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Cage decay, near constant loss, and crossover to cooperative ion motion in ionic conductors:
Insight from experimental data
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Experimental frequency-dependent conductivity relaxation spectra of a number of molten, glassy, and crys-
talline ionic conductors that show both the presence of the near constariNIGk$ and the cooperative ion
hopping contribution are analyzed. On decreasing frequency, the NCL appears first but terminates at some
frequencyv,,. At still a lower frequencyv,, the cooperative ion hopping dispersion takes over. The indepen-
dent ion hopping frequency, of the coupling model is calculated from the parameters characterizing the
cooperative ion hopping dispersion. It is found for all ionic conductors that vy, andy, always fall inside
the frequency regiom,, > v>v,,. The empirical results leads to a qualitative theory for the origin of the NCL,
which gives physical meanings of the two crossover frequengieandv,,, as well as explaining the role of
the independent hopping frequengy, in determining them. The weak temperature dependence of the NCL
has been recaptured by the qualitative theory. An improved understanding is gained of the evolution of the ion
dynamics from early times when the cages decay very slowly with time, giving rise to the near constant loss,
to long times when ions move cooperatively, leading finally to dc conductivity.
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. INTRODUCTION ©
M*(w)=M’+iM”=MOC[1—f dtexp(—i wt)(—dd/dt)
0

One of the frontiers of research in the field of dynamics of 4)
ions in ionic conductors is the origin of the ubiquitous near
constant los§NCL) of the Kohlrausch stretched exponential function
Y . d(t)y=exd —(t/7)* "]. (5)
el (@) ~Aw ) ()=exg —(t/7)"""]

The ion hopping contributiorr/ (w) obtained from Egs.

(4) and (5) together with the Maxwell relations) (w)

=Rdiweg/M*(w)], is similar to the Jonscher’s expression

in having the dc conductivityry at low frequencies, and it

Mhereases as a power law )" at high frequencies instead

of (w/wp)" from the Jonscher expression. The advantage of

using Egs.(4) and (5) over the Jonscher expression to de-
ocL( @) = ey (@) ~Awt ™ (2 scribe experimental data was pointed out by Moyniffan.

Both o, and the electrical conductivity relaxation timein
in the real part of the complex conductivity. The existence Oqu. (5) have the same temperature dependence. Experimental
NCL in glassy ionic conductors is well known. Evidences for evidences indicate that the stretched exponential time depen-

its existence was suggested repeatedly over the span of sajence of electrical relaxation is caused by ion-ion correla-
eral decadés_lz and it is now considered to be a universal tion, and therefore]-r’_'(w) is a Cooperative ion hopp|ng con-

characteristic of ionic conductot$;}*although till now there  tripution.

are only a few investigations of its properties:“This NCL The properties of the NCL difféf in many respects from
contribution appears at higher frequency than the ion hopthe jon hopping transport contribution and can be considered
ping ac conductivityry,(w). The latter is assumed by some to have different physical origins. For example, while
workers to be represented by the Jonscher expreSsion oncL(®) has a weak temperature dependence, eiifjgiv)

or o/ (w) has strong thermally activated temperature depen-

o (w)=0'(w)+io"(w)=0¢[1+ (io/wp)™], (3)  dence. From the properties of the NCL, it was concluded that

nevertheless it comes from the iofsThe evidences include
wheren; is a fractional exponentr, is the dc conductivity, the observed approximately linear increase of the NCL with
andw,, a characteristic relaxation frequency. Alternativély, concentration of the mobile ioris,” the very different effect
the ion hopping ac conductivity is also well described by thewhen mixing different alkali§;®>*and the existence of the
one-sided Fourier transform NCL in crystalline ionic conductor&2* The last experi-

where « is nearly zero andh is a constant with weak tem-
perature dependence that is well described by exT (),
whereT is a temperature that is usually larger thenThe
NCL corresponds to an almost linear frequency-depende
term
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mental fact rules out the possibility that the NCL of present 2
interest originates from the glassy matrix in which the ions ¥? 2
are imbedded. \\ i .
At sufficiently low temperature under isofrequency condi- R sk .’/] h
tion or high frequencies under isothermal condition, the NCL \ / v
is the only contribution that is seen experimentally. In a re- § . !
cent papéef an analysis of the constant loss contribution to 1| ia T 1;'
the ac conductivity, in the frequency range 10 Hz—-1 MHz \’ < i
and finely spaced temperatures down to 8 K, was reported \§ /
for two different Li ionic conductors, one crystalline i \ !
1

f

i

24}

(Lig1dag61T103) and the other glassy (61Sj€B5Li,O
-3Al,05-1P,05). At lower temperatures, a NCL corre-

Og10€ll
&

sponding to near linear frequency-dependent ac conductivity = ol \ |
is the observed contribution. As temperature is increased a ‘( v
crossover from the near constant loss to a fractional power- v o
law frequency dependence of the ac conductiffiy. (3) or | [\\o Vyq |
Egs.(4) and(5)] is observed. At any fixed frequenay, this v, \° g
crossover occurs at a temperaturedetermined approxi- 2\
mately by the relation \ o
4k \ e oo i
\ o
\vP
0=~ w.exp —EqnL/KT). (6) \
1 1 ) 1 1
2 4 6 8 10 12
Log, olv(Hz)]

The activation energye,, turns out to be significantly

smaller than the dc conductivity activation enefgy. From FIG. 1. Dielectric loss as a function of frequency of CKNTat
this observed property it has been shéuthat the NCL term  —342 K showing the existence of the NCL over 3 decades in fre-
Aw is not a contribution tar’ (w) that can be added on top quency. The horizontal dashed line indicates the NCL. The other
of the ion hopping ac conductivity term represented by thejashed line is the fully cooperative ion conductivity relaxation cal-
Jonscher expression as is commonly believed, oorbyw) culated from the Kohlrausch fit to the electric loss modltisdata
obtained from Eqs(4) and(5) of the electric modulus. Had shown in the inset as the dashed line witk: 0.66. The deviation
these two contributions been additive contributions, theof the data from the Kohlrausch fit at higher frequencies is marked
crossover frequency would hage, as the activation energy by one crossover frequenay,. The deviation of the data from the
instead of the significantly smaller observeg,. Thus, ex- NCL at lower frequencies is marked by the other crossover fre-
cluding the vibrational and boson peak contributions, in theduencyvy;. The location of the independent relaxation frequency
high frequency regime there is only the NCL. On decreasing)f the .CM .VOEl/Z’TTTO, is also indicatedr, is the independent
frequency(or increasing timethe NCL will no longer holds relaxation time calculated from the CM. Data after Refs. 39 and 40.
at some pointw,, afterwardso’(w) undergoes a transition Il. THE CROSSOVER FREQUENCIES »,; AND v,,

over some frequency range with continuously decreasing FROM EXPERIMENTAL DATA

slope and finally, starting ab,,, assumes the frequency de-

pendence ofr},{w) given by eithera)(w) or o/ (w) that A. 0.4Ca(NO3)»-0.6KNO; (CKN)

have fractional power lawsaf/ wp)™ or (w7)" at their high Extensive electrical relaxation data of CKN over unusu-
frequency ends. ally broad frequency and temperature ranges were obtained

In the sections to follow, we shall characterize the crosshy Lunkenheimeet al?®°In Fig. 1, we show first theie”

over frequencies,;=2mv,; andw,,=27v,, fromisother-  data at 342 K as a function of frequenegy which is related

mal o’ (w) data of glassy and molten ionic conductors. Weto the angular frequencay by w=2mv. The data shown by
include all data we know of that have been obtained over @oints indicate the existence of a NCL that extends over
very broad frequency range to exhibit at the same temperaabout three decades and there is a cross over to a power law
ture both the NCL and ther,(w). This kind of data en- ¢”(v)«»~# at lower frequencies, witlB=1—n, and even-
ables unambiguous determinationigf and»,, at the same tually ¢"=»~ ! at even lower frequencies in the dc conduc-
temperature. When compared with the independent ion hopivity regime, as illustrated in the figure. The inset of the
ping relaxation frequency,=1/(277,), where 7y is the  same figure shows threamedata but asM”(v»). The dashed
familiar independent ion hopping relaxation time of the cou-line is the fit by Eqgs.(4) and (5) to the data withG=(1

pling model?®~?8it is found thatw, lies in betweerv,; and  —n)=0.66 andr=6.6x10 * s. The data in thé” repre-

vyo. This general result leads to a proposal for the origin ofsentation shows also the crossover from NCL to the power
the NCL, an interpretation of the crossover frequengigs law M”x»~ £, Although the crossover from NCL to™# is
andv,, and an explanation of the weak temperature depenbroad for bothe” and M”, it can be observed that the rise
dence of the NCL. from the flat loss occurs nonetheless quite abruptly, as found
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FIG. 2. Replotting the CKN data of Fig. 1 as log(») versus FIG. 3. Points are dielectric loss data of CKN by Lunkenheimer

log(frequency /H to show the near linear frequency dependence ofet @l- &t T=350.3, 356.4, 365.4, 370.0, 385.0, 412.0, and 440.0 K
the NCL in Fig. 1. The dashed line that includes the dc conductivity(@°ing from bottom to top The dashed lines are the loss due to
and the high frequency power law# or »" corresponds to the cooperative ion hopping calculated from the Kohlrausch fits to the

Kohlrausch fit to the electric modulus shown as the dashed line iﬁalectric modulus data and converted to a dielectric loss function of

the inset of Fig. 1 witm=0.34. The dashed line in the main figure freauency. The crossover frequencigg and »,, (not shown are
is the fully cooperative ion conductivity relaxation. determined from these data in the same manner as explained in Fig.

1. Errors in the data are smaller than the size of the symbols.

previously for Lb 14-a0,6:TiO3 (LLTO).* It is worthwhile to  anough data points for such purpose. Errors of about half a
point out that the dashed line in the main part of Fig. 1decade wide can incur in determining, and v, for some
having»~! at low frequencies and™# at higher frequencies data considered in this work.

is aCtuaIIy calculated from the fit to the electric modulus by Having expiained the procedure of determining the cross-
the identitye™ =(1/M*). The other dashed line in the main oyer frequencies by an example, we analyze in exactly the
figure is ep(v) calculated from the identityelz(v)  same manner the isotherml(v) data for thirteen tempera-
=Im{1/M}} and it is the loss from cooperative hopping of tures shown in Figs. 3 and 4. All the data shown here are
ions. Thee” data indicate the existence of a NCL that ex-from Lunkenheimeet al. and some have not been published
tends over about three decades and there is a crossover tiefore in a refereed journal. For all temperatures, the dashed
power law »~# at lower frequencies and eventualb/
«p~1 at even lower frequencies in the dc conductivity re-
gime. The data in thevl” representation shows also the
crossover from NCL to the power laM "> v~ #. Some read-
ers may be more familiar with the NCL having the nedr
dependence in the' (v) representation of the data as shown
in Fig. 2. Again the dashed curve that tends to the dc con-
ductivity at low frequencies and the power lam!~#) at
high frequencies iSU’B(v) calculated from the identity
op(v)=wep(v) and again it comes from cooperative ion
hopping. The NCL terminates at lower frequencies quite dis-
tinctly at v4,. It can be seen by inspection of Fig. 1 through
the rapid rise ot”(v) from the flat loss at frequencies below
vy1, as found previously in lgijgd ap e TiO3 (LLTO).X® On 0
further lowering the frequency, starting a,, ¢” andM”
assume thes~# dependence and’(v) assumes the! #
dependence of the cooperative ion hopping. Thus the cross- 2
over of thee"(v) data from NCL tosj(v) [or o(v) data

from NCL to op(v)] is not sharp, occurring over the fre- Log,,(frequency /Hz)

quency rangev,;>v>wv,,. The values ofv,; and v,, de-

pend on the criterion of when the crossover has occurred. We FIG. 4. Same as in Fig. 3 for temperatures of 325.0, 342.0,
use a 5% deviation as the criterion whenever there ar861.0, 393.0, 417.0, and 468.0(Kom left to right.

N W e OO N

Logms"
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FIG. 5. Solid squares are the Kohlrausch conductivity relaxation! — 293 K of 0.80LiF-0.20Al(PQ); obtained by Kulkamket al.to
frequencyv=1/(277), wherer is obtained from the fit to the data show the near linear frequency dependence of the NCL by the line

of CKN in the electric modulus representation. Open triangles ardVith slope equal to 0.99. T,he line with slope 0.44 is the high fre-
vo=1/(271,), Wherer, is the independent relaxation time of the duency dependence of log’ (v) corresponding to the Kohlrausch

coupling model calculated from andn obtained from the fit and fit to the electric modulus dateshown in the insgtwith n=0.44.
t,=2 ps. The open and closed diamonds are the crossover frequeh’® dashed line in the main figure is the fully cooperative ion
cies v,; and v, obtained from the procedure described in Figs. 1 conductivity relaxation. The crossover frequencigs and v,, as
and 2. well as the independent hopping frequengyare determined from

the data in the same manner as explained in Fig. 1.

line in these figures is the # dependence oég(v) calcu-
lated fromM’[;, the fit toM”(v) data by Egs(4) and(5), and
extrapolated to higher frequencies. The relaxation tin{@3
obtained from the fits are converted to a frequengy
=1[2#77(T)] shown in Fig. 5 as filled squares. In the same
figure the crossover frequencies,=1/(2wt,;) and vy,
=1/(2wt,,) determined from the data in Figs. 3 and 4 are
also shown(open diamonds for,; and filled diamonds for C. 0.5AgS-0.5Ge3

vy2). By definitions,ty; andt,, are naturally the crossover  Figure 7 shows the data of glassy 0.58¢0.5Ge$ from
times. The crossover region is narrower at higher temperahe work of Belinet al. at many temperaturéé3 Only the
tures. Although broader at lower temperatures, the region igata taken at 153 and 123 K are considered here because
only about two and a half decades wide at 324 K, the lowesfhey show clearly the existence of the NCL over extensive
measurement temperature beldy. The other frequency, frequency domains as indicated the sdfior 153 K) and the
vo=1/(2m,), located betweemw,; and vy, in Figs. 1— 5,  dashedfor 123 K) straight lines withv° dependence. The

dependence, which is shown by the straight line with slope
0.44 in Fig. 6. Thes'(v) data conform to the’'# depen-
dence ofa;g(v) at frequencies below,,. Thus, just like
CKN, the ¢'(v) data of 0.80LiF-0.20Al(Pg); crossover
from NCL to ob(v) over the frequency range,;> v> vyo.

will be defined later. weak temperature dependence of the NCL is evident from
this proximity of the two lines. The two vertical arrows
B. 0.80LiF-0.20A(PO5)5 pointing upwards indicate the location ef; for 153 K (at

higher frequencyand 123 K(at lower frequency Only v,
can be determined from the data at 153 K and is indicated by
another arrow labeled as such.

Electrical relaxation data at 293 K of a glassy ionic con-
ductor, 0.80LiF-0.20Al(PgQ);, was obtained by Kulkarni
et al3 over unusually broad frequency range. In Fig. 6, we
show first their data ag’ as a function of frequency. The
existence of the NCL is exemplified by a near linear fre- D. 0.48Ag1),-0.52AgSeq,
quency dependence of the data over about two decades,  Conductivity relaxation data of 0.48(AgH0.52AgSeQy
which terminates starting at,;. The inset of the same figure at 153 K by Cramer and Busch&iis shown in Fig. 8. The
shows thesamedata at low frequencies and up t0°18z as  data in the intermediate frequency range is missing, but nev-
M”(v) to isolate the contribution from cooperative ion hop- ertheless the appearance of the NCL at high frequencies can
ping. The line is the Kohlrausch fit by Eqgl) and(5) to the  be seen. The cooperative ion hopping at low frequencies is
M”(v) data with3=(1—n)=0.56 andr=8.7x10"°s. At  again characterized by the Kohlrausch fit to the electric
high frequencies the Kohlrasuch fit d” assume the/ # modulus representation of the same data in the inset of Fig.
dependence and the correspondirjd v) assumes the’ # 8, with B=(1-n)=0.51 andr=(1/27vc)=3.4x10 °s.
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FIG. 9. The ac conductivity data of 0.44LiBr-0.56Li2Q:®; by
FIG. 7. Same as in Fig. 6 for glassy 0.5A50.5Ge$ fromthe  Crameret al. at T=573 and 323 K. Shown also is the high fre-
work of Belin et al. The solid and dashed lines with slope one quency vibrational contribution extending down to low frequencies
indicate the NCL forT=153 and 123 K, respectively. The line with jth a »2 dependence. Subtracting off this vibrational contribution
slope 0.45 is the high frequency dependence ofgly») corre-  from the data at 523 K leaves a frequency independeyitr),
sponding to the Kohlrausch fit to the electric modulus daat  which corresponds to the independent ion hopping of all ions. The
shown with n=0.45. The crossover frequencieg; and vy, as  jnset shows the same data in a small neighborhood &¥ @ and
well as the independent hopping frequency 1/(2m 7o) are deter-  the data at the two temperatures in this region can be seen more
mined from the data at 153 K in the same manner as explained iglearly as well as folf =573 K only the crossover of’(v) at a
Fig. 1. The arrow at the very bottom indicate the locationvgf frequencyr,=1/(2mt.) of about 18'Hz (indicated by the vertical
=1/(2m) for T=123 K. arrow at this frequendyfrom a »" dependence of fully cooperative
hopping at high frequencigtine) to the frequency independeat,
Only vy, can be determined from the data at 153 K and itS(points denoted by+). There is no intervening NCL at 573 K.

location together withvi are indicated in Fig. 8. However atT =323 K, there is the NCL contribution with neat
dependence te’'(v) at high frequenciesgsteeper line with slope
E. 0.44LiBr-0.56Li,0-B,05 equal to ong and the crossover to the" dependence of fully co-

o ) operative hopping at high frequenci@se with slopen=0.48).
CdeUCthlty data of 0.44LiBr-0.56L0-B,0; by Cramer  The quality of the data in the NCL regime is not good enough to
et al.™ at two temperatures are shown in Fig. 9. In this sub-determinew,,, but v,,, vx, and v, have been determined in the

section we consider only the data at 323 K, which exhibit themanner as in Fig. 6 for 323 K and are indicated.

NCL at higher frequencies and the cooperative ion hopping -

contribution at lower frequencies. The asymptoticdepen-  fors of the data are sufficiently large that preempt
dence of the Kohlrausch fit by Eq@l) and(5) to the lower- ~ determination ofv,, and only the approximate location of
frequency data witm=0.48 is shown in the figure. The er- ¥xz is indicated.

F. Ag;GeSegl

! é:).z The conductivity data of the crystalline ionic conductor
0 —EE ) Ag,GeSel at the lowest temperature of 114 K shown in Fig.
~ 06 10 exhibit the NCL at high frequencigslashed line with

— 1IZ 04 slope equal to land the crossover to the cooperative hop-

E ) 1= 02 —fit B=0.51 ping conductivity®® The asymptotics" dependence of the

& 0.0 N - Kohlrausch behavior is shown by another dashed line. The

I 3F 3 4 5 6 7 locations of the crossover frequencigg and v,, are indi-

A log(v/Hz) o cated by arrows.

=4 - 2ok -

2 -7N

- G. xNa,O®(1—x)[0.04B,05-0.96Si0,] with x=0.00044

The Wcor glassxNa,O® (1—x)[0.04B,05-0.96SiQ |
with x=0.00044 contains very few Naions>**’ Neverthe-

-7 0-48(Agl;)-0.52Ag,5€0, (T=153 K) less, its conductivity relaxation data measured at 313°C
5 p o 8 10 12 show the existence of the NCL at higher frequencies and the
log,o(v / Hz) crossover to a near exponential ion hopping with a small

=0.05. These features together with the locations of the
FIG. 8. Same as in Fig. 6 for glassy of 0.48(AgD.52Ag,SeQ,  crossover frequencieg, andv,,, are indicated by arrows in
at T=153 K by Cramer and Buscher and-=0.49. Fig. 11.
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-6 i FIG. 12. Same as in Fig. 11 faK,0-(1—x)GeO, glasses with

x=0.02. Data after Jaiet al. Heren is equal to 0.11 obtained by
Jainet al. from fit to the electric modulugnot shown. The loca-
tions of the crossover frequencieg, and v,,, as well asy, are
indicated by the vertical arrows.

log,(v/Hz)

FIG. 10. Same as in Fig. 6 for the crystalline ionic conductor
Ag;GeSel. Data after Pradel and Ribgsnpublished At the low- o )
est temperature of 113 Ky, , 7,5, andv, have been determined in  ONly the data ok=0.02 in Fig. 12. In the figure, for the data
the manner as in Fig. 6 and are indicated. at 143.4°C, we drew two lines corresponding to the two

power lawsr*? and v (thick solid lineg and from these
lines and the experimental data we determine the two cross-

H. xK,0-(1—x)GeO, glasses withx=0.02 and 0.0023 ;
over frequencies.

A similar situation as the Wcor glass is found in the con-
ductivity relaxation data of twxK,0-(1—x)GeG, glasses
with x=0.02 and 0.0023 obtained by Jahal® They have
characterized the cooperative ion hopping by the Kohlrausch
fit to the electric modulus data witg=(1—n)=0.89 and The coupling mode(CM) for ionic conductor® =28 con-
0.93, respectively, fox=0.02 and 0.0023. Here we show siders only the case thatl the mobile ions have high prob-

Ill. THE INDEPENDENT ION HOPPING RELAXATION
TIME 7 FROM THE COUPLING MODEL

ability of hopping out of their cages. All of them are ready to
hop to neighboring sites with the relaxation rafg' except

1.2
their interactions and correlations make the independent hops
1.0 of each ion simultaneously impossible. The result is a
slowed-down cooperative motion of all the ions with dynam-
0.8 ics that is heterogeneous and the correlation function is
_ changed at some tintg from the linear exponential
8
2 06 D (t)=exp(—t/ 7o), @
Z
X o4 for independent hops to the stretched exponential function
g exgd— (/D' " [Eq. (5)]. The relation between and r, is
0.2 given by
00 r=[t; "7o] V" ®
450 ppm Na in high silica boro-silicate with t.=2 ps determined previously by high frequency mea-
-0.2 S surements for ionic conductot$3°*8-4CExperimental evi-
0 1 2 3 dences of the existence of such a change of dynamics in a
log(frequency / Hz)

neighborhood of; are found in high frequency arfdghest

FIG. 11. Same as in Fig. 6 for a Wcor glasa,0®(1—Xx) temperatures(w) measurements of molten CKN, glassy
X[0.04B,04-0.96SiGQ] with x=0.00044 afT=313 °C. Data after 0.44LiBr-0.56L50-B,O; and other glasses by Cramer
Simmonset al. Heren is equal to 0.05. The locations of the cross- €t al,>**>3®%%after thew?-dependent vibrational absorption
over frequencies,; andw,,, as well asvk andv, are indicated by ~ contribution is removed from the data. The temperature must
the vertical arrows. be high enough such that there is no intervening NCL, and
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TABLE |. Activation enthalpiesE, of 0.5Agl-0.5AgPQ (Refs. The independent relaxation timg(T) of the CM can be
46,47 and AgS-Ge§ (Ref. 48 from short time ionic diffusion  calculated by Eq(8) from the experimental values afand
(neutron time of flight measurements. The Kohlrausch expongnt (1 —n), obtained from fittingM* (w) data by Eq.(2), and
gnd the activation enthalp, of conductivity relaxation observed usingt.=2 ps. The interpretation of,(T) given by the CM
:qnu::I:ﬁ:i:S?:Ietk?elafsljslsﬁsze‘:;ﬁ/ze f;]to';));‘i’r?; :i;gﬁr::grzlss :?r?clflzz_edis the relaxation time for the ion vibrating in its potential
T ns eyt g, o, consam i h. ey e UL Y CYEICOming e energy by by
change to independent relaxation at times shorter tfa2 ps and dence andh is constant over a temperature reaion. then it
probed by quasielastic neutron scattering. P gon, .

follows from Eq.(8) that 7o(T) should also have Arrhenius
Glass E, B BE, E, temperature dependenceO(T)z[tgr“”]f rmgxpCEa/k'D
over the same temperature range. From its simple nature of
Agl-AgPO; 21 kJ/mol  0.44 9.2kJ/mol 8.7 kJimol 7, the reciprocal of its prefactat,, must be identifiable with
Ag,S-GeS 0.34 eV 0.45 0.153 eV 0.15eV  the vibration angular frequency of the ion inside the well. An
example that indicates, is indeed the thermally activated
relaxation time of an ion to hop out of its potential well is the
the cooperative ion hopping terthaving at high frequencies CM analysis of conductivity relaxation and hyper Raman
the »" dependence for the ac conductivigrosses over di- scattering data of yttria stabilized zircorifa.
rectly to the independent ion hopping terimaving a fre- All previous applications of the CM dealt with the coop-
quency independent conductivityAn example can be seen erative ion hopping in the long time regime. It is important to
in Fig. 9, and more clearly in the inset. At the highest mea-emphasize that the dynamics in the early time regime, when
surement temperature 573 K in 0.44LiBr-0.580iB,0;,  most of the mobile ions are still caged, have not been in-
there is no intervening NCL and therefore after subtractingzluded in all previous applications. At sufficiently short
out the vibrational contribution, the result should be solelytimes/low temperatures, few ions have succeeded to move
from ion diffusion. The result levels off rather abruptly at away from their original sites, although the number increases
about 18 Hz (or a time of about 2 psto a plateau, i.e., a with time albeit very slowly. A near constant lo@$CL) then
frequency independent value. Now a frequency independeniriginates from very slow decay of the correlation function
conductivity corresponds to an exponential correlation funcof the cage with time, which ultimately is due to those few
tion, Eq. (7). Thus the change from independent hoppingions that have succeeded to hop out of their cages to neigh-
[Eq. (7)] to cooperative hoppindEq. (5)] with decreasing boring sites over decades of time in this short time regime.
frequency at about #HHz or a timet,~1 to 2 ps is evident Naturally these successful hops are executed by independent
from the figure. Similar changes were found in crystallinejon jumps with rateral because the successful hops are rare
ionic conductors Ng8 alumind**?and RbAgls.* and there is absence of cooperativity. Only for times short

Other evidences of the change of dynamics Mear1 to  compared withry, or equivalently for frequencies high com-

2 ps were found from the change of the temperature deperpared with vy=1/277,, the successful hops out the cages
dence of the dc conductivity of many ionic conduct®t§}  will be few and infrequent. Thus the NCL exists only at
when it exceeds about 1 S/cm. Another support comes frofimes much shorter than, or frequencies much higher than
quasielastic neutron scatterifime of flighty measurements ;. This point will be revisited after a comparison &f with

at short timesgin the picosecond and sub picoseconds range,, , and »,, of CKN has been made.

of the ionic diffusion coefficient as a function of temperature

in superionic glasses. Such measurements of ion diffusion at IV. RELATION OF »~ WITH .. AND »

short times in glassy ionic conductors Agl-AgPGnd 0 X x2
0.5A,S-0.5Ge$ were made by two groug§:*® The glass The ion conductivity relaxation data of CKN in Figs. 1-4
0.5Ag,S-0.5Ge$ was the same one discussed earlier in Secwere analyzed by Eq2) and the two parametergT) and
IIC. From the quasielastic neutron scattering data it wag1—n(T)] had been determined by Lunkenheinetral 2
found that the activation enthalpy of the short-time diffusionThe data cover an extended temperature range from below
coefficient E, is smaller thanE,, of the dc conductivity®  and above the glass transition temperafle As typical of
and approximately equal to (An)E, .**> The results are relaxation of glass-forming substances abdye the relax-
shown here in Table I. Here, (In) is the Kohlrausch expo- ation frequencyvx=1/2m7 is not Arrhenius and the Kohl-
nent of the fully cooperative hopping in Ep) andE,, isthe  rausch parameteB=[1—n(T)] is temperature dependent.
activation enthalpy of the fully cooperative hopping relax- From these parameters, the independent ion relaxation time
ation time in Eq. (5) or the dc conductivity at much lower 7o(T) had also been calculated previously by
temperatures and longer times than those in quasielastic neliinkenheime?®*° with t,.=2 ps determined experimentally
tron scattering experiments. It is easy to verify from B).  for CKN.*®3° The independent ion hopping frequeney
that the product (£ n)E,,, is the activation enthalpy of the =1/277,, is plotted against temperature in Fig. 5. At high
independent hops relaxation timg. Thus, quasielastic neu- temperatures where,; and v,, are close to each other,
tron scattering measurements in the picosecond and subpiceg(T) lies close to these two frequencies. At lower tempera-
seconds range found that the ions are hopping independentlyres, where the crossover regian,>v>v,, becomes

in this short time regime, indicating thit is of the order of  broader, it is remarkable that invariably falls inside it. The

1 ps. same is found also for 0.4Ca(NJ3-0.6RbNGQ (CRN) from
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similar analysis given to the electrical relaxation data ob-the caged particle. On the other hand, in ionic conductors
tained by Lunkenheimeet al2%:° there are also the immobile matrix atoms that form the cage.

In a similar manner as described for CKN in the preced-By defining particles as nearest neighbors if their separation
ing paragraph, we have determinegl for the other glassy is less than a cutoff distance set by the first minimum of the
and crystalline ionic conductors considered in Sec. Il B—II H.pair correlation function, Weeks and Weitz define a cage cor-
When comparing, with v,; andv,, in Figs. 6—- 12, we find  relation functionC,{At), by the fraction of particles with
again in these other ionic conductors thg{>vy>v,,, as the same neighbors at tinleand att+ At, after averaging
in the molten salt CKN. The presently found relation be-over all T. Deduced from the confocal microscopy data,
tweenv, and crossover frequencieg, and vy, for glassy  Cc,{At) shows decay, which becomes slower as the vol-
and molten CKN ionic conductors and other glassy and crysume fraction of the particles increases and their diffusion rate
talline ionic conductors may not be an accident because thegecreases. This loss is observed as an increase of the mean
are independently and separately determined quantitiesquare displacemeiit?) of the ion with time, in response to
First, vo is determined from the low frequency dispersionthe decay of the cage. If the cage decay is a sufficiently slow
and the use of the coupling model relation, ). Secondly, function of time, the corresponding increase(of) is also
vy, andw,, are determined separately by the terminations ofvery slow. In fact, we observe from the data(of) reported
two loss mechanisms, NCL and cooperative hopgiegs. by Weeks and Weitz for volume fractiap equal to 0.52 and
(4) and (5)], that have very different temperature depen-0.56 as a function of time, thdr?) increases very slowly
dences. We may recall that NCL has weak temperature dewith time at shorter times when the cage decays also very
pendence approximately described by @xpg),*® while the  slowly. (r?) increases approximately as* with a~0.10 in
frequency dependent loss from ion hopping has a strong thethe time regime of roughly between 5 to 50 s fbrequal to
mally activated temperature dependence. 0.52 and 5 to 100 s fotp equal to 0.56 , where the cage
decay function exhibits also very slow decay.

Such a slow increase @f?) with time is equivalent to a
NCL if the particle is charged similar to ions in ionic con-
ductors, and the quantity measured is dielectric loss due to

The main thrust of the present work is to bring out from conductivity relaxation. This result can be seen from the fol-
experimental data properties of the crossover from the NCIlowing approximate(neglecting cross correlations and that
to fully cooperative ion hopping conductivity. It is not in- the Haven ratio is not unilyrelation between mean square
tended to give here a rigorous theory for the origin of thedisplacement and complex conductivity
NCL, the part that is unrelated to ADWP or similar explana- NG
tions. Nevertheless it is worthwhile to give some theoretical o _ oNOT [ .
ideas of the origin of the NCL that are consistent with the Gt WTL (r()exp—iwh)dt,  (9)
empirical results found in this work and a previous wdftk.

V. NCL FROM VERY SLOWLY DECAYING CAGE
DYNAMICS

whereN is the density of mobile iong the ion chargek the
Boltzmann constant, an@l the temperature. Fofr2)«=ct®,
Eq.(9) giveso' (w)*w!™ * ande”(w)*w~ ¢ and therefore a
For a fixed cage with a potential that does not change WithNCL if « is small. If the mean square displacement would
time, there is no NCL that extends over decades of time anghcrease logarithmically with time dSZ>O<|Ogt, the dielec-
increases in extent with decreasing temperature similar tgic loss ¢”(w) would be practically flat, an@d’ ()< w*®.
that found in ionic conductors. In a harmonic well, the meanas with the colloidal system, the cages confining ions in

square displacement of the ion given by the solution ofionic conductors also decay with time because at any time
Chandrasekh&t increases rapidly with time to a maximum there is nonzero probability of ions jumping out to a neigh-
value that is proportional td. In general, the cage or the poring site.

potential-well that confines a mobile ion is determined by the
matrix atoms and the other mobile ions. This fact is evident
from the form of typical potentials used in molecular dynam-
ics simulations®®' The cage is not permanent and it changes
or decays because of at least two reasons. First, the spatial At sufficiently short times, when most of the ions are still
relation with the immobile matrix atoms can change withbeing caged, the successful jumps out of the cagemdee
time as suggested by the broadening of the first peak of thpendenbf each other because there are very few such events
van Hove function with timé! Second, other ions may be and therefore no cooperative dynamics are involved. The in-
leaving their cages and the probability of them doing so in-dependent ion jump has raterd/ At times much shorter
creases with time as can be seen from the development tfian 7y, successful hops of ions out of their cages are rare
intensity at neighboring initially vacant sites of the van Hoveand few in between. Hence the decay of the cages or the
function with time. The contribution to cage decay from theincrease of(r?) with time has to be very slow, resulting in
second cause was established by the study of the motion ¢iie NCL. Naturally the NCL defined as such is a very slow
concentrated colloidal particles suspension using confocaklaxation process and can exist in the time reginser,
microscopy by Weeks and WeitZ.In this case, the cage is where the increase of the number of successful hops of ions
formed entirely by neighboring particles of the same kind asut of their cages over decades of time is insignificant. The

A. Cage decay

B. Independent hops as cause of decay of cage
correlation function
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NCL terminates at some timg,=1/2wv,;, when after- the exponentv=~0 used to define the NCL and is the time
wards the successive independent ion hops have beconbeyond which the experimental datd(w) departs from the
more significant and the loss can no longer be considered asw'™* dependence. But, whatever the choicenot0, t,;
nearly constant as a function otJn.e., there is a more rapid has to be much less tham in order to satisfy the condition
increase ofr2) with time beyondt,,, which can no longer for generation of the NCL that there are few successful in-
justify the NCL to continue. This process is dynamically het-dependent ion jumps out of their cages throughout the period
erogeneous. Stilt,; has to be much smaller thar, (or t,,<t<t,;. Therefore expfs;/7) is still close to unity and
V1> vg) becausery is the characteristic time for the ions to its value is determined by the choice of the exponenf the
leave their cages. The number of ions successful hopping olNCL. The value of expés, /7o) is fixed for all temperatures
of the cages continues to increase beyopd changes in by the convention used to define that the NCL terminates at
(r?) become more rapid leading to increasing deviation front,,. Hencet,; has the same thermally activated temperature
the near NCL. However, only at timedssufficiently longer dependence as,, and it is written out explicitly here as
thanry, i.e., fort>t,,> 7o, will all ions have almost certain t,,(T)=t.expE,/kT). We have considered here the case of
probability of successfully hopping out their cages, but therglassy ionic conductors, which have Arrhenius temperature
their mutual interactions make all such independent hops imdependence for,. For molten ionic conductors such as
possible. This is the start of thelly cooperative ion hopping CKN, 7, is not Arrhenius and hence alsg(T), as shown in
regime described by the Kohlrausch stretched exponentiaéig. 5.
function, Eq.(5) and by definitiornt,,=1/27v,,, is the onset Again, from the definition oft,;, the mean square dis-
time. Hence, front,,> 7o, it follows thatv,,<v,. Whenthe  placement(r?)yc_ corresponding to the NCL increases by
fully cooperative hopping regime is entered, the depenthe samesmall amount in the period,,<t<t,;(T), atall
dences(r?)oct! ", gj(v)xr 1" and op(v)cr", are ob-  temperatures. However, becausg is thermally activated,
served. These power laws are just the shorter titker or  this same increase dfr%)yc, is spread over a number of
high frequency > vy) parts of these quantities for the fully decades of time given bjyog(ty;)-10ge(t,n) 1/2.303. There-
cooperative hopping with the Kohlrausch correlation func-fore the mean square displacement is inversely proportional
tion given by Eq.(5), the longer time (> 7) parts of which  to logy(ty /t,,). From this and the relation between conduc-
are(r?)et, 8’[;(1/)0(1/—1 and o p(v)=0ogc. tivity and mean square displaceméiy. ( 9)], we deduce
From the qualitative theory given above, we have a qualithat the intensity of the NCL measured Byin Egs.(1) and
tative explanation of the origin of the NCL, and the time (2) is given by the proportionality relation
regimet<t,, or frequency regime> v,; where it can exist. 1
We also have given physical meaning to the crossover times i -1
(frequencies ty1(v4;) andty,(vy,). The qualitative theory A Ea[1 (KT/Ea)l0ge(ton/t) ] (10
also explains the empirical results we found from the collec- . o .
tion of data presented in this work. These empirical results This expression is well approximated by
include (1) the relationt,; < 7¢( vy > v() and(2) the fact that

7o always lies inside the crossover regiag,<t<t,, or vg Accexp(T/To) 1D
always lies in betweem,; and v,s. atT<T,, with

The coupling model embodied by EdS), (7), and(8) for
fully cooperative ion hopping at longer timesX(t,,) en- To~Ea/kloge(ton/ts). (12

ables the independent relaxation timg to be calculated

from the low frequency <v,,) experimental data. Thus  To is & positive number because tj(t..) is a positive

the empirical results found show that the coupling modeinumber from the fact thag; <o, t.. is even shorter than the
(usually applied to the fully cooperative hopping regime prefactor ofry, 7.., which is the reciprocal of a vibrational
also has an impact on the NCL and the broad crossover frorttempt frequency. Thus the weak temperature dependence of
the NCL to the fully cooperative hopping regime. The impactthe NCL is captured by our interpretation of the origin of the

is the ability of 7, to relate to the time,, or frequencyr,; ~ NCL. Since the result given by Eqgl0) and (11) are ob-
when the NCL is terminated, and to locate the time scale ofained from a qualitative theory, we do not expect that it will
the broad crossover from the NCL to the fully cooperativeaccurately describe the temperature dependence of the NCL.

hopping. Particularly if considered over a very extended temperature
range where another source of contribution to NCL may
VI. TEMPERATURE DEPENDENCE OF THE NCL come into play at very low temperatures and high frequen-

cies. Note also that we have not taken into account the con-

We have proposed that the NCL exists in the short timetribution to the measureg?) from the local vibrational dy-
(high frequency regime, ty,<t<t,;(vo,>v>wv,) where namics, which has its own temperature dependence similar to
there are few thermally activated independent jumps of thehat of the Debye-Waller factor. The latter will enhance the
ions out of their cages with the relaxation rateiz=1/7y  temperature dependence of the NCL over and above that
=(Ur.)exp(E£,/kT). Heret, (v, is the onset timéfre-  given by Eq.(10).
quency of the NCL. From experimental data that show the We note from Eq.(10) that at constant temperature
NCL extending to very high frequencids,, is of the order of  should decrease with increasitg,, had other factors that
10 *to 10 % s. The value ot,; depends on the choice of determine the absolute value Afbe the same for all ionic
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conductors. If this condition holds for many ionic conduc- systems, as well as in ionic conductors presented in this
tors, then an approximate anti-correlation betw@esmdE,  work, indicates the proposed mechanism for NCL is possibly
may exist at constari. very general, applicable to other systems such as glass form-
ers without mobile iong3~>°
We point out that there are also other contributions that
can give rise to NCL different from our proposed mechanism
VIl. CONCLUSION and may be relevant in data obtained under different condi-
o ) i tions(such as at low temperatures and high frequentiemn
~ Empirically we found from the rich experimental conduc- h4¢ for the data considered in this work. One source that
tivity relaxation spectra of CKN over a wide frequency andyaye peen discussed by many workers comes from relaxation
temperature range and other glassy and crystalline ionic conss 5 distribution of asymmetric double well potentials
ductors that the NCL existing at short timgsigh frequen-  (Apwp), which seem to have been seen in glasses without
cies terminates atyy(vx). The fully cooperative ion hop-  popile jons, in CKN as well as in glassy ionic conductors. In
ping contribution takes over at a later tirlewer frequency  the model of Gilroy-PhillipS® the ADWP contribute a loss
tx2(vx2). The crossover from the NCL to the fully coopera- \yith 2 dependence witla not constant but increasing lin-
tive ion hopping therefore occurs over a broad tiffi®- oy with temperature. Thus the ADWP contribution possi-
quency ranget,; <t<t,(v,y>v>wvy). The width of this 1,y can be the NCL observed only at low temperatures. The
range in CKN is no more than two and a half decades wideap\wp contribution to susceptibilityy”(w) of CKN and
and it decr_eases mpnotomcally with increasing temperatur_q)ther glass formers by dynamic light scattering experiments
The same is found in several glassy ionic conductors and i8hoyed that it exists at very high frequencies above 1 GHz at
a crystalline ionic conductor. The width of the crossover re-5yer temperatures, but is not a NCL according to our defi-
gion seems a bit larger in glasses having smaller stretch ®Xition, because the power indeed increases with tempera-
ponent 1-n of the correlation function for the fully coop- e to reach significantly large valu¥s3® The dielectric
erative ion hopping, such as 0.48(Agl).52AgSeQ,. relaxation data of CKN within the same temperature range
We have calculated from the parameters of the stretcheghen over a much wider frequency range down to much
exponential correlation function fit to the data in the fully lower frequencies show the NCL occurs in a frequency range
cooperative ion hopping regime, the independent ion hopat much lower frequencies than 1 GHz. Thus, it seems that
ping relaxation timero of the coupling model. Most fasci-  there js an ADWP contribution that cannot be identified with
nating is the finding that,; <o and 7o always lies within - NCL at higher frequencies than 1 GHz at least in this tem-
the crossover regioty; <t<t,,. These findings help us to perature range. However, there is also a NCL at lower fre-
propose that the NCL originates from very slow decay of theyyencies in the same temperature range. The dielectric data
cages in the short time regime where most of the ions arggjlected so far are not good enough in the frequency range
still caged. There are few and infrequent successful hops ofjyove 1 GHz and at temperatures bely to be able to
ions to new sites and the mean square displacement increasggke a quantitative comparison with the dynamic light scat-
very slowly with the logarithm of time. This condition for tering data. Nevertheless, the limited data suggest possible
the appearance of NCL is satisfied at tintest,; andt,;  good correspondence with the light scattering data and hence
<o, such that exp(fro) decreases very slowly with I)(  the observation also of the ADWP contribution by dielectric
At times longer thanr, and starting at some later ting,,  relaxation in this high frequency range while the NCL of
all ions have almost certain probability of hopping out of present interest appears in the lower frequencies. But at
their cages to new sites. However, the hops of all ions cannafigher temperature the observed fast relaxation in the same
be successful now for a different reason, which is the interfrequency regime can no longer be explained by the ADWP
action and correlation between the ions. The only optionn the model by Gilroy and Phillips. Experimentally, from
available is the fully cooperative hopping of all ions with the |ight scattering susceptibility spectra, the powestarts
dynamics that is heterogeneous and the averaged hoppiRg decrease with increasing temperature and the spectrum
rate is slowed down compared with the independent relaxtends to become the NCGY. This is consistent with the di-
ation rate 1f,. The correlation function of the fully coopera- electric data, which shows that at these higher temperatures,
tive hopping is given by Eq5) and its relaxation timer is  there is a NCL in the GHz range.
related tory by Eq. (8) according to the coupling model.
Naturally the dynamics of ions in the crossover region, par-
ticularly at the long times, is interpreted as the gradual build

up of cooperative motion with increasing time because more ACKNOWLEDGMENTS
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