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Influence of cation constriction on the ac conductivity dispersion in metaphosphate glasses
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The ac conductivity resulting from ion motion in glasses displays a power-law frequency dependence
characterized by an exponentn,1. Recently, it was suggested that this exponent depends upon the dimen-
sionality of the local cation conduction space, such thatn decreases with decreasing dimensionality. Here, I
report measurements of the ac conductivity of two metaphosphate glass systems. The first are the superionic
glasses formed by doping AgI into AgPO3. The second are the alkali-metal metaphosphate glasses,MPO3,
whereM5Li, Na, K, Rb, or Cs. In both glass systems, the conductivity exponent varies with expansion of the
phosphate chains which comprise the glass network. In the AgI-doped glasses,n increases with increasing
expansion of the network, whereas in the alkali-metal series,n decreases with the expansion. However, when
n is considered as a function of the ‘‘constriction’’ of the cation~i.e., the cation size relative to the chain
separation!, this exponent behaves similarly for both glass systems, decreasing with increasing constriction of
the cation. This decrease is proposed to result from a reduction in the coordination of the cation’s local
conduction space caused by increased constriction.
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I. INTRODUCTION

The nature of ion transport in amorphous solids is of b
practical and academic interest. These materials form a c
of solid electrolytes currently under investigation for app
cations in a variety of electrical devices including batteri
sensors, and electrochromic displays.1 Physical properties o
the disordered state are isotropic and can be manipulate
variations in the chemical composition. So, although m
common inorganic glasses are not usually regarded as hi
conductive, numerous fast-ion conducting~FIC! glasses,
some with ambient dc conductivities comparable to liqu
electrolytes, have been reported in the literature.1–4 Conse-
quently, an enormous range of ion diffusivities is exhibit
in glasses and it is of interest on an academic level to try
understand how the chemical and physical structure of
glass influences ion motion.

In traditional oxide glasses, ions~often alkali-metal cat-
ions! migrate through a disordered covalently bonded, thr
dimensional mesh of network-forming oxides (SiO2, B2O3,
etc.!. The network contains anionic sites~usually nonbridg-
ing oxygen atoms! and voids which can accommodate t
cation, as well as doorways through which the cation pas
to an adjacent site.5 The temperature dependence of the
conductivity is typically Arrhenius and indicates that th
transport is a thermally activated process, involving hopp
of the cation over local energy barriers.2,3 These barriers pre
dominantly result from the overlap of neighboring Coulom
wells, but can also include steric barriers associated with
requirement to dilate the network3,5 between sites in orde
for the cation to pass.

The influence of network structure on ion transport h
been examined both in terms of short-range order~SRO! as
well as intermediate-range order~IRO!. Jain and
co-workers,6 for example, have investigated the effects
altering the local site structure in sodium silicate glas
through the introduction of trivalent network-forming oxide
PRB 610163-1829/2000/61~21!/14507~10!/$15.00
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(B2O3 and Al2O3). Changes in the activation energy fo
these modified silicate glasses indicate distinct effects u
ion dynamics due to changes in both the chemical~ionicity!
and physical~bond lengths, bond-angle distribution! struc-
ture of the network. Pan and Ghosh7 have also noted varia
tions in ion dynamics due to unique structural transform
tions occurring in alkali-metal tellurite glasses.

At larger length scales, the presence of intermediate-ra
order in some glasses has been tied to the occurrenc
anomalously high dc conductivity.8,9 Many of these FIC
glasses result when a metal halide is doped into an ox
glass causing systematic increases in the dc conducti
Neutron-scattering measurements8 of AgI-doped glasses, for
example, reveal the emergence of sharp diffraction peak
the static structure factor at low wave numbersq
'0.8 Å21) with the addition of AgI. The narrow linewidth
of these ‘‘prepeaks’’ indicates the development of some fo
of intermediate-range order within the glass with a corre
tion length of 20–30 Å.10

One prominent example of a FIC system that has b
extensively investigated10–17 is the AgI-doped Ag metaphos
phate glasses, whose ambient dc conductivity increase
some four orders of magnitude at maximum levels of dop
~about 60 mol % AgI! for which a glass can be obtained
Recent neutron scattering and small-angle x-ray scatte
~SAXS! of AgIx(AgPO3)12x glasses show little or no pre
peak present for the halide-free (x50) base glass, but the
development of a prepeak nearq50.7 Å21 with the addition
of AgI.10 At higher wave numbers the features of the sta
structure factor remain essentially unaltered by AgI dop
and little effect upon the vibrational modes of the phosph
network is evidenced by Raman scattering.11 These two ob-
servations indicate that AgI is incorporated into interstit
voids surrounding the network,3,11 as opposed to being incor
porated directly into the phosphate network itself. The
structural studies resonate well with earlier observatio
which demonstrated how the dc conductivity18 and other
14 507 ©2000 The American Physical Society



y
f
th

o-
ox
e-
il
th

gI
-

gI
th
li

la-
t
si
h
d

,
on
.

cs
ye
de

t
as

ly

ra

-
e

n

lt

at
c
ru
ai
in

x-
e
e
.

tio

.
co

ity

o-
riety

es
dc
ac

o-
e-
r
ed

nal

hat
he
ent

es,
ay
e
ion-
nd

ed
and

ve
he
sess
th-
-

ped

ity
t
si-
atic
of

ng
s-
hate
n-

le
tal

sing

he
di-

14 508 PRB 61D. L. SIDEBOTTOM
physical properties19 of the AgI-doped AgPO3 glasses, when
extrapolated to that of 100% doping, corresponded closel
those ofa-AgI, the highly conducting crystalline phase o
AgI. Based upon these findings, it was proposed that
addition of AgI leads to the development of AgI-rich micr
domains or clusters which percolate through the existing
ide network.16,20,21 The enhanced conduction in the halid
doped glasses is then seen to result from the greater mob
of the Ag cations which travel along these conduction pa
ways. However, the recent SAXS investigation of the A
doped AgPO3 glasses10 indicates an alternative interpreta
tion. Although the SAXS does exhibit prepeaks with A
addition, the intensity of these peaks is insufficient to be
result of AgI clustering. The metaphosphate glass has a
ear structure comprised of polymeric chains composed
PO3 units,22 and together with reverse Monte Carlo simu
tions, Wicks and co-workers10 have argued convincingly tha
the prepeak is simply a consequence of the lateral expan
of these chains which accompanies the addition of AgI. T
expansion leads to greater free volume in the glass an
resulting enhancement of the cation diffusivity. Indeed
correlation of the dc conductivity to the network expansi
has been established for many of the halide-doped FIC’s23

However, in addition to the dc conductivity, ion dynami
are also characterized in terms of ionic relaxation displa
by the dielectric response of the glass to a time-depen
electric field. Several years ago, Jonscher24 noted the univer-
sal occurrence of a power-law frequency dependence of
ac conductivity of ionic conductors, including crystalline
well as amorphous materials, of the forms( f )' f neff, where
the exponentneff ranged between 0.5 and 1. Experimental
this exponent varies with temperature, decreasing from
value near unity at low temperatures to 0.6,neff,0.7 at
higher temperature.25 It has since been recognized26–28 that
the power-law response is in fact composed of two sepa
contributions, such that

s~ f !5so$11~ f / f o!n%1AII f . ~1!

The first term in Eq.~1! exhibits a strongly activated tem
perature dependence and represents a contribution to th
tal ac conductivity due to displacement of the cations;so
represents the long-range Fickian diffusion of the catio
while the power law appears to result from localized~;2 Å!
displacements.29,30 The second term in Eq.~1!, which exhib-
its only a weak temperature dependence, may be a resu
low-energy distortions of the anionic network,27,31,32and is
often referred to as the ‘‘constant loss’’ as its approxim
linear dependence upon frequency implies a frequen
independent dielectric loss. Whether the constant loss is t
‘‘constant’’ remains an unresolved issue. Some studies cl
that the constant loss contribution is precisely linear
frequency,14 while others13 have suggested instead that it e
hibits a superlinear (AII f

m, m'1.2) dependence upon th
frequency. In either event, due to the differences in th
respective temperature dependences, the first term in Eq~1!
dominates the second at high temperatures and indica
are that its power-law exponent~n! is neither temperature
dependent nor dependent upon the cation concentration33,34

Indeed, in temperature and frequency ranges where the
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stant loss contribution is negligible, the total ac conductiv
exhibits scaling34,35 of the form

s

so
5F1S f

f o
D . ~2!

In addition, a remarkable degree of universality in the exp
nent is observed whereby many glasses, possessing a va
of dissimilar chemical and physical structures, exhibitn
5 2

3 .36 This universality would suggest that specific featur
of the glass structure, while capable of influencing the
conduction, are irrelevant to the dispersive behavior of the
dielectric response.

A survey was recently conducted of the power-law exp
nent obtained from ac conductivity of ion conductors r
ported in the literature.29 In addition to oxide glasses, fo
which n5 2

3 was commonly observed, the survey includ
crystalline conductors such as Nab-alumina ~in which the
Na ions are constrained to move in the two-dimensio
space between alumina planes! and hollandite~for which the
ions move within one-dimensional channels! where the
smaller exponentsn50.5860.05 andn50.360.1, respec-
tively, were observed. From this study it was proposed t
the dispersion in the ac conductivity is influenced by t
dimensionality of the ion’s conduction space, the expon
decreasing with decreasing dimensionality.

It was also noted that the halide-containing glass
known for their enhanced dc conductivity, generally displ
an exponent less thann5 2

3 , suggesting that cations in thes
systems experience a conduction space of lower dimens
ality. A good example is found in the study by Verhoef a
den Hartog37 of LiCl-doped (Li2O)x(B2O3)12x glasses
where the exponent decreased from2

3 in the halide-free glass
to about 0.55 in the halide-rich glasses. In the AgI-dop
AgPO3 glasses, recent measurements by Le Stanguennec
Elliott13 indicate an average exponent of only 0.5860.03,
but no clear systematic trend with AgI addition. A tentati
interpretation29 offered for this decreased exponent in t
halide-containing glasses is that these glasses might pos
extended structure in the form of dendritic conduction pa
ways with a fractal dimension38 intermediate between two
dimensional~2D! and three-dimensional~3D!. Thus, the is-
sue of whether or not clusters are present in halide-do
glasses resurfaces once more.

In this paper, I report measurements of the conductiv
dispersion in the AgI-doped AgPO3 glass system. In contras
with previous measurements which indicated no compo
tional dependence of the conductivity exponent, a system
increase in the conductivity exponent from a value typical
2D conductors to the value of23 associated39 with 3D con-
ductors is observed with increasing AgI doping. This findi
is inconsistent with the proposed formation of AgI-rich clu
ters but may be a consequence of expansion of the phosp
network which accompanies the addition of AgI. A compa
ion study of the alkali-metal metaphosphate glasses,MPO3,
with M5Li, Na, K, Rb, and Cs, in which a comparab
expansion of the network occurs with increasing alkali-me
size, however, shows the conductivity exponent decrea
from 2

3 with increasing network expansion.
It is shown that these two contrasting variations of t

conductivity dispersion with network expansion can be co
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TABLE I. Glass properties and results of analyses.

Glass
AgIx(AgPO3)12x r ~g/cm3! Tg (K) n ~60.005! E ~eV! dion (Å) rPO3

(Å23)

x50.0 4.48 445 0.585 0.563 2.52 0.0144
x50.1 4.66 431 0.615 0.533 2.52 0.0131
x50.2 4.90 429 0.640 0.450 2.52 0.0120
x50.3 5.06 394 0.670 0.382 2.52 0.0106
x50.4 5.21 378 0.670 0.341 2.52 0.0091
x50.5 5.43 359 0.650 0.295 2.52 0.0077
x50.6 5.60 338 0.660 0.270 2.52 0.0062

LiPO3 2.35 592 0.670 0.715 1.36 0.0164
NaPO3 2.53 553 0.670 0.732 1.94 0.0149
KPO3 2.42 533 0.540 0.816 2.66 0.0123
RbPO3 3.06 493 0.545 0.753 2.94 0.0112
CsPO3 3.54 513 0.530 0.621 3.34 0.0100
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fied into a consistent variation of the exponent with cat
‘‘constriction’’ ~i.e., the ratio of the cation diameter to th
mean separation distance of the PO3 chains!. For low levels
~less than 50%! of constriction, a 3D exponent (n5 2

3 ) is
observed, while the exponent decreases for increased le
of constriction. This departure of the ion dynamics from 3
in the vicinity of 50% constriction is further supported b
far-infrared spectroscopy40,41 of the cation vibration mode in
metaphosphate glasses, whose linewidth narrows sub
tially when the constriction exceeds about 50%. It is p
posed that constriction of the cation between phosph
chains leads to both an increased coordination number o
cation and a reduction of degrees of freedom for local ca
displacements, resulting in a lowered effective dimension
ity of the cation’s local conduction space as well as a
crease in its vibrational density of states.

II. EXPERIMENT

Glasses were prepared from high-purity~.99.9%! ni-
trates and ammonium dihydrogen phosphate~ADP!,
NH4H2PO4. For the AgIx(AgPO3)12x glasses, appropriat
amounts of AgNO3, AgI, and ADP were reacted in a 250-m
Pyrex beaker at approximately 280 °C until gas evolut
ceased. The reaction was carefully monitored since the
lease of gas was rapid~particularly for compositions nearx
50.2) and could cause the reactants to foam out of the b
ker. The resulting product was then melted at approxima
500 °C. The melts ranged in color from orange to dark r
changing to transparent yellow when vitrified. With the e
ception of thex50.6 samples, which required quenching
the melt between brass plates, glasses were formed by p
ing the melt into a brass form and allowing it to cool at roo
temperature.

For the alkali-metal glass series, appropriate amount
alkali-metal and ADP were again reacted in a Pyrex bea
at 280 °C until gas evolution ceased. The remaining prod
was then transferred to a silica crucible and melted at
proximately 800 °C and bubbled with dry argon gas for 1
to minimize the water content. Glass samples were obta
by quenching between preheated brass plates, as it wa
els
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termined that maintaining the plates near the glass-trans
temperature (Tg) produced samples of sufficient stability t
be transferred to an annealing oven. As all these glasses
prone to water absorption, they were immediately transfer
after annealing to a desiccated container where they w
allowed to cool to ambient temperature.

The mass densities of the glasses were measured at
temperature using the Archimedes method with freon as
reference fluid. A small portion of each glass was ground a
the glass-transition temperature determined by differen
scanning calorimetry. Values of the density andTg , as well
as other quantities, are reported in Table I.

For dielectric measurements, two concentric Ag conta
~about 20 mm diam! were coated onto opposite sides of
glass sample~about 1.5 mm thick! in a dry, argon atmo-
sphere. Isothermal measurements of the complex imped
over a frequency range from less than 1 Hz to approxima
6 MHz were obtained at selected temperature intervals u
a commercial~Schlumberger 1260! impedance analyzer. A
liquid-nitrogen-cooled cryostat was used for measureme
at temperatures below ambient, with a temperature stab
of 60.3 K. For temperatures from ambient to nearTg , a
dielectric cell enclosed with a resistive heating element p
vided temperature stability of60.1 K. Samples were purge
with dry argon gas during the impedance measurements.
ing the geometry of the contacts, measurements of the
pedance were converted to ac conductivity and fit by Eq.~1!
using a commercial nonlinear least-squares curve-fitting r
tine.

III. RESULTS

Alkali-metal phosphate glasses are described by
chemical formula (M2O)x(P2O5)12x , whereM is the alkali-
metal cation. The structure of vitreous P2O5 is composed of
P atoms bonded to three neighboring P atoms via bridg
oxygens. Addition ofM2O leads to the rupturing of oxyge
bonds, which decreases the connectivity of the phosph
network. At the metaphosphate composition (x5 1

2 ), the
structure, shown schematically in Fig. 1, has an intrin
polymeric feature.22 It is comprised of linear chains of re
peated PO3 units. Each PO3 unit consists of two bridging
oxygens and two nonbridging oxygens. The excess nega
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charge of the PO3 unit is distributed evenly between the tw
nonbridging oxygens and is charge-compensated by the
ion which serves to crosslink the PO3 chains. Earlier work11

on AgI-doped glasses confirms that the iodine anion is
incorporated into the PO3 chains, but like the cation reside
within the space between chains.

A typical spectrum of the ac conductivity is shown in Fi
2 for AgI0.4~AgPO3!0.6 measured at 151.8 K. Evident at fre
quencies below about 100 Hz is the dc conduction region
higher frequencies, the conductivity increases in a power-
fashion. Included in the figure is the resulting fit of the da
of Eq. ~1!. Despite some systematic variations in t
residuals,42 the quality of the curve fits is considered goo
since the fit and the data agree to within 5% over the en

FIG. 1. A schematic representation of the metaphosphate g
structure. Solid circles indicate phosphorus atoms, open circle
dicate bridging oxygens, and shaded circles indicate the nonb
ing oxygens that are charge compensated by the cations.

FIG. 2. The ac conductivity of AgI0.4~AgPO3!0.6 at 151.8 K. The
solid line is a fit to Eq.~1! with the resulting parameters indicated
the figure. The inset shows the temperature variation of the pow
law exponent for this glass composition.
at-

t

t
w

e

frequency range for all temperatures investigated. Four
rameters (so , f o , n, and AII) result from the curve fitting
and the error in each varies differently with temperature a
result of the relative location of the relaxation process with
the spectrometer’s fixed window of frequency.42–44 The
spectrum shown in Fig. 2, for example, is weighted eve
by both the dc conduction and the power-law contributi
and the error in all four parameters is comparable. Howe
at lower temperatures, when much of the dc conduction
situated below 1 Hz, the error inso naturally increases
while at higher temperatures, where the dc conduction
tends out to frequencies nearing 1 MHz, the errors inn and
AII are naturally increased.42 Nevertheless, over an interme
diate temperature range, the parameters obtained from c
fitting to Eq. ~1! are well behaved. The dc conductivity an
frequency f o display approximate Arrhenius temperatu
variations, whileAII @typically (563)310212S/m/Hz# ex-
hibits no apparent temperature dependence. The conduct
exponent, shown for AgI0.4~AgPO3!0.6 in the inset to Fig. 2,
is ~within error! temperature independent, consistent w
several previous studies33–35 which have demonstrated sca
ing of the ac conductivity@see Eq.~2!#.

Figure 3 shows the corresponding ac permittivity f
AgI0.4~AgPO3!0.6 at 151.8 K. With decreasing frequency, th
relative permittivity,«( f ), increases from the limiting high
frequency dielectric constant,«` associated with faster po
larization mechanisms~electronic, atomic! occurring in the
material. At frequencies below about 10 Hz, the permittiv
increases considerably. This last increase is due to so-ca
electrode polarization, in which the long-range displacem
of the cations gives rise to charge depletion and accum
tion at the respective electrode interfaces and a corresp
ingly large bulk polarization of the specimen.45 A slight
shoulder is, however, apparent in«( f ) in the vicinity of 80
Hz. This shoulder indicates the approach of«( f ) to a limit-
ing low-frequency plateau («s), which would have been vis

ss
n-
g-

r-

FIG. 3. The ac permittivity of AgI0.4~AgPO3!0.6 at 151.8 K. The
dashed lines indicate a shoulder in«( f ) occurring prior to the onse
of electrode polarization, which is consistent withDe estimated by
Eq. ~3!. The inset shows the variation ofDe, as determined from Eq
~3!, with increasing AgI addition.
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ible had not the electrode polarization intervened.
Although «s cannot be clearly resolved, it can be es

mated. Recently,35 it was proposed that the ac conductivi
could be scaled in the manner of Eq.~2! by choosing

f o5so /«oD«, ~3!

where«o58.854310212F/m andD«5«s2«` is the magni-
tude of the permittivity change due to ionic relaxation. Th
relation can be inverted to obtain the estimateD«calc544
based upon the values ofso and f o required to fit the ac
conductivity in Fig. 2. As shown in Fig. 3, this estimate
D« agrees favorably with the location of the shoulder d
cussed above.

In this manner, values ofD« were determined fromso
and f o for all temperatures and AgI concentrations. In mo
cases, no appreciable temperature dependence was obs
The notable exception is thex50.3 composition for which
D« systematically decreased with increasing temperat
The inset to Fig. 3 shows the variation of the mean value
D« with AgI addition. Evident in this figure is an appare
transition in D« from a value of about 25 forx,0.3 to a
value of approximately 45 forx.0.3. Further discussion o
scaling in both the conductivity and the permittivity will b
addressed in a later section.

In Fig. 4, results for the dc conductivity are plotted in
Arrhenius fashion:

soT5A exp~2E/kT!. ~4!

The observed temperature and compositional variation oso
is in reasonable agreement with previous studies by
Stanguennec and Elliott13 and by Mangion and Johari.12 The
data in Fig. 4 are well approximated by an Arrhenius fo
@see Eq.~4!#, except for the highest doping level where
high temperatures the slope~related to the activation energ
E! decreases. This decrease has been observed by other4 and
is considered to be a generic feature of FIC glasses.46,47 The
inset to Fig. 4 shows the compositional variation of the a

FIG. 4. Arrhenius plot of the dc conductivity~multiplied by the
temperature! for various AgI-doped AgPO3 glasses. The inse
shows the compositional variation in the activation energy@as de-
fined by Eq.~4!#.
-

t
ved.

e.
f

e

t

i-

vation energy@defined in Eq.~4!#. With increased doping of
AgI into the network, the activation energy decreases and
rate of decrease appears to be maximum in the vicinity
x50.2.

The variation of the power-law exponent with AgI add
tion is shown in Fig. 5. Superimposed in the figure a
shaded regions which serve to identify the range ofn ob-
served previously for 2D crystals and~3D! oxide glasses.29

The AgI-free, AgPO3 glass displayed the lowestn'0.59,
oddly suggestive of 2D-like ion dynamics. With addition
AgI up to about 30 mol %, the exponent increases ton
'0.67, a value typical of many traditional oxide glasses.
higher doping levels, the exponent appears to remain fi
nearn'0.67. Also plotted in Fig. 5 is the phosphate cha
density, rPO35(12x)NAr/MW , where NA56.02231023,
MW is the molecular weight, andr is the mass density. The
phosphate density decreases monotonically with increa
AgI addition indicating a continuous expansion of the n
work. Interestingly, this monotonic expansion is contras
by the sharp concentration dependence of the expon
which varies only for doping levels below 30 mol % AgI bu
remains constant at doping levels from 30 to 60 mol %. T
abrupt transition inn around 30 mol % does not correla
with any similarly abrupt changes in the network expansi
but does seem to correlate with the region of rapid incre
of the activation energy~see inset to Fig. 4! occurring for
doping levels below 30 mol % as well as with the transiti
in D« ~see inset to Fig. 3! occurring near 30 mol %.

At this point let us pause to reflect upon the implicatio
of the n(x) variation displayed in Fig. 5. As the figur
shows,n increases with AgI and consequently with the em
gence of IRO as reported by previous neutron scatterin10

Early interpretations of the IRO as a result of conducti
pathways which percolate within the phosphate network16,20

seem to conflict with the compositional dependence ofn, at
least within the context of the proposed dimensionality d
pendence of this exponent. Presumably such percolated p
would possess some fractal dimensionality lower than
and one might have anticipated the exponent to begin wi

FIG. 5. Variation of the power-law exponent with AgI doping
AgPO3 glasses. The shaded regions indicate upper and lo
bounds previously observed for 2D and 3D conductors~Ref. 39!.
The inset shows the compositional variation of the phosphate c
density.
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3D-like value (n' 2
3 ) in the halide-free glass and then d

crease with increasing doping. In fact, the trend is just
reverse. Growth of the IRO appears to lead from 2D-l
dynamics to 3D-like dynamics.

Recent small-angle x-ray-scattering measurements10,23

and neutron-diffraction studies48 likewise concluded that the
IRO is not due to cluster formation, but rather is a simp
consequence of the lateral expansion of the PO3 chains.
Thus, if the development of IRO is merely a reflection of t
expansion of the phosphate network, then the increasen
could be rationalized as a return to 3D-like ion dynamics d
to increased local free volume23 of the cation as the PO3
chains are spread apart. Then the smaller exponent see
the ~halide-free! AgPO3 glass would indicate that withou
AgI present the phosphate chains are sufficiently collapse
to create a local environment for the Ag cation with an
fective dimensionality lower than 3D. That is, collapse of t
PO3 chains serves to reduce the number of available cond
tion pathways in the nearby vicinity.

However, this interpretation for the lowered exponent o
served in AgPO3 conflicts with our own previous
measurements27 in other alkali-metal metaphosphate glass
such as LiPO3 and NaPO3, whose chain densities are simila
to that of AgPO3, yet whose exponents (n5 2

3 ) indicate 3D-
like dynamics. One obvious difference between these
alkali-metal metaphosphate glasses and the AgPO3 glass is
the size of the cation. The ionic radii49 of Li and Na ~0.68
and 0.97 Å, respectively! are smaller than that~1.26 Å! of
Ag. One way then to reconcile this apparent discrepancyn
is to propose that in the LiPO3 and NaPO3 glasses the phos
phate chains are insufficiently collapsed relative to the s
of the cation for the local cation environment to exhibit
lowered dimensionality. If so, then alkali-metal metapho
phate glasses composed of K, Rb, or Cs with ionic ra
~1.33, 1.47, and 1.67 Å, respectively! in excess of that of Ag
should exhibit ion dynamics that imitate dimensionaliti
lower than 3D, like that of AgPO3.

Figure 6 shows the variation ofn for the alkali-metal
metaphosphate glass series from Li to Cs plotted as a f

FIG. 6. Variation of the power-law exponent in alkali-met
metaphosphate glasses~and AgPO3) as a function of the diamete
of the cation. The shaded regions indicate upper and lower bo
previously observed for 2D and 3D conductors. The inset sh
how the phosphate chain density varies with cation diameter.
e

e

for

as
-

c-

-

s

o

e

-
ii

c-

tion of the cation diameter,dion . Once again, shaded region
indicate the approximate bounds previously established29 for
3D and 2D ion conductors. While alkali-metal cations wi
dion,2 Å exhibit n' 2

3 , larger alkali-metal cations indee
show a substantially smallern'0.54, just lower than tha
typical of 2D conductors. Interestingly, this decrease inn
with increasing alkali-metal size occurs despite the acco
panying expansion of the PO3 network, as indicated in the
inset to Fig. 6.

Although it seems contradictory thatn increases with PO3
expansion in the AgIx(AgPO3)12x glasses~Fig. 5!, but de-
creases with expansion in the alkali-metal series~Fig. 6!, the
coordination of the cation’s local conduction space is n
determined by the chain spacing alone. One must also c
sider variations of the cation size. For the alkali-metal ser
the network expansion is accompanied by increasing ca
size, while for the AgIx(AgPO3)12x series, the cation size
remains fixed. Hence, if the power-law dispersion is rela
to coordination of the cation’s local conduction space, th
that coordination may be better expressed in termsrelative to
the size of the cation.

To test this, exponents for both the alkali-metal metaph
phate and AgIx(AgPO3)12x glass systems are plotted to
gether in Fig. 7 as a function of the cation ‘‘constriction
This constriction is defined by the ratio of the cation dia
eter to the average PO3 chain separation,RPO3 @taken to be
2(p lrPO3)

21/2, where the length of a PO3 unit along the
chain,l, is estimated as 4 Å#. Plotted in this manner, a com
mon variation of the conductivity dispersion is one in whi
n exhibits a 3D-like exponent (n'0.67) for levels of con-
striction less than about 50%, but decreases to values co
sponding to a lower effective dimensionality for higher le
els of constriction. The simple interpretation of this finding
that if the cation possesses sufficient local free volume th
can be displaced normal to the neighboring chains by at l
one diameter, then in addition to allowed displacements t
gential to the chains, its localized dynamics behave in a 3
like manner. On the other hand, at higher levels of const
tion, collapse of the chains about the cation reduces
degree of freedom associated with displacements norma
the chains. This reduction in the cation’s degrees of freed
is also reflected in changes that occur in the cation’s coo
nation sphere. In the glasses with low constriction~e.g.,
LiPO3 and NaPO3) the cation is coordinated with betwee

ds
s

FIG. 7. The power-law exponent for both alkali-metal me
phosphate and AgI-doped AgPO3 glasses plotted as a function o
the constriction~see text!.
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two and four oxygen atoms,50,51while this coordination num-
ber increases to between five and seven for the more hi
constricted glasses.50,52

Furthermore, the influence of constriction is indicated
the known narrowing of the cation-anion vibrational mo
observed by far-infrared spectroscopy40,41,53 in a variety of
metaphosphate glasses. Far-infrared studies have report
absorption maximum in the 100–400-cm21 energy range
whose position varies inversely with the square root of
cation mass, and has been assigned to vibrations of the c
‘‘rattling’’ within an oxygen cage.41 In the alkali-metal meta-
phosphate series, this mode narrows with increasing alk
metal mass and/or size. In Fig. 8, the reported41 full width at
half maximum for the cation vibration mode is plotted as
function of the constriction. In addition to the alkali-met
metaphosphate, several other metaphosphate glasses
posed of cations of higher charge state~12, 13, and14! for
which the mass density of the glass is known or could
estimated54 are included. As seen in the figure, the cati
vibrational mode narrows rapidly with increasing constr
tion but generally is greater than 100 cm21 for constrictions
less than about 40%. For constrictions larger than 40%,
full width at half maximum~FWHM! remains less than 10
cm21 and exhibits a more gradual decrease with increas
constriction. It is quite plausible then that this narrowing
yet another manifestation of the constriction, which dim
ishes modes of oscillation normal to the PO3 chains and in so
doing reduces the vibrational density of states.

One may question the labeling of the constricted me
phosphate glasses as ‘‘2D’’ since this 2D feature, unlike t
in alkali-metal b-alumina, does not persist indefinite
through the phosphate network, but exists only within
local vicinity of the cation. The term ‘‘dimensionality’’ as
applied here to a cation’s local environment is meant to
flect the coordination of available conduction space, tha
the set of possible locations to which the cation can be
placed. This is appropriate since the dispersion itself app

FIG. 8. The linewidth of the cation vibration mode~Ref. 41!
plotted as a function of the cation constriction. Glasses incl
M2O:P2O5 ~circles!, MO:P2O5 ~squares!, M2O3:P2O5 ~triangles!,
andMO2:P2O5 ~inverted triangles!. Also included are data~Ref. 53!
for AgIx(AgPO3)12x at x50, 0.1, 0.2, 0.3, and 0.4~diamonds!.
Open symbols indicate where the mass density was unavailable
instead approximated as 3 g/cm3.
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to be of a similar localized nature, representing a mean
placement of the cation of only about 2 Å.30,35 It should be
noted that such localized motion is also exemplified in mo
els like that of Funke,55,56 in which the dispersion result
from rapid, correlated~backward/forward! hopping of the
cation between its initial site and neighboring sites, as w
as in Monte Carlo simulations on percolated lattices wh
variations in the local conduction pathways play an imp
tant role.57

One concern for the proposed interpretation of the
changes in the conductivity dispersion in AgI-doped AgP3
is the contradictory behavior indicated in the study by V
hoef and den Hartog37 of LiCl-doped lithium borate glasses
There, they observed the conductivity exponent decre
with LiCl addition, suggesting a decreasing dimensiona
that would accord with clustering models. On the other ha
this same glass system was included in the survey by Sw
son and Borjesson,23 which showed how its dc conductivity
increased with expansion of the borate network in the sa
manner as several other halide-doped FIC glasses, inclu
the AgI-doped AgPO3 glasses. In our own preliminary inves
tigation of LiCl-doped lithium borate glasses, we have yet
observe any systematic deviation ofn from 2

3 for LiCl levels
comparable to those reported by Verhoef and den Harto37

Clearly, the LiCl-doped borate glasses will require furth
study.

Before concluding, one must address how the pres
work differs with previous similar investigations. Of th
three previous studies12–14 of the ac ionic relaxation in
AgIx(AgPO3)12x glasses, two have explicitly considered th
power-law dispersion seen in the ac conductivity. A study
Roling14 focused upon the scaling behavior ofs( f ). In that
study, the ac conductivity of four glass compositionsx
50.1, 0.3, 0.4, and 0.55!, scaled in accordance with Eq.~2!,
was shown to collapse to a common curve, implying thatn is
independent of AgI content, in contradiction to the pres
finding. In Fig. 9, a similar attempt is made to scale the
conductivity from the present study. Although spectra at A
contents of 30 mol % or more do appear to collapse t
common curve, spectra at lower AgI contents systematic

e

nd

FIG. 9. The ac conductivity of AgIx(AgPO3)12x glasses scaled
according to Eq. ~2!. Each individual spectrum hass0

'1027 S/m. The inset shows an expanded view showing how
low AgI-containing compositions fail to collapse to a commo
curve.
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14 514 PRB 61D. L. SIDEBOTTOM
lie below this curve, consistent with the lower exponent
observed in our curve fitting. This inability to scales( f ) is
not contingent upon how the scaling parameters (s0 , f 0) are
determined, but stems from changes occurring in the sca
exponent. The failure to scale is subtle since the variatio
n across the entire composition range is not substantial. T
it seems the scaling result of Roling is most likely a fort
itous consequence of the compositions selected in their s
ing analysis, which favor those glasses with AgI contents
30 mol % and greater.

In the study by Le Stanguennec and Elliott,13 emphasis
was placed upon the existence of the two contributions to
ac conductivity discussed earlier with regards to Eq.~1!. In
their study, the ac conductivity was described by a varian
Eq. ~1! in which the second term~linear in frequency! is
replaced by a power law of the formAII f

m, wherem is near
unity. They report no systematic composition dependenc
either power-law exponent withn'0.58 andm'1.2. In the
present analysis,m has been fixed at unity. This reduces t
number of free parameters in the fit and avoids trouble w
the natural tendency for two power laws to ‘‘couple.’’ Th
is, unless a substantial range ofs( f ) is available over which
the two power laws can be unambiguously distinguished,
two exponents~n,m! can take on a range of values, inverse
related, which produce nearly indistinguishable fits. The
tential for inverse coupling ofn andm may account for the
slightly smaller averagen ~'0.58! reported by Le Stanguen
nec and Elliott as compared with the present study, where
value of n averaged over all compositions is 0.64. The p
mary goal here is to accurately determine the exponent of
ionic contribution. One method to circumvent this problem
to fit data using only the first term in Eq.~1! with n replaced
by neff , an effective exponent which incorporates both pow
laws. Then, as a function of temperature,neff decreases with
increasing temperature from a value near unity to a plat
(neff5n) at higher temperatures where the ionic contribut
dominates the totals( f ). Performing this sort of analysi
resulted in the same values ofn ~within error! as those shown
in Fig. 5 obtained by fitting to Eq.~1!.

Finally, I return to the issue of scaling of ac dielectr
data. In an earlier work,35 it was proposed that the ac con
ductivity could be scaled in a manner described by Eq.~2!
with f 0 given by Eq.~3!. In that work, several examples we
provided for which electrode polarization effects45 were less
problematic and values ofD« could be extracted from«( f )
with reasonable accuracy. As one can see from the exam
in Fig. 3, such a direct determination ofD« from the data is
not feasible in the current situation. Nevertheless, a tes
the scaling given in Eq.~3! can be made by examining th
complimentary scaling of the ac permittivity.

Since the ac conductivity and the ac permittivity are co
jugate pairs related through the Kramer-Kronig relations,
scaling behavior of one should apply equally to the oth
Here I examine the dielectric spectra for AgI0.3~AgPO3!0.7,
since this composition exhibited temperature-depend
variations inD«5s0 / f 0«0 . Figure 10 shows the conductiv
ity measured at five temperatures scaled in the manner o
~2!, wheref 0 is provided by the curve fitting of Eq.~1!. Also
shown is the corresponding permittivity,«( f / f 0). Clearly,
the«( f / f 0) do not collapse to a common curve, but appea
be spaced vertically with decreasing temperature. From
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values ofs0 and f 0 used to scales( f ), D« can be estimated
from Eq. ~3! and the result, shown in the inset to Fig. 1
varies systematically with temperature in the same manne
the vertical spacing of«( f / f 0) seen in the figure.

In order to scale the permittivity, two operations must
performed.58 First, the ionic contribution must be isolated b
subtracting the high-frequency dielectric constant («`). Sec-
ond, the result should, in a manner symmetrical with Eq.~2!
for scaling the conductivity, be divided by the magnitude
the permittivity increase~D«!. As Fig. 11 reveals, these tw
operations do indeed result in collapse of the ac permittiv
to a common scaling curve of the form

«2«`

D«
5F2S f

f 0
D . ~5!

Since theD« required to complete the vertical scaling
permittivity coincides with that determined from Eq.~3!, this

FIG. 10. The ac conductivity of AgI0.3~AgPO3!0.7 measured at
five temperatures~in degrees Kelvin! scaled according to Eq.~2!
together with the ac permittivity displayed on the same freque
scale. The inset shows the temperature variation ofD« as calculated
from Eq. ~3!.

FIG. 11. The ac conductivity and ac permittivity o
AgI0.3~AgPO3!0.7 scaled according to Eq.~2! and Eq.~5!, respec-
tively, with f 0 given by Eq.~3!.
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equation together with Eq.~2! and Eq.~3! form a complete
expression of the scaling in the ac dielectric response of s
ion-conducting materials.

IV. CONCLUSION

The origin of the power-law dispersion of the ac condu
tivity in ionic materials remains elusive, but the prese
study of metaphosphate glasses with their unique lin
chain structure offers some insight. Investigation of the F
AgI-doped AgPO3 glasses reveals a compositional variati
of the dispersion wherein the power-law exponent increa
with AgI addition up to about 30 mol %, contrary to previou
studies. This power-law exponent has recently been co
lated to the dimensionality of the cation conduction space
the sense thatn generally decreases with decreasing dim
sionality. Although the FIC properties of the AgI-dope
AgPO3 glasses have been interpreted in the past as resu
from formation of halide-rich clusters, the increase ofn with
AgI addition suggests an increasing dimensionality which
inconsistent with cluster models. Instead the increase inn is
better understood as a consequence of expansion of the3
network, as recently proposed by others,10 which serves to
increase the free volume of the local cation environme
s,

nd
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When the phosphate chains are sufficiently expanded rela
to the cation size, the coordination of the local cation co
duction space assumes the characteristics of a hig
dimensional space and the ac conductivity displays pow
law dispersion withn' 2

3 . But when the chains are collapse
relative to the cation size, this local environment becom
constricted, predominantly in the direction normal to ad
cent chains, leading to a reduced coordination of the cond
tion space and a corresponding decrease inn. This interpre-
tation is further supported by changes in the vibratio
density of state of the cation. A correlation between the
conductivity dispersion and the cation’s vibrational motion
observed in which the vibrational density of states narro
appreciably in conjunction with collapse of the chains ab
the cation.
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