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Heterogeneous and Homogeneous Diffusivity in an Ion-Conducting Glass
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The nature of ion diffusivity in the vitreous conductor2Ca�NO3�2 ? 3KNO3 (CKN) was studied
by nonresonant dielectric hole burning. Spectral holes in the electric field relaxation are p
subsequent to a high electric sinusoidal burn field. For sufficiently high pump frequencies w
able to induce spectrally selective modifications in the relaxation of the electric modulus, indic
that ionic diffusivity is a spatially varying quantity in glassy CKN. Homogeneous behavior occu
the regime of low pump frequencies, in which the resistivity approaches its steady state value.
longer-ranged ionic motions lead to a spatial averaging over the heterogeneity of local ion diffusi

PACS numbers: 66.30.Hs, 64.70.Pf, 77.22.Gm
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The nature of nonexponential relaxation dynamics
supercooled liquids and ionic glass formers is investiga
in view of fundamental as well as technological aspe
While above the glass transition temperature,T . Tg, the
focus is mainly on understanding structural relaxatio
and their relation to the vitrification process [1]; amo
phous ion conductors are also studied belowTg, because
of their potential applications in charge storage devi
based on solid state ionic materials [2]. Moreover, rec
experimental and theoretical efforts have revealed
the relaxation dynamics of noncrystalline materials c
be turned into a sensitive diagnostic of their nanohete
geneity [3–7]. One important consequence of the e
tence of heterogeneity as regards to dynamical prope
is that slow and fast relaxation processes coexist, i.e.
relaxation time is a spatially varying quantity. Recent e
periments on various glass formers indeed confirm th
is possible to select slow (or otherwise distinguishab
subensembles [1,8–10]. They also show that these
erogeneities fluctuate in time rather than being of st
origin. This means that a selected subensemble beco
dynamically indistinguishable from the ensemble aver
after some finite reequilibration time.

In all previous selection experiments carried out n
but aboveTg, the heterogeneity of rotational degrees
freedom has been assessed [1,3,8]. On the other h
translational motions are of interest when dealing w
ionic diffusivity. Numerous concepts were put forward
an attempt to rationalize the ion dynamics in vitreous c
ductors [11,12], whereas the nature of nonexponentia
dispersive electrical responses is yet to be clarified.
these substances, long-ranged ion-ion correlations m
ated by Coulomb interactions can be expected to yield
effective averaging over structural inhomogeneities [1
Moynihan concluded from a kinetic model that such
averaging occurs predominantly in fast ion conducto
characterized by a large decoupling between ionic
structural degrees of freedom [14]. Other well investiga
compounds, like the vitreous ion conductor2Ca�NO3�2 ?

3KNO3 (CKN), are characterized by an intermediate e
0031-9007�99�83(21)�4337(4)$15.00
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tent of decoupling [15,16]. For this latter case, Moynih
suggested that the electrical field relaxation should la
an effective averaging and therefore exhibit heterogene
ion dynamics [14]. This experimental work examines t
nature of ion dynamics in CKN, homogeneous versus h
erogeneous, thereby addressing one aspect of the a
mentioned model. To this end we study the model gla
former CKN using nonresonant hole burning (NHB) [8
modified to be directly sensitive to the electrical field r
laxationM�t�. NHB, a pump and probe method, is bas
on a frequency selective input of energy provided duri
a high-voltage burn process. From our measurements
ried out belowTg � 333 K [17,18] we find that a selection
of dynamical subensembles is possible, implying that h
erogeneity contributes to the nonexponential characte
the ion conduction in CKN. However, this statement hol
true only as long as the mean square displacements o
mobile ions do not exceed the length scale of these het
geneities, which are presumably of structural origin.

Vitreous CKN specimens were prepared as descri
elsewhere [19]. The25 mm thick samples were inves
tigated in a spring-loaded, vacuum sealed Invar/sapp
capacitor assembly. For the filled capacitor we det
mined ´` ? Cgeo � 220 pF yielding ´` � 6.5 in accord
with previous results [18]. The voltageUc�t� across the
CKN sample was measured under constant charge c
ditions for times1023 , t , 102 s, which then corre-
sponds to the electrical modulusM�t��M` [19]. M` �
´21

` denotes the electrical modulus in the high-frequen
limit, t ! 0. The time dependence of the electrical rela
ation as measured atT � 300 K is shown in Fig. 1. It
can be described using a stretched exponential functio

M�t��M` � A exp�2�t�t�b� . (1)

For T � 300 K we find t � 1.89 s, b � 0.79, andA �
0.983 in good agreement with previous measureme
[18,19]. The prefactorA , 1 accounts for the well-
known high-frequency deviations from the stretched e
ponential pattern [18,19].
© 1999 The American Physical Society 4337
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FIG. 1. (a) Time dependent electric field relaxation, M�t��
M`, of CKN recorded at T � 300 K. Symbols refer to ex-
perimental data; the solid line is a stretched exponential fit
with t � 1.89 s and b � 0.79. Panels (b) and (c) show dif-
ference curves DM�t� � �M�t� 2 M��t���M` obtained using
pump fields of Eb � 96 kV�cm and various pump frequencies
V as indicated in the order from upper to lower curve. The
solid lines in (c) correspond to homogeneous modifications,
Mhom�t�, calculated according to Eq. (4) using Dt � 107, 67,
and 42 mK.

Application of one cycle of a sinusoidal burn voltage,
Ubsin�Vt� yields modified response functions, M��t��M`,
using the following technique. Subsequent to the burn
cycle and a waiting period, tw � 1023 s, the capacitor was
charged to a small voltage �jUc�0�j � 4 V� and imme-
diately (#400 ms) insulated from the source by a high-
impedance relay. This procedure creates a step in the
dielectric displacement which, due to the high resistance
(1015 V) of the detection circuit, remains essentially con-
stant during the detection time. For the measurements of
M� we used the phase cycle described previously [8].

At a sample temperature of T � 300 K (constant within
65 mK for about 106 s) we carried out NHB experiments
at 14 pump frequencies, 6.3 3 1023 # V # 63 s21 and
five different burn voltages, 100 # Ub # 240 V, equiva-
lent to burn fields 40 # Eb # 96 kV�cm. Between the
measurements the sample was kept under zero field for
periods of 103 s (¿t) in order to allow for a complete
reequilibration. In Fig. 2 we show time constants t [from
M�t�] and t� [from M��t�] collected in the course of
about 7 3 104 s. Three features are observed in this plot.
(i) Pumping decreases the modulus relaxation time, t� , t,
4338
FIG. 2. Closed symbols: Time constants t� at which the
response M��t�, modified by pumping with Eb � 96 kV�cm,
has decayed to M`�e as a function of pump frequency V.
Open symbols: Time constants t from the equilibrium
responses, recorded before (�) and after (�); the pump
sequence agrees within experimental error. Measurements
appearing on the right-hand side of the diagram were taken
first. The top axis shows how much later subsequent data
were taken.

to an extent which depends on V. The maximum hole
burning effects (near V � 0.5 s21) are only 0.005 decades
and thus very small. (ii) The values of log10�t�s� mea-
sured before and after the pump cycle coincide within
8.5 3 1024, indicating that hole burning does not lead to
irreversible changes in the relaxation behavior. (iii) The
equilibrium relaxation times t show a systematic increase.
This latter effect can be assigned to physical aging by not-
ing that subsequent to cooling down the freshly prepared
sample and stabilizing it at 300 K for 134 h, the measure-
ments at the highest V were taken first. The approximate
time increments texp at which later data have been acquired
can be read off from the top axis of Fig. 2.

A detailed view of the changes induced by the pump
process is shown in Figs. 1(b) and 1(c) as the difference
between equilibrium and modified responses,

DM�t� � �M�t� 2 M��t���M` . (2)

Pumping at a sufficiently large frequency [cf. the V �
63 s21 curve in Fig. 1(b)] does not alter the relaxation
function. A decrease of V leads to difference spectra,
DM�t�, which are characterized by an increase of both
their peak amplitude, DMm, and their peak position, tm.
The fact that pumping at frequencies in excess of Vc �
3 s21 [Fig. 1(b)] results in V dependent positions of the
“holes” DM�t� implies a frequency selective modification
of the conductivity response. This constitutes a clear
indication of heterogeneous ion dynamics, such that a
spatial distribution of diffusivities has to be involved
in the nonexponential nature of the electrical behavior
[8,20]. However, for V # Vc [Fig. 1(c)] the situation
changes: Here, DMm decreases with V and tm remains
close to the time constant, t, of the equilibrium M�t�
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curve. An even better impression of the existence of two
different regimes can be gained from Fig. 3, in which we
plot DMm as well as tm as a function of V.

The tm�V� results of Fig. 3(a), obtained for various
pump fields Eb , demonstrate the good reproducibility of
the measured effects. For V $ Vc we find tm ~ V2a

with a � 0.5 6 0.1. NHB experiments on other materi-
als have shown that a � 1 is characteristic of practically
flat relaxation time distributions [20]. The exponent a

observed for CKN is much smaller, consistent with the
narrower distribution as characterized by b � 0.79. As
in previous studies [8,20] the hole depth, DMm, varies as
E2

b . More importantly, Fig. 3(b) reveals that in the het-
erogeneous regime DMm is proportional to the dielectric
loss ´00 of CKN [18]. This means that for high enough
frequencies (V $ Vc), the depths of the holes are linear
in the absorbed energy Q ~ ´00�V�E2

b .
Without going into further details, we note that the holes

burned in the frequency range 0.02 # V # 3.5 s21 refill
with a time constant of 1�V. By varying the waiting time,
tw , between burn cycle and detection, this fading has been
measured in terms of DMm with the result of DMm�tw� ~

exp�2Vtw�. The concomitant peak positions, tm, do not
change significantly as a function of tw .

In order to see why the behavior of DM�t� changes near
Vc, it is instructive to compare in Fig. 3(a) tm�V� with the

FIG. 3. (a) Solid symbols reflect experimental results for the
peak position, tm, of DM�t� as a function of log10�V�s21�
for various pump fields, 40 # Eb # 96 kV�cm. The dashed
line represents a power law tm ~ V20.5, the horizontal line
indicates tm � t � 1.89 s. The open symbols show the time
dependent resistivity r�t� as calculated from the M�t� data. (b)
Experimental results for the peak amplitudes, DMm � DM�tm�,
as a function of log10�V�s21� for Eb # 80 kV�cm. The ´00

curve outlines the dispersive component of the dielectric loss
[18], whose high-frequency wing shows good agreement with
the V dependence of the amplitude DMm.
resistivity r�t� [19] of CKN,

r�t� �
1
´0

Z t

0
M�t0� dt0. (3)

Near the time given by 1�Vc, it is seen that r�t� changes
from dispersive short-time behavior to steady state Ohmic
transport. The interpretation which is suggested by this
coincidence is that for low V, i.e., for long enough times,
the ions have traveled a sufficient distance along their
conductivity pathway in order to allow for an effective
spatial averaging over a representative set of local environ-
ments. On this long time scale, selective modifications are
impossible and the dynamics are bound to appear homo-
geneous rather than heterogeneous. In this homogeneous
regime, V # Vc, the modified response M��t� is expected
to be shifted uniformly along the logarithmic time axis with
t� , t, analogous to a slight increase in an effective tem-
perature [8]. Thus, in order for our interpretation to be
valid for V # Vc, the difference signal, DM�t�, should
be proportional to the derivative, ≠M�t��≠ log10�t�s�. This
derivative displays a (V invariant) peak at times at which
M�t� has decayed to 1�e of its initial value M`, thus ex-
plaining the observation of a constant tm made in Fig. 3
for V # Vc. The solid lines in Fig. 1(c) represent such
derivative curves, DMhom�t�, and are seen to be in excel-
lent agreement with our data.

For a more quantitative analysis of DM�t� at V # Vc

we note that the conductivity relaxation time of CKN in
its glassy state obeys the Arrhenius law, t � t0 exp�B�T �,
here with B � 4980 K. Use of ≠log10�t�s��≠T � 2B�T2

allows one to transform a change in relaxation time to an
effective temperature change, as done in Fig. 2. Along
these lines, a certain DT translates into a predicted “ho-
mogeneous” difference signal,

DMhom�t� � 2
B ? DT

T2

≠M�t, T ��M`

≠log10�t�s�
. (4)

Since our experiments are conducted under isothermal
conditions, the coefficient DT refers to a shift in “fi ctive”
or “structural” temperature [21]. The lines in Fig. 1(c)
are fits using Eq. (4) with DT as the adjustable parameter.
The maximum DT that we find is about 100 mK, ob-
served for Eb � 96 kV�cm and V � 0.63 s21. The en-
ergy per volume absorbed in one pump cycle is given by
Q � p´0´00�V�E2

b , which in our case is Q � 3 mJ�cm3.
This yields a shift DT � Q�Dcp of the effective tempera-
ture if the specific heat capacity, Dcp , associated with the
excitation of the mobile ions is known. This heat ca-
pacity can be expected to be smaller than the step DCp

associated with the structural relaxation appearing in the
glass transformation range. With DCp � 1.2 J��K cm3�
for CKN near Tg [17], it turns out that the observed
DT � 100 mK is compatible with a ratio Dcp�DCp of
order 1022. Although the relevant heat capacity con-
tribution Dcp has not yet been determined for CKN,
4339
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Dcp ø DCp has similarly been found for several other
ion-conducting glasses [22].

In recent years, dynamic heterogeneity has been recog-
nized as the dominant origin of nonexponential orienta-
tional correlation functions in supercooled liquids, where
the local time constants are assumed to fluctuate on the
time scale of the structural relaxation. From our NHB re-
sults on glassy CKN for V $ Vc, we conclude that trans-
lational ion motion is also subject to heterogeneities. In
this case spatial variations associated with the structure can
safely be assumed static, because at T � 300 K the relaxa-
tion time of the CKN structure is orders of magnitude
longer than that of its electrical response. The present ex-
perimental evidence of heterogeneous electrical relaxation
is consistent with a recent prediction concerning intermedi-
ately decoupled ion conductors like CKN [14]. However, a
more complete assessment of the underlying model [14] re-
quires analogous experiments on fast or highly decoupled
ionic conductors (like NaO2 ? 3SiO2) in order to confirm
or contradict the existence of a correlation between the de-
coupling ratio and the degree of heterogeneity.

To summarize, we were able to induce spectral holes
in the conductivity response of the glassy ionic conductor
CKN, demonstrating that spectrally selective techniques,
which previously have been used only to study rotational
motions, can be applied successfully to the investigation of
translational degrees of freedom, as well. More impor-
tantly, our results from nonresonant hole burning provide
evidence that a spatial distribution of diffusivities governs
the dispersive regime of conductivity relaxation. Spatial
averaging over the local electrical relaxations is observed
via a crossover from the heterogeneous to the homoge-
neous regime at a frequency Vc which coincides with that
characterizing the transition from dispersive (ac) to steady
state (dc) conductivity (or likewise resistivity). Because
the mean square displacement of the ions is a function of
the burn frequency V, the value of Vc indicates where the
average ion displacement has reached the characteristic
length scale of the heterogeneities seen at V $ Vc. Refer-
ring to the observations in the low-frequency range, it is
also gratifying to note that the NHB technique is found cap-
able of identifying dynamic homogeneity and quantifying
the subtle changes in fictive temperature induced by the
burn process.
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