattering and other techniques more sensitive to long-ra
structure in glass to examine the actual sizes of these reg
In particular, we are carefully examining the possibility th
these glasses are phase separated on a very small length
and as such may be at the root of the cause for both chem
3-6
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and dynamical speciation of the mobile Ag cations. Our p
liminary work, however, does not support these glasses
being phase separated.41

CONCLUSION

109Ag NMR was investigated in the superionic glas
0.525Ag2S10.475~0.5B2S310.5SiS2!. The temperature de
pendence of the spectra revealed for the first time that th
exist at least three silver cation environments in these gla
which are speciated both by their different chemical envir
ments as well as by their different ion dynamics. It is fou
that the ion diffusion within each domain is rapid compar
to the exchange rate of silver cations between the diffe
domains. By comparing the diffusion coefficients calcula
from both the ionic conductivity and the NMR data, the ion
conduction is associated with the fastintradomaindiffusion
where ionic motions are more rapid. From the combinat
02430
-
as

,

re
es
-

nt
d

n

of the NMR line shape analysis and the relaxation rate d
it is estimated that the mean residence time in each doma
on the order of 1023 s just above 373 K.
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