PHYSICAL REVIEW B 69, 134303 (2004

Correlation between ion hopping conductivity and near constant loss in ionic conductors
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For ionic conductivity relaxation in ionically conducting materials we predict in the framework of the
coupling model that the magnitude of the ubiquitous near constant loss correlates with the activatiofegnergy
for independent ion hopping. Using experimental data of a variety of ionic conductors, this correlation has been
borne out. The model also explains the observed correlation between the magnitude of the near constant loss
and the value of the dc conductivity at room temperature, as well as the temperature dependence for the near
constant loss.
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Due to their technological importance in state-of-the-arttivation energyE, . Alternatively, in terms of the electric
batteries, sensors, and other devices, there is an increasinmgpdulust* the ion hopping ac conductivity is also well de-
research activity on ion-conducting materials during lastscribed by the one-sided Fourier transform,
decaded:? The challenge is to clarify the mechanism that
limits the mobility of ions and consequently break new

grounds for practical applications. Therefore, efforts have M*(w)zlwi:M’JrjM”

been focused on the dynamics of ionic hopping transport at Uﬁop(w)

low frequencies and near room temperatift@nly recently, .

the ac conductivity of ionic conductors at high frequencies =M., 1_f dtexg —jwt)(—dd/dt) |, (3)
and low temperatures has attracted the attention of workers 0

in the field>~® A ubiquitous nearly linear frequency depen-

dent termo’ (w)~Ae,w'™ ¢ with « almost zero an@, the  of the time derivative of a stretched exponential function
permittivity of a vacuum, becomes the dominant contribution® (t)=exd —(t/7)* "] with rwwgl Experimental evi-

in the ac conductivity at sufficiently high frequencies or low dences indicate that the stretched exponential time depen-

enough temperatures. This term is equivalent to a nearly fredence is caused by ion-ion correlatithand therefore

quency independent dielectric loss, ohop(®@) is @ cooperative ion hopping contribution.
, , W On the other hand, experimental facts point to a different
g'(w)=0"(w)/lg;0~Aw ", 1) origin for the NCL? It has been proposed that a distribution

and naturally this contribution is known as the near constan®f @ymmetric double-well potentials attributed to the motion
loss (NCL).% The properties of the NCL are lesser known Of groups of ion can give Jise to a NCL. There are also
compared with the dc conductivity at room temperature indifférent theoretical modet&* that propose no formal sepa-
ionic conductors, and, at present there is an ongoing debaf@tion between the Jonscher term and the NCL. Recently, we
on the origin of the NCL&1% On the other hand, it was have glveg a description of the evolution of ion dynamics
pointed out that superionic conductors, characterized by theith tlme1§9based on the coupling modéCM) for ionic
exceptional high dc conductivity at room temperature, showFonductors.” The NCL is identified with the dynamics of
also the highest values of the near constant loss at lopnS in the short-time regime when the probability of inde-
temperature®.We show in this work that there exists a Pendent hop of the ions out of their potential wells is sriall,
strong correlation, for a variety of ionic conductors, betweerfNd all ions essentially are still caged. This work presents
the magnitude of the NCL observed at low temperatures ang*Perimental evidence in support of this origin of the NCL.
the dc conductivity and its activation energy at room-Firstwe derive from our model of NCL an expression for the
temperature. Therefore, understanding the origin of the NCIlémperature dependence of its magnitude. From this expres-

also may help to improve the understanding of the dynamic§i°”' a reciprocal correlation is.expected betyveen the ma_gni-
of ionic conductivity and the factors limiting the room- tude of the NCL and the activation energy of independent ion

temperature dc conductivity in ionic conductdfs. hop given by the CM, which is confirmed by experimental
The NCL appears at higher frequencies than the ion hopdata of a variety of ionic conduqtors. A correlation is also
ping ac conductivity,a,(w). The latter is assumed by shown to _hold b_etw_een the magr_utude of the NCL and the dc
some workers to be represented by the Jonscher exprissiofonductivity activation energy. Finally, the explicit tempera-
ture dependence of the NCL derived from the model is also
U;Op(w):%[lﬂjw/wp)m], ) found to Qescribe \{vellithe experimentql data. o
In previous applications of the coupling motfefor ionic
wheren; is a fractional exponentr, is the dc conductivity, conductors, we considered that all the mobile ions are ready
andw, a characteristic relaxation frequency. Bothandw,  to independently hop to neighboring sites with a relaxation
are found to be thermally activated with about the same acrate 7, * except that interactions and correlations make all
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the attempting ions’ success impossible. On the average thehereN is the density of mobile iongy the ion charge, and
result is a slowed-down cooperative motion of all the ionsk the Boltzmann constant. For a slowly varying mean-square
with heterogeneous dynamics. The correlation function atlisplacement of the forn(1r2(t)>oct“ with o small, Eq.(6)
short times is the linear exponentidi(t) =exp(-t/7,) for gives U'(w)mwl—a and " (w)*xw~ “ or the NCL. In the
independent hops, and changed aftett; to the stretched |imiting case of a logarithmic time dependencg?(t))

exponential functiond (t)=exi —(t/n)' "] which accounts «|nt, the dielectric loss"(w) would be frequency indepen-
for the average of the heterogeneous slowed down motionggnt.

of the ions. The relation betweenand 7, is given by Since there are very few ionic jumps, no cooperative dy-
) namics are involved. At sufficiently short times, when most
T=[t¢ "7o] : (4 of the ions are still being caged, the successful jumps out of

] ] the cages are independent of each other because there are
where t.~2 ps, has been determined previously fromyery few such events and therefore no cooperative dynamics
experiment$:?°?1For vibrating ions to come out by thermal are involved. The independent ion jump has ragé At
activation over an energy barriér,, the independent relax- times much shorter thar, , successful hops of ions out of

e e T GEPora! e cages ar rare and e, nbetween. Herce te decy o
Iowsmfrom Eq.(4) that the cages or the increase @f(t)) with time has to be very
slow, resulting in the NCL. Naturally the NCL defined as
such is a very slow relaxation process and can exist in the
time regimet<< 7y where the increase of the number of suc-
) ) cessful hops of ions out of their cages over decades of time is
As an extension of the CM, it has been recentlyjsignificant. The NCL terminates at some tirhg, when
showrt® that the NCL originates during the time regime afterwards the successive independent ion hops have become
where most ions remain caged and independent hops are rg{g; e significant and lead to a more rapid increasg 8ft) )
events. Molecular dynamics simulations in this time regime ity time beyont,,, which can no longer justify the NCL
show that the mean-square displacement of i4n&(t)), 5 continue. Stillt,; has to be much smaller than because
increases very slowly with time and in fact there are negli-, s the characteristic time for the ions to leave their cages.
gible independent hops from the van Hove .funcﬁémt Therefore, only at times much shorter thag will ionic
sufficiently short times/low temperatures, few ions have SUCumps be rare events, the increase/id(t)) with time very

ceeded to move away from their original sites, although theq, and resulting in the NCL. This in fact has been recently
number increases with time albeit very slowly. A NCL then ¢p.vn to be the case in several ionic condudtdny experi-

originates from very slow decay of the correlation function o) data obtained over broad frequency ranges that allow
of the cage with time, which ultimately is due to those fewt , and , to be determined. Thus, NCL exists in the short-
ions that have succeeded to hop out of their cages to neigl?lfme regime,ty <t<t,<r wher’et is the onset time
boring sites over decades of time in this short-time regime ¢ .0 "NCL. Olgxperiélenta(l)l, data e;t%nding to very high

In ggne_ral,_the cage or the potentie_ll well that confines qrequencies show that the NCL continues to exist up to
mobile ion is determined by the matrix atoms and the othe bout 101 Hz, from which we deduce that,, is of the
) n

moblle_ ions. Th|§ fact is evident from the. form.of typical Jier in between 10 and 1012s. The probability of
potentials used in molecular-dynamics simulatiéhg.he ion to have jumped out of its cage at timyg, given by
cage is not permanent and it changes or decays because of[aé]t_ exp(—ty/m)], is small. It has the same {/alue for all
least two reasons. First, the spatial relation with the immo- xS ‘

bile matrix atoms can change with time as suggested by th’gemperatures as required by the same convention used to
broadening of the first peak of the van Hove function with etermine that the NCL terminatestgy. Hencet,, has the

LY . ) ; same temperature dependence ag, i.e., t(T)
time.~“ Second, other ions may be leaving their cages and thgtwexpCEa/k'D, a result supported by experimental data.

probability of them doing so increases with time as can be . - ; .

. . . . =7 We can now derive an explicit expression for the magni-
seen from the development of intensity at neighboring NI~ de of the NCL. Aaain from the definition of,, the mean-
tially vacant sites of the van Hove function with time. If the - A9 b

. 2 .
cage decay is a sufficiently slow function of time, the corre->44are (_1|splaceme|(1t (tx1))nce corresponding to the NCL
L 2 : regime increases by the same small amount in the period
sponding increase dir“(t)) is also very slow. Such a slow to<t<tu(T) at all temperatures, ie.(r2(t,y))
increase ofr?(t)) with time is equivalent to a NCL if the °" X1 P oo A xAJ/NCL

particle is charged like ions in ionic conductors, and the%K[lne(tﬂ)_lneaO”)] s temperature independent. However,

quantity measured is dielectric loss due to conductivity re_becausetxl is thermally activated, this same increase of

: : : - (r?(t,1))ncL is spread over a number of decades of time
laxation. This result can be seen from the following approxi iven by [In.(t,y)~Ing(t,)]/2.303. Therefore, the factdt in

mate (neglecting cross correlations and that the Haven rati ! ¢ ¢ th displ ¢
is not unity relation between mean-square displacement and 5 expression - for € mean-square ISplacemen
r“(ty1))ncL IS inversely proportional to Ut,, /t,n). From

complex conductivity: this and Eq.(6), we deduce that the intensity of the NCL

measured byA in Eqg. (1) is inversely proportional to

N 2 o . . . .
U*(w):_wz%fo (r2(t))e-ietdt, (6) E(lagt)ilc?ﬁ(txlltorg and then given by the proportionality

E,=(1-n)E,. 5
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FIG. 2. Main figure shows the correlation between the magni-
tudeA of the NCL atT=100 K and the activation enerdy, of the
dc conductivity. Symbols are the same used in Fig. 1. References
from which the experimental data are taken are given in Table I.
The inset shows same NCL data vs the dc conductivity at room
temperature. Lines are guides for the eye.

FIG. 1. A remarkable correlation is observed when plotting the
magnitudesA of the NCL atT=100 K vs the activation enerdy,
for a variety of ionic conductors. The reference from which the
experimental data are taken is given in Table 1,Q43B,0;
(+), N&O-3B,0s (*), K20-3B,0; (4),Rb,0-3B,0; (V),
LiPO; (A), 35Li,0-61SiQ-3Al,03-P,05 (O), Ligid-a961TiI03
(X), (Zr02)0.84Y203)0.16 (), Na,0-3SiG, (0), L o
(Ag) 0.5 (AGPOy) 07 (B>), (Ag12) 045 (AG>5€Q) 052 (O ), versus the activation enerdy, of the dc conductivity, show-

NaBAI,0s (¥), (Li»S)ss(SiS)ou (®), (AgS)s(GeS)ys NG thata strong correlation indeed exists between both mag-
(A), Ag,GeSel(®), (LiF)odAl(POs]3)0, (M), xK,O-(1 nitudes. This correlation is noteworthy because completely

-X)GeO, (x=0.2) at T=381K (), xK,0-(1-x)GeQ, (x  different time and spatial scales are involved in dc conduc-
=0.02) atT=367 K (X), xK,0-(1-x)GeQ, (x=0.0023) atT tivity and the NCL. While the dc conductivity is related to
=374 K (B). Solid line represents an inversely proportional rela- charge transport over long range at long times, the NCL ob-
tion as derived from the model for the NCtee Eq(7) in the texd. served at high frequencies in the ac conductivity originates
Dashed line represents a fit to E@) for the family of alkali tribo- ~ from motion while the ions are still caged. The inset shows a
rate glasses. The inset shows that the smaller the valiig pthe  correlation is also observed betwe&rand the logarithm of
smaller the activation energg, for the dc conductivity for the set the dc conductivitiesr, at room temperature. Sinag,(T)

of ionic conductors shown in the main panel. = o..exp(—E,/kT), and the prefactow, takes not too differ-
ent values in all ionic conductors, the rule that higherEhe
smaller the dc conductivity at room temperature is usually
obeyed. Therefore, the correlation observed betw&emd

the dc conductivities at room temperature can be considered

with TO:.Ea/k |n9(t°'?/t°°)' . . simply to follow from the correlation betweehandE, de-
Equation(7) predicts then an approximate reciprocal COr- quced from Eq(7).

relation between the magnitudeof the NCL and the acti-
vation energyE, for independent ion hopping. Figure 1
shows the remarkable agreement between experimental data

1 -1
AocE—[l—(T/TO)] (7)

3,0

for a variety of ionic conductors and the reciprocal correla- 2,51
tion predicted by the model. The solid line in the figure rep- 2.0
resents an exact inversely proportional relation. It is indeed

noteworthy that such a correlation holds considering there . 1,51
are other factors which affect the magnitude of the N&te “1.04
Eq. (6)] and have not been taken into consideration in Fig. 1. >

In fact, the different ion jump distances and the different 2 059
densities of mobile ions of the different ionically conducting 0,0

materials might be responsible for the deviations observed
from a perfect correlation. The question arises if the correla-
tion still holds when considering the activation enekgyfor -1,0

the dc conductivity instead d&, . It has been shown in the 0
past>?® for different families of ionic conductors, that

smaller activation energf, corresponds to smalléE,.  giG. 3. Temperature dependence of the dielectric id¢®) at
This correlation is shown in the inset of Fig. 1 for the ionic fixed frequencies for lsizdag 6:TiIO5. Experimental data are shown
conductors considered in this work. From this empirical re-or different frequencief300 Hz (x), 1 kHz (¢ ), 3 kHz (V), 10
lation betweenE, and E,, and the correlation that holds kHz (A) and 30 kHz ()]. At low temperatures, data are almost
betweenA andE,, we expect also a correlation betwe&n frequency independent’(w)~A, showing a NCL behavior. Solid
andE,. The magnitudeA of the NCL is plotted in Fig. 2 circles are a fit to Eq(7) (see texkt
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TABLE |. Activation energiesE,=(1—n)E,, for the ionic conductors shown in Fig. B, and (1—n)
were obtained from electrical conductivity measurements at temperatures where ionic hopping is the domi-
nant contribution to the ac conductivifgee Eqs(2) and (3)].

E, (eV) (1—n) E, (eV) References
Li,O-3B,04 0.49 0.58 0.84 24,25
Na,0-3B,0; 0.56 0.62 0.90 24,25
K,0-3B,0, 0.60 0.66 0.91 24,25
Rb,0-3B,04 0.70 0.71 0.99 24,25
LiPO, 0.24 0.35 0.68 26
35Li,0-61SiQ,— 3Al,05-P,0x 0.27 0.45 0.60 8,27
Lig 1d-80,61TiIO3 0.17 0.45 0.38 8
(Zr0,)0.84 Y 203) 0.16 0.63 0.54 1.40 9,20
Na,0-3Si0, 0.36 0.55 0.66 9,28
(Ag)) o 7(AgPOy) 07 0.18 0.54 0.34 9
(Agl,) 045 (A2S€Q) 0 52 0.15 0.45 0.34 9
Na-BAl,0O, 0.07 0.5 0.14 9
(Li5S)0.56(SiS) 044 0.17 0.48 0.35 9
(AQ2S)05(GeS) s 0.15 0.45 0.34 18
Ag,GeSel 0.12 0.48 0.24 18,29
(LiF) o g[AI(PO3) 3]0 2 0.26 0.44 0.60 18
xK,0-(1-x)GeQ, (x=0.2) 0.43 0.54 0.79 7
xK,0-(1—x)GeO, (x=0.02) 1.19 0.89 1.34 7
xK,0-(1—x)GeO, (x=0.0023) 1.40 0.93 1.50 7

The systematic decrease of the NCL observed in the famperatures, where ionic hopping is the dominant contribution
ily of alkali triborate glasses when changing the alkali ionto the ac conductivity. The fit to Eq7), deduced from the
from lithium to rubidium had been reported as a mass depersoupling model, describes accurately the temperature depen-
dence of the NCI?* From the present perspective, such adence of the NCL observed in experimental data.
decrease in the NCL when increasing the mass of the alkali In summary, we have theoretically predicted a correlation
ion follows as a consequence of the more basic correlatioRétween the magnitudé of the NCL and the activation en-
betweenA andE,, and arises from the increase®f when  €rgy E, of independent hops from the coupling model. This
increasing the mass of the alkali ion in the alkali triborateCorrelation is confirmed by experimental data of a variety of
glasses. This predicted correlation betwdeand E, is ap- ionic conductors. We have _also shovyn from experimental
proximately verified in the family of the alkali triborate dat@ thatA also correlates with the activation energy of
glasses as shown by the dashed line in Fig. 1. the dc conductivity, which can be explained readily as a con-

Finally, by inspection of Eq(7), it is easy to see that the sequence of the predicted correlationfofvith E, . In addi-

commonly observed weak temperature dependence of th'?on, the model predicts explicit temperature dependence for

. ) . o fie NCL, which is shown to be in good agreement with the
NCL is also captured by our interpretation of the origin of o5 temperature dependence of experimental data. Our re-
the NCL. As an example, the temperature dependence of thﬁllts give thus additional support to the idea that the NCL

NCL of the crystalline ionic conductor big-ag1T1Os is originates from the slow decay of the cages during the time

shown in Fig. 3 in the temperature range from 200 K down.regime while most of the ions remain caged and independent
to 8 K. It can be observed that, at low temperatures, experi

Ld h . CL behavigh o)~ h jumps are rare events. Nonetheless, we point out that there
mental data show a genuine N L be avio (w)~A. The are also other different contributions that can give rise to
NCL in Ligd.a0¢TiO3, like in most ionic conductors,

NCL’ and may be relevant in data obtained under different

shows a weak temperature dependence which can be agsngitions (especially at lower temperatujethan that for
proximately described byAxexp@T). It is worthwhile t0 o gata considered in this work.

emphasize that no previous consideration of the NCL by oth-

ers has explained such temperature dependence. Solid circlesC.L. and A.R. thank J. Santamaria for fruitful discussions.
in Fig. 3 are a fit to Eq(7). The activation energ¥, was  Financial support from CICYT Grant No. MAT2001-3713-
fixed at the value calculated bl,=(1—n)E,=0.17 eV  CO04 is acknowledged. The work performed at NRL was sup-
(see Table)lfrom conductivity measurements at higher tem-ported by ONR.
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