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The ac conductivity resulting from ion motion in glasses displays a power-law frequency dependence
characterized by an exponem& 1. Recently, it was suggested that this exponent depends upon the dimen-
sionality of the local cation conduction space, such thdecreases with decreasing dimensionality. Here, |
report measurements of the ac conductivity of two metaphosphate glass systems. The first are the superionic
glasses formed by doping Agl into AgROThe second are the alkali-metal metaphosphate glaseg),
whereM =Li, 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 Agl-doped glasseseases with increasing
expansion of the network, whereas in the alkali-metal senie®creases with the expansion. However, when
n is considered as a function of the “constriction” of the cati6re., the cation size relative to the chain
separatiojy 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.

. INTRODUCTION (B,O; and ALO;). Changes in the activation energy for
these modified silicate glasses indicate distinct effects upon
The nature of ion transport in amorphous solids is of bothion dynamics due to changes in both the chemfizalicity)
practical and academic interest. These materials form a classd physical(bond lengths, bond-angle distributjostruc-
of solid electrolytes currently under investigation for appli- ture of the network. Pan and Ghddhave also noted varia-
cations in a variety of electrical devices including batteriestions in ion dynamics due to unique structural transforma-
sensors, and electrochromic displdyR@hysical properties of tions occurring in alkali-metal tellurite glasses.
the disordered state are isotropic and can be manipulated by At larger length scales, the presence of intermediate-range
variations in the chemical composition. So, although mosbrder in some glasses has been tied to the occurrence of
common inorganic glasses are not usually regarded as highBnomalously high dc conductiviff® Many of these FIC
conductive, numerous fast-ion conductif§IC) glasses, glasses result when a metal halide is doped into an oxide
some with ambient dc conductivities comparable to liquidglass causing systematic increases in the dc conductivity.
electrolytes, have been reported in the literafafeConse-  Neutron-scattering measureméneé Agl-doped glasses, for
quently, an enormous range of ion diffusivities is exhibitedexample, reveal the emergence of sharp diffraction peaks in
in glasses and it is of interest on an academic level to try anthe static structure factor at low wave numberg (
understand how the chemical and physical structure of the-0.8 A1) with the addition of Agl. The narrow linewidth
glass influences ion motion. of these “prepeaks” indicates the development of some form
In traditional oxide glasses, iongften alkali-metal cat- of intermediate-range order within the glass with a correla-
ions) migrate through a disordered covalently bonded, threetion length of 20-30 A?
dimensional mesh of network-forming oxides ($i@,0s3, One prominent example of a FIC system that has been
etc). The network contains anionic sitéssually nonbridg- ~ extensively investigaté®7is the Agl-doped Ag metaphos-
ing oxygen atomsand voids which can accommodate the phate glasses, whose ambient dc conductivity increases by
cation, as well as doorways through which the cation passesome four orders of magnitude at maximum levels of doping
to an adjacent sit2. The temperature dependence of the dc(about 60 mol% Agl for which a glass can be obtained.
conductivity is typically Arrhenius and indicates that the Recent neutron scattering and small-angle x-ray scattering
transport is a thermally activated process, involving hoppindSAXS) of Agl,(AgPQO;);_, glasses show little or no pre-
of the cation over local energy barriérd These barriers pre- peak present for the halide-fre&=<0) base glass, but the
dominantly result from the overlap of neighboring Coulomb development of a prepeak neg0.7 A~ with the addition
wells, but can also include steric barriers associated with thef Agl.*® At higher wave numbers the features of the static
requirement to dilate the netwdrk between sites in order structure factor remain essentially unaltered by Agl doping
for the cation to pass. and little effect upon the vibrational modes of the phosphate
The influence of network structure on ion transport hasnetwork is evidenced by Raman scatterthd-hese two ob-
been examined both in terms of short-range of&RO as  servations indicate that Agl is incorporated into interstitial
well as intermediate-range ordefIRO). Jain and voids surrounding the network'' as opposed to being incor-
co-workers> for example, have investigated the effects ofporated directly into the phosphate network itself. These
altering the local site structure in sodium silicate glassestructural studies resonate well with earlier observations
through the introduction of trivalent network-forming oxides which demonstrated how the dc conductiVftyand other
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physical properti€'S of the Agl-doped AgPQglasses, when stant loss contribution is negligible, the total ac conductivity
extrapolated to that of 100% doping, corresponded closely téxhibits scaling®** of the form
those ofa-Agl, the highly conducting crystalline phase of
Agl. Based upon these findings, it was proposed that the o f
addition of Agl leads to the development of Agl-rich micro- U_o: F1
domains or clusters which percolate through the existing ox-
ide network'®?°?! The enhanced conduction in the halide- |n addition, a remarkable degree of universality in the expo-
doped glasses is then seen to result from the greater mobilifyent is observed whereby many glasses, possessing a variety
of the Ag cations which travel along these conduction pathof dissimilar chemical and physical structures, exhibit
ways. However, the recent SAXS investigation of the Agl- =2 3¢ This universality would suggest that specific features
doped AgPQ glasse¥ indicates an alternative interpreta- of the glass structure, while capable of influencing the dc
tion. Although the SAXS does exhibit prepeaks with Agl conduction, are irrelevant to the dispersive behavior of the ac
addition, the intensity of these peaks is insufficient to be thejielectric response.
result of Agl clustering. The metaphosphate glass has a lin- A survey was recently conducted of the power-law expo-
ear structure comprised of polymeric chains composed ofient obtained from ac conductivity of ion conductors re-
PO; units?” and together with reverse Monte Carlo simula- ported in the literaturd® In addition to oxide glasses, for
tions, Wicks and co-worket$have argued convincingly that which n:% was commonly observed, the survey included
the prepeak is simply a consequence of the lateral expansiatystalline conductors such as Maalumina(in which the
of these chains which accompanies the addition of Agl. ThisNa ions are constrained to move in the two-dimensional
expansion leads to greater free volume in the glass and gpace between alumina plahesd hollanditefor which the
resulting enhancement of the cation diffusivity. Indeed, aions move within one-dimensional channelwhere the
correlation of the dc conductivity to the network expansionsmaller exponentsi=0.58+0.05 andn=0.3+0.1, respec-
has been established for many of the halide-doped FfC's. tively, were observed. From this study it was proposed that
However, in addition to the dc conductivity, ion dynamics the dispersion in the ac conductivity is influenced by the
are also characterized in terms of ionic relaxation displayedimensionality of the ion’s conduction space, the exponent
by the dielectric response of the glass to a time-dependerfecreasing with decreasing dimensionality.
electric field. Several years ago, Jonséhapted the univer- It was also noted that the halide-containing glasses,
sal occurrence of a power-law frequency dependence of thenown for their enhanced dc conductivity, generally display
ac COﬂdUCtiVity of ionic conductors, including crystalline asan exponent less thamn= %1 Suggesting that cations in these
well as amorphous materials, of the forn(f )~ f"ef, where  systems experience a conduction space of lower dimension-
the exponent;; ranged between 0.5 and 1. Experimentally, ality. A good example is found in the study by Verhoef and
this exponent varies with temperature, decreasing from @en Hartod’ of LiCl-doped (LbO),(B,0s);_x glasses
value near unity at low temperatures to €8,4<0.7 at  where the exponent decreased fréim the halide-free glass
higher temperatur€. It has since been recogniZéd®®that  to about 0.55 in the halide-rich glasses. In the Agl-doped
the power-law response is in fact composed of two separat&gPQ, glasses, recent measurements by Le Stanguennec and
contributions, such that Elliott*® indicate an average exponent of only 05803,
but no clear systematic trend with Agl addition. A tentative
interpretatioR® offered for this decreased exponent in the
halide-containing glasses is that these glasses might possess
extended structure in the form of dendritic conduction path-
The first term in Eq.(1) exhibits a strongly activated tem- ways with a fractal dimensidh intermediate between two-
perature dependence and represents a contribution to the timensional(2D) and three-dimensiondBD). Thus, the is-
tal ac conductivity due to displacement of the catioms; sue of whether or not clusters are present in halide-doped
represents the long-range Fickian diffusion of the cationsglasses resurfaces once more.
while the power law appears to result from localizee A) In this paper, | report measurements of the conductivity
displacementé’2° The second term in Eq1), which exhib-  dispersion in the Agl-doped AgR@lass system. In contrast
its only a weak temperature dependence, may be a result @fith previous measurements which indicated no composi-
low-energy distortions of the anionic netwdrk’'*2and is  tional dependence of the conductivity exponent, a systematic
often referred to as the “constant loss” as its approximatencrease in the conductivity exponent from a value typical of
linear dependence upon frequency implies a frequency2D conductors to the value df associatetf with 3D con-
independent dielectric loss. Whether the constant loss is trulgiuctors is observed with increasing Agl doping. This finding
“constant” remains an unresolved issue. Some studies clains inconsistent with the proposed formation of Agl-rich clus-
that the constant loss contribution is precisely linear inters but may be a consequence of expansion of the phosphate
frequency** while others® have suggested instead that it ex- network which accompanies the addition of Agl. A compan-
hibits a superlinear 4, f™, m~1.2) dependence upon the ion study of the alkali-metal metaphosphate glass&B0O;,
frequency. In either event, due to the differences in theiwith M=Li, Na, K, Rb, and Cs, in which a comparable
respective temperature dependences, the first term ifillEg. expansion of the network occurs with increasing alkali-metal
dominates the second at high temperatures and indicatiorsize, however, shows the conductivity exponent decreasing
are that its power-law exponefin) is neither temperature from 3 with increasing network expansion.
dependent nor dependent upon the cation concentr&tign. It is shown that these two contrasting variations of the
Indeed, in temperature and frequency ranges where the conenductivity dispersion with network expansion can be codi-
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TABLE |. Glass properties and results of analyses.

Glass
Agl,(AgPO;) 1« p (glent) Ty (K) n (=0.009 E (eV) dion (A) pro, (A79)

x=0.0 4.48 445 0.585 0.563 2.52 0.0144
x=0.1 4.66 431 0.615 0.533 2.52 0.0131
x=0.2 4,90 429 0.640 0.450 2.52 0.0120
x=0.3 5.06 394 0.670 0.382 2.52 0.0106
x=0.4 5.21 378 0.670 0.341 2.52 0.0091
x=0.5 5.43 359 0.650 0.295 2.52 0.0077
x=0.6 5.60 338 0.660 0.270 2.52 0.0062
LiPO, 2.35 592 0.670 0.715 1.36 0.0164
NaPG 2.53 553 0.670 0.732 1.94 0.0149
KPO, 2.42 533 0.540 0.816 2.66 0.0123
RbPG 3.06 493 0.545 0.753 2.94 0.0112
CsPQ 3.54 513 0.530 0.621 3.34 0.0100

fied into a consistent variation of the exponent with cationtermined that maintaining the plates near the glass-transition
“constriction” (i.e., the ratio of the cation diameter to the temperature T,) produced samples of sufficient stability to
mean separation distance of the faing. For low levels be transferred to an annealing oven. As all these glasses are
(less than 50%o0f constriction, a 3D exponenin( 3) is prone to water absorption, they were immediately transferred
observed, while the exponent decreases for increased levedéer annealing to a desiccated container where they were

of constriction. This departure of the ion dynamics from 3Dallowed to cool to ambient temperature.
in the vicinity of 50% constriction is further supported by  The mass densities of the glasses were measured at room

far-infrared spectroscofi** of the cation vibration mode in  {€mperature using the Archimedes method with freon as the
Jreference fluid. A small portion of each glass was ground and

the glass-transition temperature determined by differential

tially when the constriction exceeds about 50%. It is pro- ; X .
y ° P gcanning calorimetry. Values of the density ahd as well

posgd that constriction. of the cation .bet\_/veen phosphat%s other quantities, are reported in Table |

) L . . X about 20 mm diamwere coated onto opposite sides of a
_dlsplacement_s, r,esultmg in a Iowered effective dlmen5|onalgIaSS sampldabout 1.5 mm thickin a dry, argon atmo-
ity of the cation’s .Iocal cond.uct|on space as well as a de'sphere. Isothermal measurements of the complex impedance
crease in its vibrational density of states. over a frequency range from less than 1 Hz to approximately
6 MHz were obtained at selected temperature intervals using
a commercial(Schlumberger 1260impedance analyzer. A
liquid-nitrogen-cooled cryostat was used for measurements
at temperatures below ambient, with a temperature stability
of =0.3 K. For temperatures from ambient to nélgy, a

- dielectric cell enclosed with a resistive heating element pro-
NH4H,PO,. For the Agl(AgP _x glasses, appropriate . .
42 9LAGPOY1-x g PRIOPHA’e - ided temperature stability of 0.1 K. Samples were purged

amounts of AgNQ, Agl, and ADP were reacted in a 250-ml " X ;
gNG, Ag with dry argon gas during the impedance measurements. Us-

Pyrex beaker at approximately 280 °C until gas evolution .
ng the geometry of the contacts, measurements of the im-

ceased. The reaction was carefully monitored since the rd o .
lease of gas was rapigarticularly for compositions near pedance were converted to ac conductivity and fit by (Ey.

~0.2) and could cause the reactants to foam out of the be§_sing a commercial nonlinear least-squares curve-fitting rou-

ker. The resulting product was then melted at approximatel ne.

500 °C. The melts ranged in color from orange to dark red, Ill. RESULTS

changing to transparent yellow when vitrified. With the ex- '

ception of thex=0.6 samples, which required quenching of  Alkali-metal phosphate glasses are described by the

the melt between brass plates, glasses were formed by powhemical formula i1,0),(P,0s)1_x, WwhereM is the alkali-

ing the melt into a brass form and allowing it to cool at room metal cation. The structure of vitreous@2 is composed of

temperature. P atoms bonded to three neighboring P atoms via bridging
For the alkali-metal glass series, appropriate amounts afxygens. Addition ofM,O leads to the rupturing of oxygen

alkali-metal and ADP were again reacted in a Pyrex beakebonds, which decreases the connectivity of the phosphate

at 280 °C until gas evolution ceased. The remaining produchetwork. At the metaphosphate composition=3¢), the

was then transferred to a silica crucible and melted at apstructure, shown schematically in Fig. 1, has an intrinsic

proximately 800 °C and bubbled with dry argon gas for 1 hpolymeric featuré? It is comprised of linear chains of re-

to minimize the water content. Glass samples were obtainepeated P@ units. Each P@ unit consists of two bridging

by quenching between preheated brass plates, as it was dexygens and two nonbridging oxygens. The excess negative

Il. EXPERIMENT

Glasses were prepared from high-purity99.9%9 ni-
trates and ammonium dihydrogen phosphatADP),
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FIG. 1. A schematic representation of the metaphosphate glass Frequency (Hz)

structure. Solid circles indicate phosphorus atoms, open circles in-

dicate bridging oxygens, and shaded circles indicate the nonbridg- FIG. 3. The ac permittivity of Ag) (AgPOy)o at 151.8 K. The

ing oxygens that are charge compensated by the cations. dashed lines indicate a shouldersiff ) occurring prior to the onset
of electrode polarization, which is consistent witle estimated by

charge of the PQunit is distributed evenly between the two Ed-(3). The inset shows the variation Ak, as determined from Eq.
nonbridging oxygens and is charge-compensated by the cd: With increasing Agl addition.

ion which serves to crosslink the RGhains. Earlier work requency ranae for all temperatures investigated. Four pa-
on Agl-doped glasses confirms that the iodine anion is not q y rang P 9 - ourp
rameters §,, f,, n, andA,) result from the curve fitting

incorporated into the P{xhains, but like the cation resides and the error in each varies differently with temperature as a

within the space between chains. result of the relative location of the relaxation process within
A typical spectrum of the ac conductivity is shown in Fig. the spectrometer's fixed window of frequery® The

2 for Adlo.dAgPOs)o,c measured at 151.8 K. Evident at fre- pectrum shown in Fig. 2, for example, is weighted evenly

guencies below about 100 Hz is the dc conduction region. Ag both the dc conduction and the power-law contribution
higher frequencies, the conductivity increases in a power—lawy P

fashion. Included in the figure is the resulting fit of the dataand the error in all four parameters is comparable. However,
of Eq. (1). Despite some systematic variations in theat lower temperatures, when much of the dc conduction is

residuals'? the quality of the curve fits is considered good situated below 1 Hz, the error imr, naturally increases,

since the fit and the data agree to within 5% over the entir hile at higher temperatures, where the dc condugtlon ex-
ends out to frequencies nearing 1 MHz, the errora end

A, are naturally increas€d.Nevertheless, over an interme-
-3.5 T ' ' diate temperature range, the parameters obtained from curve
fitting to Eq. (1) are well behaved. The dc conductivity and
frequency f, display approximate Arrhenius temperature
variations, whileA, [typically (5+3)Xx 10 2S/m/HZ ex-
hibits no apparent temperature dependence. The conductivity
] exponent, shown for Agl(AgPO;)6 In the inset to Fig. 2,
is (within erron temperature independent, consistent with
several previous studi&s 3> which have demonstrated scal-
ing of the ac conductivitysee Eq.(2)].
y Figure 3 shows the corresponding ac permittivity for
Ao 121x107Sm ] Ag|0:4(AgPO3)_O_(_3 at 151.8 K With decreasing f_reqt_;ency, the
’ § =1853 Hz relative permittivity,e(f ), increases from the limiting high-
. . 4 : )
12 | frequency dielectric constant,, associated with faster po-
A, =3.99x 107" SimHz larization mechanismgelectronic, atomic occurring in the
n=0678 material. At frequencies below about 10 Hz, the permittivity
6.5 bt vt v PR R increases considerably. This last increase is due to so-called
10° 10" 10® 10° 10" 10° 10° 10 electrode polarization, in which the long-range displacement
Frequency (Hz) Qf the cations gives rise to char.ge depletion and accumula-
tion at the respective electrode interfaces and a correspond-
FIG. 2. The ac conductivity of Agl(AgPOs),sat 151.8 K. The  ingly large bulk polarization of the specim&hA slight
solid line is a fit to Eq(1) with the resulting parameters indicated in shoulder is, however, apparentaiff ) in the vicinity of 80
the figure. The inset shows the temperature variation of the powerHz. This shoulder indicates the approache¢f ) to a limit-
law exponent for this glass composition. ing low-frequency plateaus(), which would have been vis-
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1000/T (K) FIG. 5. Variation of the power-law exponent with Agl doping in

AgPO; glasses. The shaded regions indicate upper and lower
FIG. 4. Arrhenius plot of the dc conductivitynultiplied by the  bounds previously observed for 2D and 3D conduct@&sf. 39.
temperature for various Agl-doped AgP@ glasses. The inset The inset shows the compositional variation of the phosphate chain
shows the compositional variation in the activation endi@gy de-  density.
fined by Eq.(4)]. : o . :
vation energydefined in Eq(4)]. With increased doping of
ible had not the electrode polarization intervened. Agl into the network, the activation energy decreases and the

Although & cannot be clearly resolved, it can be esti- fate of decrease appears to be maximum in the vicinity of
mated. Recentl§® it was proposed that the ac conductivity X=0-2.

could be scaled in the manner of Eg) by choosing The variation of the power-law exponent with Agl addi-
tion is shown in Fig. 5. Superimposed in the figure are
fo=0o/eoAE, (3) shaded regions which serve to identify the rangenaib-

served previously for 2D crystals arf@D) oxide glasse$’
The Agl-free, AgPQ glass displayed the lowest~0.59,
oddly suggestive of 2D-like ion dynamics. With addition of
Agl up to about 30 mol%, the exponent increasesnto
~0.67, a value typical of many traditional oxide glasses. At
higher doping levels, the exponent appears to remain fixed
nearn~0.67. Also plotted in Fig. 5 is the phosphate chain
density, ppos= (1—X)Nap/Myy, where Ny=6.022x 107,
My is the molecular weight, angd is the mass density. The
sphate density decreases monotonically with increasing
addition indicating a continuous expansion of the net-
work. Interestingly, this monotonic expansion is contrasted
y the sharp concentration dependence of the exponent,
hich varies only for doping levels below 30 mol % Agl but
remains constant at doping levels from 30 to 60 mol %. The

wheree ,=8.854x 10" ?F/m andAe =&,— €., is the magni-
tude of the permittivity change due to ionic relaxation. This
relation can be inverted to obtain the estimate_,.=44
based upon the values of, and f, required to fit the ac
conductivity in Fig. 2. As shown in Fig. 3, this estimate of
Ae agrees favorably with the location of the shoulder dis-
cussed above.

In this manner, values ohAe were determined fronr,
andf, for all temperatures and Agl concentrations. In most h
cases, no appreciable temperature dependence was obser\%gﬁ)
The notable exception is the=0.3 composition for which
Ae systematically decreased with increasing temperatur
The inset to Fig. 3 shows the variation of the mean value o
Ae with Agl addition. Evident in this figure is an apparent

transition in Ae from a value of about 25 fox.<0.3 j[o a abrupt transition inn around 30 mol% does not correlate
value of approximately 45 fox>0.3. Further discussion of i any similarly abrupt changes in the network expansion,
scaling in both the conductivity and the permittivity will be 1, + 4oes seem to correlate with the region of rapid increase
addres_sed in a later section. . . of the activation energysee inset to Fig. Yoccurring for

In Fig. 4, results for the dc conductivity are plotted in an yo,inq evels below 30 mol % as well as with the transition
Arrhenius fashion: in Ae (see inset to Fig.)3occurring near 30 mol %.

_ _ At this point let us pause to reflect upon the implications
ool =Aexp ~E/KT). @ of the n(x) variation displayed in Fig. 5. As the figure

The observed temperature and compositional variatiom,0of shows,nincreases with Agl and consequently with the emer-
is in reasonable agreement with previous studies by Lgence of IRO as reported by previous neutron scattéfing.
Stanguennec and Ellidttand by Mangion and Joha.The  Early interpretations of the IRO as a result of conduction
data in Fig. 4 are well approximated by an Arrhenius formpathways which percolate within the phosphate netéotk
[see Eq.(4)], except for the highest doping level where at seem to conflict with the compositional dependence,adt
high temperatures the slofeelated to the activation energy least within the context of the proposed dimensionality de-
E) decreases. This decrease has been observed by'athdrs pendence of this exponent. Presumably such percolated paths
is considered to be a generic feature of FIC gla8$8sThe  would possess some fractal dimensionality lower than 3D
inset to Fig. 4 shows the compositional variation of the acti-and one might have anticipated the exponent to begin with a
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FIG. 7. The power-law exponent for both alkali-metal meta-

dion (A) phosphate and Agl-doped AgR@lasses plotted as a function of
the constrictionsee text

FIG. 6. Variation of the power-law exponent in alkali-metal
metaphosphate glassend AgPQ) as a function of the diameter tjon of the cation diameted;,,. Once again, shaded regions
of the cation. The shaded regions indicate upper and lower boundgdicate the approximate bounds previously establi€hfed
previously observed for 2D and 3D conductors. The inset showsp and 2D ion conductors. While alkali-metal cations with
how the phosphate chain density varies with cation diameter. dion<<2 A exhibit n~2, larger alkali-metal cations indeed

show a substantially smaller~0.54, just lower than that
3D-like value (i~%) in the halide-free glass and then de- typical of 2D conductors. Interestingly, this decreasenin
crease with increasing doping. In fact, the trend is just thewith increasing alkali-metal size occurs despite the accom-
reverse. Growth of the IRO appears to lead from 2D-likepanying expansion of the Rnetwork, as indicated in the
dynamics to 3D-like dynamics. inset to Fig. 6.

Recent small-angle x-ray-scattering measurem@fts Although it seems contradictory thatincreases with PO
and neutron-diffraction studi&likewise concluded that the expansion in the Ag(AgPOy);_, glasses(Fig. 5), but de-
IRO is not due to cluster formation, but rather is a simplecreases with expansion in the alkali-metal se(fég. 6), the
consequence of the lateral expansion of the; RBains. coordination of the cation’s local conduction space is not
Thus, if the development of IRO is merely a reflection of thedetermined by the chain spacing alone. One must also con-
expansion of the phosphate network, then the increase in sider variations of the cation size. For the alkali-metal series
could be rationalized as a return to 3D-like ion dynamics dughe network expansion is accompanied by increasing cation
to increased local free volurfieof the cation as the PO  size, while for the Agl(AgPQO;),_, series, the cation size
chains are spread apart. Then the smaller exponent seen f@mains fixed. Hence, if the power-law dispersion is related
the (halide-fre¢ AgPO; glass would indicate that without to coordination of the cation’s local conduction space, then
Agl present the phosphate chains are sufficiently collapsed ahat coordination may be better expressed in tewtetive to
to create a local environment for the Ag cation with an ef-the size of the cation.
fective dimensionality lower than 3D. That is, collapse of the  To test this, exponents for both the alkali-metal metaphos-
PO; chains serves to reduce the number of available condughate and Agi(AgPO;), , glass systems are plotted to-
tion pathways in the nearby vicinity. gether in Fig. 7 as a function of the cation “constriction.”

However, this interpretation for the lowered exponent ob-This constriction is defined by the ratio of the cation diam-
served in AgP@ conflicts with our own previous eter to the average R@hain separationRppz [taken to be
measurement$ in other alkali-metal metaphosphate glasses2 (7l ppoa Y% where the length of a PQunit along the
such as LiP@Qand NaPQ@, whose chain densities are similar chain,l, is estimated as 4 R Plotted in this manner, a com-
to that of AgPQ, yet whose exponentsiE ) indicate 3D-  mon variation of the conductivity dispersion is one in which
like dynamics. One obvious difference between these twa exhibits a 3D-like exponentn=0.67) for levels of con-
alkali-metal metaphosphate glasses and the Ag§l@ss is  striction less than about 50%, but decreases to values corre-
the size of the cation. The ionic ratfiiof Li and Na(0.68  sponding to a lower effective dimensionality for higher lev-
and 0.97 A, respectivelyare smaller than thatl.26 A) of  els of constriction. The simple interpretation of this finding is
Ag. One way then to reconcile this apparent discrepancy in that if the cation possesses sufficient local free volume that it
is to propose that in the LiPQand NaPQ glasses the phos- can be displaced normal to the neighboring chains by at least
phate chains are insufficiently collapsed relative to the sizene diameter, then in addition to allowed displacements tan-
of the cation for the local cation environment to exhibit agential to the chains, its localized dynamics behave in a 3D-
lowered dimensionality. If so, then alkali-metal metaphos-like manner. On the other hand, at higher levels of constric-
phate glasses composed of K, Rb, or Cs with ionic radiition, collapse of the chains about the cation reduces the
(1.33, 1.47, and 1.67 A, respectivein excess of that of Ag  degree of freedom associated with displacements normal to
should exhibit ion dynamics that imitate dimensionalitiesthe chains. This reduction in the cation’s degrees of freedom
lower than 3D, like that of AgP© is also reflected in changes that occur in the cation’s coordi-

Figure 6 shows the variation ai for the alkali-metal nation sphere. In the glasses with low constricti@yg.,
metaphosphate glass series from Li to Cs plotted as a fun¢iPO; and NaP@) the cation is coordinated with between
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FIG. 9. The ac conductivity of AQ(AgPO;);_, glasses scaled
FIG. 8. The linewidth of the cation vibration mod®ef. 47 according to Eq. (2). Each individual spectrum hasog
plotted as a function of the cation constriction. Glasses include<10~7 S/m. The inset shows an expanded view showing how the
M,O0:P,05 (circles, MO:P,Os (squarey M,053:P,05 (triangles, low Agl-containing compositions fail to collapse to a common
andM O, :P,O; (inverted triangles Also included are datéRef. 53 curve.
for Agl,(AgPQ;);_, at x=0, 0.1, 0.2, 0.3, and 0.4diamonds.
Open symbols indicate where the mass density was unavailable anid be of a similar localized nature, representing a mean dis-
instead approximated as 3 gi&m placement of the cation of only about 234 It should be
noted that such localized motion is also exemplified in mod-
two and four oxygen atont®;>*while this coordination num- els like that of Funké>®® in which the dispersion results
ber increases to between five and seven for the more highliyom rapid, correlatedbackward/forwaryl hopping of the
constricted glasse$:>? cation between its initial site and neighboring sites, as well
Furthermore, the influence of constriction is indicated byas in Monte Carlo simulations on percolated lattices where
the known narrowing of the cation-anion vibrational modevariations in the local conduction pathways play an impor-
observed by far-infrared spectrosc8p$*>3in a variety of  tant role®’
metaphosphate glasses. Far-infrared studies have reported anOne concern for the proposed interpretation of these
absorption maximum in the 100-400-Chenergy range changes in the conductivity dispersion in Agl-doped AgPO
whose position varies inversely with the square root of thds the contradictory behavior indicated in the study by Ver-
cation mass, and has been assigned to vibrations of the catitwef and den Hartdd of LiCl-doped lithium borate glasses.
“rattling” within an oxygen cagée! In the alkali-metal meta- There, they observed the conductivity exponent decrease
phosphate series, this mode narrows with increasing alkalwith LiCl addition, suggesting a decreasing dimensionality
metal mass and/or size. In Fig. 8, the repdhddll width at  that would accord with clustering models. On the other hand,
half maximum for the cation vibration mode is plotted as athis same glass system was included in the survey by Swen-
function of the constriction. In addition to the alkali-metal son and Borjessof?, which showed how its dc conductivity
metaphosphate, several other metaphosphate glasses cadnereased with expansion of the borate network in the same
posed of cations of higher charge state2, +3, and+4) for ~ manner as several other halide-doped FIC glasses, including
which the mass density of the glass is known or could behe Agl-doped AgP@glasses. In our own preliminary inves-
estimated* are included. As seen in the figure, the cationtigation of LiCl-doped lithium borate glasses, we have yet to
vibrational mode narrows rapidly with increasing constric-observe any systematic deviationrofrom % for LiCl levels
tion but generally is greater than 100 chfor constrictions comparable to those reported by Verhoef and den Haftog.
less than about 40%. For constrictions larger than 40%, th€learly, the LiCl-doped borate glasses will require further
full width at half maximum(FWHM) remains less than 100 study.
cm ! and exhibits a more gradual decrease with increasing Before concluding, one must address how the present
constriction. It is quite plausible then that this narrowing iswork differs with previous similar investigations. Of the
yet another manifestation of the constriction, which dimin-three previous studiés* of the ac ionic relaxation in
ishes modes of oscillation normal to the f&hains and in so  Agl,(AgPO;); _ glasses, two have explicitly considered the
doing reduces the vibrational density of states. power-law dispersion seen in the ac conductivity. A study by
One may question the labeling of the constricted metaRoling** focused upon the scaling behavior®ff ). In that
phosphate glasses as “2D” since this 2D feature, unlike thastudy, the ac conductivity of four glass compositions (
in alkali-metal B-alumina, does not persist indefinitely =0.1, 0.3, 0.4, and 0.55scaled in accordance with E(®),
through the phosphate network, but exists only within thewas shown to collapse to a common curve, implying thist
local vicinity of the cation. The term “dimensionality” as independent of Agl content, in contradiction to the present
applied here to a cation’s local environment is meant to refinding. In Fig. 9, a similar attempt is made to scale the ac
flect the coordination of available conduction space, that isconductivity from the present study. Although spectra at Agl
the set of possible locations to which the cation can be diseontents of 30 mol% or more do appear to collapse to a
placed. This is appropriate since the dispersion itself appeatsommon curve, spectra at lower Agl contents systematically
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lie below this curve, consistent with the lower exponent we S R S s s m 100
observed in our curve fitting. This inability to scaléf ) is 1 E e %0 o 1881
not contingent upon how the scaling parameters,{,) are a & ]
determined, but stems from changes occurring in the scaling i . J %
exponent. The failure to scale is subtle since the variation in 102k § 59 ° s
n across the entire composition range is not substantial. Thus _o 4 as ° o
it seems the scaling result of Roling is most likely a fortu- o 40 §
itous consequence of the compositions selected in their scal- © o'k ss £
ing analysis, which favor those glasses with Agl contents of 150 170 _;Zz) ...... é
30 mol % and greater. —
In the study by Le Stanguennec and Ellibttemphasis P T ———— =
was placed upon the existence of the two contributions to the (Agh), ((AgPO,), ;
ac conductivity discussed earlier with regards to Eg. In e
their study, the ac conductivity was described by a variant of 10° 107 10° 10° 107 10" 10 10°
Eg. (1) in which the second ternflinear in frequency is fif,

replaced by a power law of the foriy, f™, wherem is near
unity. They report no systematic composition dependence of FIG. 10. The ac conductivity of Agk(AgPQO),; measured at
either power-law exponent with~0.58 andm~1.2. In the  five temperaturegin degrees Kelvin scaled according to Eq2)
present analysisn has been fixed at unity. This reduces thetogether with the ac permittivity displayed on the same frequency
number of free parameters in the fit and avoids trouble witrpcale. The inset shows the temperature variatioheodis calculated
the natural tendency for two power laws to “couple.” That from Eq.(3).
is, unless a substantial range«ff ) is available over which
the two power laws can be unambiguously distinguished, thealues ofoy andf, used to scale(f ), Ae can be estimated
two exponentsgn,m can take on a range of values, inversely from Eq. (3) and the result, shown in the inset to Fig. 10,
related, which produce nearly indistinguishable fits. The povaries systematically with temperature in the same manner as
tential for inverse coupling ofi andm may account for the the vertical spacing of(f/fy) seen in the figure.
slightly smaller averaga (=~0.58 reported by Le Stanguen- In order to scale the permittivity, two operations must be
nec and Elliott as compared with the present study, where theerformed® First, the ionic contribution must be isolated by
value ofn averaged over all compositions is 0.64. The pri-subtracting the high-frequency dielectric constant)( Sec-
mary goal here is to accurately determine the exponent of thend, the result should, in a manner symmetrical with 9.
ionic contribution. One method to circumvent this problem isfor scaling the conductivity, be divided by the magnitude of
to fit data using only the first term in E¢L) with nreplaced the permittivity increasé€Ae). As Fig. 11 reveals, these two
by n.s, an effective exponent which incorporates both poweroperations do indeed result in collapse of the ac permittivity
laws. Then, as a function of temperatung; decreases with to a common scaling curve of the form
increasing temperature from a value near unity to a plateau
(ng=n) at higher temperatures where the ionic contribution e—c., f
dominates the totadr(f ). Performing this sort of analysis —=F2(—>. (5)
resulted in the same valuesmfwithin error as those shown Ae fo
in Fig. 5 obtained by fitting to Eq.1).

Finally, | return to the issue of scaling of ac dielectric Since theAe required to complete the vertical scaling of
data. In an earlier work® it was proposed that the ac con- Permittivity coincides with that determined from E@), this
ductivity could be scaled in a manner described by @4.

with f4 given by Eq.(3). In that work, several examples were 10— 1 0¢*

provided for which electrode polarization efféttsvere less & c 158.1

problematic and values dfe could be extracted from(f) sl & o 175.6 < {10°

with reasonable accuracy. As one can see from the exampl 10 Y 5 191.0 o

in Fig. 3, such a direct determination Ak from the data is % v 205.7 ;‘? 110 &

not feasible in the current situation. Nevertheless, a test ol 4 10°F & © 222.1 ;. |

the scaling given in Eq(3) can be made by examining the © % 10" (@

complimentary scaling of the ac permittivity. © 10k =z
Since the ac conductivity and the ac permittivity are con- 10° %

jugate pairs related through the Kramer-Kronig relations, the

scaling behavior of one should apply equally to the other. 10°} 10"

Here | examine the dielectric spectra for AgIAgQPO;)g 7, (Agl), (AgPO,), b,

since this composition exhibited temperature-dependent qgtbl—ae o o . . R [ 4o

variations inAe = oy /fyeq. Figure 10 shows the conductiv- 107 10°% 10% 10' 10 10° 106°

ity measured at five temperatures scaled in the manner of Eg flf

(2), wheref is provided by the curve fitting of Eql). Also °

shown is the corresponding permittivitg(f/fy). Clearly, FIG. 11. The ac conductivity and ac permittivity of

thee(f/fy) do not collapse to a common curve, but appear toagl, (AgPO;), 7 scaled according to Eq2) and Eq.(5), respec-
be spaced vertically with decreasing temperature. From thgvely, with f, given by Eq.(3).
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equation together with Eq2) and Eq.(3) form a complete When the phosphate chains are sufficiently expanded relative
expression of the scaling in the ac dielectric response of sucto the cation size, the coordination of the local cation con-
ion-conducting materials. duction space assumes the characteristics of a higher-
dimensional space and the ac conductivity displays power-
law dispersion witm~%. But when the chains are collapsed
o . . relative to the cation size, this local environment becomes
~ The origin of the power-law dispersion of the ac conduc-constricted, predominantly in the direction normal to adja-
tivity in ionic materials remains elusive, but the presentcent chains, leading to a reduced coordination of the conduc-
study of metaphosphate glasses with their unique lineaggn space and a corresponding decrease ifihis interpre-
chain structure offers some insight. Investigation of the FICtion is further supported by changes in the vibrational
Agl-dop_ed Ag_PQ glasse_s reveals a compositional \_/ariationdensity of state of the cation. A correlation between the ac
of the dispersion wherein the power-law exponent increasegpnductivity dispersion and the cation’s vibrational motion is
with Agl addition up to about 30 mol %, contrary to previous gpserved in which the vibrational density of states narrows

studies. This power-law exponent has recently been corresppreciably in conjunction with collapse of the chains about
lated to the dimensionality of the cation conduction space, ifpe cation.

the sense that generally decreases with decreasing dimen-
sionality. Although the FIC properties of the Agl-doped
AgPO; glasses have been interpreted in the past as resulting

IV. CONCLUSION

from formation of halide-rich clusters, the increasenafith
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