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We study the temperature-dependent diffusion of many types of metal and semimetal ions in soda-lime
glass using thermal relaxation ion spectroscopy, a technique that provides an electrical readout of thermally
activated diffusion of charge carriers driven by built-in concentration gradients and electric fields. We
measure the temperature of the onset of the motion, relevant to the long term storage of radioactive
elements. We demonstrate the unique behavior of silver in soda-lime glass, enabling a thermal battery with
rapid discharge of stored energy above a threshold temperature. We show that the Meyer-Neldel rule
applies when comparisons of temperature-dependent diffusion rates are made between related measure-
ments on one sample or between the same measurements on related samples. The results support a
thermodynamic interpretation of the Meyer-Neldel rule as an enthalpy-entropy correlation where the
Meyer-Neldel temperature (TMN) is the temperature that enables liquidlike, barrier-free motion of the ions,
with an upper limit set by the melting point of the host medium. This interpretation explains the observed
reduction in TMN by built-in electric fields in depletion layers and why the upper limit for TMN for all ions is
set by the glass transition temperature.
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Silicate glasses have been known since antiquity, with
many uses relying on the presence of dopant elements. The
dopants are usually positive ions held in sites associated
with negatively charged nonbridging oxygen atoms of the
silicate backbone. Modern applications rely on controlling
the diffusion of ions in glass, including in-glass optoelec-
tronics [1,2], device encapsulation [3,4], and long-term
storage of radioactive waste [5–8]. In these applications, a
knowledge of the temperature dependence of the mobility
and diffusivity of dopants is essential [9]. It is widely
observed that glass, polymers [10], and liquids [11] have a
diffusion rate R with Arrhenius temperature dependence:

R ¼ R0e−ΔEA=kT; ð1Þ

where k is the Boltzmann constant. The quantity ΔEA is
referred to as the activation energy of the process and the
prefactor R0 as an attempt frequency. Eyring reaction rate
theory, when applied to diffusion, proposes the existence of
a transition state having an energy barrier relative to the
initial state that must be overcome for the reaction to
proceed. The Arrhenius relation (1) follows from
Boltzmann statistics if ΔEA is considered as the value of
the energy barrier. The diffusion processes we are con-
cerned with here occur at defined pressure and temperature
conditions so that an energy difference between two

configurations (e.g., the initial state and the transition state
in Eyring theory) is correctly interpreted as a Gibbs free
energy ΔGA having enthalpic and entropic components:

ΔGA ¼ ΔHA − TΔSA ; ð2Þ
where ΔHA and ΔSA are the enthalpy and entropy
differences between the states. Such an interpretation relies
on the thermodynamic functionsG,H, and S retaining their
meanings for the nanoscale system consisting of a diffusing
ion and its surroundings. Substituting ΔGA from Eq. (2)
into Eq. (1) gives

R ¼ aeΔSA=ke−ΔHA=kT: ð3Þ

The prefactor R0 in Eq. (1) becomes aeΔSA=k, dependent on
the entropic component, where a is a constant scale factor.
When measurements are made of diffusion rate as a

function of temperature on a set of related samples with
small variations in fabrication or measurement conditions
the Meyer-Neldel rule (MNR) [12,13] is widely observed
as an enthalpy-entropy correlation:

ΔSA ¼ kbΔHA ; ð4Þ

where b is constant. The need for a better understanding of
the MNR is underlined by recent work where it has been
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proposed as a guiding principle for designing fast ionic
conductors [14]. Here, we apply the thermodynamic
interpretation of the MNR as an enthalpy-entropy correla-
tion [15] and explore its consequences for soda-lime glass.
Combining Eqs. (3) and (4) and defining a Meyer-Neldel
temperature by TMN ¼ 1=kb, the diffusion rate temperature
dependence is described by only two properties of the
sample, TMN and ΔHA:

R ¼ ae−ΔHA½ð1=kTÞ−ð1=kTMNÞ� : ð5Þ

For measurements of diffusion rate as a function of
temperature that have different ΔHA but the same TMN, the
MNR leads to an intersection point at TMN, which leads to
its alternative name, the isokinetic temperature. Dienes [16]
gave a simple thermodynamic argument that relates TMN to
the local melting or disordering temperature where the
rapid movement of the diffusing species occurs without a
Gibbs free energy barrier. From Eq. (2), the Gibbs free
energy barrier vanishes when the entropic contribution
cancels the enthalpic contribution at TMN so that

ΔHA ¼ TMNΔSA: ð6Þ

We now explore whether the hypothesis of Dienes could
help explain the MNR correlation by giving meaning to
TMN for ion diffusion in soda-lime glass. A consequence of
Dienes’ hypothesis is that the value of TMN should be
related to the glass transition temperature, defined as the
temperature above which the movement (in thermal equi-
librium) of a diffusing ion to a new site is more probable
than its return to its original site. Thermodynamics then
asserts that the Gibbs free energy of the initial and
transition states should be equal as the two states coexist
at the same temperature and pressure. It is expected that an
upper limit of TMN in soda-lime glass for all diffusing ions
would be set by the glass transition or softening temper-
ature of the glass which enables dopant ions to become
mobile in a viscous medium. Tracer diffusion [17] has
revealed a sudden change in the activation energy for
sodium and calcium ion diffusion in soda-lime glass at a
temperature just below the glass transition temperature and
shows that the rate of sodium diffusion below the glass
transition temperature is 6 orders greater than for calcium
diffusion, which is in turn much greater than the diffusion
rate of the network former Si. Note that the diffusion rate in
molten glass obeys Eq. (1), but the activation energy differs
from that of the supercooled liquid (the glassy state). The
Arrhenius temperature dependence of the liquid state
contrasts with the

ffiffiffiffi
T

p
dependence of diffusion in ideal

gases, because of the presence of local order that tempo-
rarily holds diffusing atoms in liquids in a “local cage” [18].
In this Letter, the thermodynamic interpretation of the

MNR is facilitated by a convenient method for measure-
ment of the temperature dependence of ion diffusion [19].

TRIS (thermal relaxation ion spectroscopy) is related to
thermally stimulated depolarization current [20–22] for
dielectric relaxation and deep level transient spectroscopy
[23–25] for studying traps in semiconductors. Shockley
related the velocity of a charged particle drifting between
two electrodes to the current in a wire connecting the
electrodes [26]. We used thermal diffusion with electric
field assistance to insert a wide range of ions between 200
and 300 °C. A glass plate was placed between electrodes
and voltage applied during baking, causing in-diffusion of
metal ions from the anode. TRIS was then carried out by
measuring (Keithley DMM7510) the current ISC in a closed
external circuit capacitively coupled to the sample sub-
jected to a constant temperature ramp. TRIS is a useful
advance for diffusion measurements as alternative methods
(e.g., tracer diffusion [27]) are comparatively laborious.
The setup is shown in Fig. 1.
To validate the TRIS method for diffusion studies, it is

necessary to show that a single diffusion coefficient applies
in the presence of concentration gradients as well as electric
depolarization fields. When the temperature is elevated,
ions move under the joint influence of concentration
gradients and electric fields. Considering the diffusion as
a 1D problem, the flux of ions of type i, ji, is given by the
sum of terms corresponding to Fick’s law and the micro-
scopic Ohm’s law:

jiðxÞ ¼ −Di
∂Ci

∂x
þ μiCiEðxÞ ; ð7Þ

where Ci is the volume concentration of ions of type i, and
the diffusion coefficient Di is temperature dependent and
related to the drift mobility μi in an electric field EðxÞ by
the Einstein-Smoluchowski-Sutherland equation [28]:

Di ¼
μikT
q

; ð8Þ

where q is the charge. Doremus confirmed Eq. (8) applies
to ion diffusion in soda-lime glass [27]. Substituting Eq. (8)
in Eq. (7) we find the Nernst-Planck equation applies [29]:

FIG. 1. (left) ions (Ag shown) are diffused into glass with
electric field assistance using Cu plates in contact with electrodes
applied directly on the glass. In TRIS (right) the spontaneous
current is measured (arrow denotes positive) while the sample is
reheated during a temperature ramp, retaining the anode side
upward.
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jiðxÞ ¼ −Di

�
∂Ci

∂x
− q
kT

CiEðxÞ
�
: ð9Þ

This equation has been used successfully for modeling the
diffusion of ions in glass under the influence of electric
fields [30]. Writing the diffusion coefficient in the activated
form [Eq. (1)] we find for the ion flux:

jiðxÞ ¼ −Di0

�
∂Ci

∂x
− q
kT

CiEðxÞ
�
e−ΔEA=kT: ð10Þ

From Shockley, the flux of ions at x contributes an
amount qjiðxÞ to Isc which is temperature activated through
the diffusion coefficient, with the exponential activation
term multiplied by a prefactor dependent on the concen-
tration gradients and fields. The field-dependent term is
only weakly temperature dependent. Therefore, activated
behavior of the ion flux in Eq. (10) and hence the TRIS
current, should apply.
Yelon, Movaghar, and Crandall derived a multiexcitation

entropy theory for the MNR [31,32] in which the entropic
contribution is described in terms of the summation of
multiple small contributions from vibrational quanta.
Multiexcitation entropy theory has recently been applied
to diffusion in lithium solid-state electrolytes [33]. This
microscopic theory has the potential to provide a mecha-
nistic nanoscale explanation of the enthalpy-entropy
correlation.
The first example of the MNR in soda-lime glass we

discuss is a change in the activation energy of the low
voltage conductivity at 1 V, of a single sample measured at
various frequencies at a range of fixed temperatures, to
create a set of temperature dependent measurements. In this
case, the scale factor a is constant. The results [Fig. 2(a)]
show that the activation energy obeys Eq. (5) with a TMN of
480� 20 °C, comparable to, but lower than the glass
transition temperature (577 °C) [17], supporting the inter-
pretation of TMN of Dienes. The results of Fig. 2(b)
demonstrate compliance with the MNR, with the TMN of
480� 10 °C, as for Fig. 2(a).
Silver enrichment of soda-lime glass by in-diffusion is

used to create planar optical waveguides [1,2]. In a second
type of experiment, we carried out electric field assisted
diffusion of Ag by applying 200 V to silver electrodes
pasted onto a 2 mm thick soda-lime glass plate at 300 °C for
20 min, to enrich the anodic side with silver. The low
voltage conductivity of the sample was measured using
the same conditions as the undoped sample. The results
[Fig. 2(c)] obey Eq. (5) with a TMN of 450� 10 °C, in
agreement with the TMN obtained from the slope of
Fig. 2(d). This lowering of TMN relative to the undoped
sample is likely to be related to silver, since in many silver-
containing glasses the glass transition temperature is
lowered relative to the undoped glass by up to 100 °C
[34]. Alternatively, the presence of an electric field in the

sample may also lower the glass transition temperature (see
below). In either case, the results support our proposed link
between TMN and the glass transition temperature.
Ions of metals and semimetals were diffused into

soda-lime glass under the same conditions (1500 V,

FIG. 2. (a) Measured low voltage conductivity at various
frequencies for undoped soda lime glass as a function of inverse
temperature, showing an intersection at a TMN of 480� 20 °C.
(b) The attempt frequency as a function of activation energy for
(a) shows a slope corresponding to a TMN of 480� 10 °C. (c) The
low voltage conductivity as in (a) for soda-lime glass prediffused
with Ag (200 V, 300 °C, 20 min.), showing intersection at a TMN
of 450� 10 °C. (d) The attempt frequency as a function of
activation energy for (c) giving a TMN of 450� 10 °C.

FIG. 3. The current generated as a function of temperature in
TRIS for glass prediffused with various dopant ions using electric
field assistance. (a) Ag, (b) Cu, Mn, and Zn, (c) Al, Ge, Na, and
Ni, and (d) Mg and Sn. Na represents pure soda-lime glass having
the same electric field treatment prior to measurement.
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200 ∼ 240 °C, 10 min). Results (current as a function of
temperature) are shown in Fig. 3.
Table I shows the temperature range for the first

detectable diffusion for each ion. The current at this
temperature range obeys the Arrhenius equation [35].
The Mg ion begins to move at 354 °C, the highest temper-
ature of all dopants, while the lowest temperature is shown
by Al and Ag. The activation energy (activation enthalpy)
covers a range of almost 2 eV while the attempt frequency
covers 14 orders of magnitude because of the Meyer-Neldel
correlation. We attribute the large variations in activation
energy to the wide range of different dopant sizes and
chemistries. When the enthalpy difference between the
initial and final states (the heat released when the ion
moves from the transition to the final state) changes, the
attempt frequency also changes exponentially due to the
Meyer-Neldel enthalpy-entropy correlation.
The Meyer-Neldel plot in Fig. 4 shows that the ratio

of attempt frequency to activation energy for all ions is
distributed around a single line with a TMN of 393� 50 °C.

This TMN is lower than the temperature obtained for Ag
doped and undoped soda-lime glass from Fig. 2 and may be
attributed to dopant metals lowering the glass transition
temperature, and to the presence of electric fields known to
induce softening in soda-lime glass [40]. All samples with
prior electric field application showed lower TMN than
as-received soda-lime glass (Fig. 2).
The depletion layers formed by the electric field appli-

cation are filled by ions during TRIS. Above TMN, ion
motion continues in a barrier-free manner limited by
viscosity and varies from one ion to another [35]. Some
ions (e.g., Ag) show a decreasing current while others (e.g.,
Mg, Sn, Ni) show a current still increasing up to 600 °C.
The Ag-doped sample was exceptional in generating the

largest TRIS current. To examine the mechanism, the
distribution of silver and sodium are shown in cross section
in Figs. 5(a) and 5(b), obtained using energy dispersive
analysis of x rays in a scanning electron microscope

TABLE I. The temperature range in celsius for the onset of ion diffusion determined from TRIS for the various dopants shown in
Fig. 3. The activation energy ΔEA and attempt frequency R0 of Eq. (1) for each ion species and the correlation coefficient R2 from the
activation plots [35] are also shown. Na refers to undoped soda-lime glass.

Element Na Ag Al Cu Ge Mg Mn Ni Sn Zn

Temp range (°C) 194–232 182–370 154–221 301–381 272–323 354–446 300–402 323–417 319–360 287–356
ΔEA (eV) 0.51 0.99 0.30 1.92 2.24 1.25 1.58 0.44 1.16 1.71
R0 (Hz) 3.3 × 105 3.7 × 109 2766.8 3.6 × 1015 3.5 × 1018 3.0 × 1018 8.8 × 1012 13351 1.0 × 108 1.1 × 1014

R2 0.9949 0.999 0.9965 0.9962 0.9945 0.9541 0.9968 0.9979 0.9841 0.9962

FIG. 4. Meyer-Neldel plot of attempt frequency against acti-
vation energy for soda-lime glass pre-diffused with Ag, Al, Cu,
Ge, Mg, Mn, Ni, Sn, and Zn ions using electric field assistance.
Undoped soda-lime glass subjected to an electric field prior to
measurement is also shown for reference. The fitted line provides
a TMN of 393� 50 °C.

FIG. 5. (a) The distribution of Na, Ag, and their sum (Naþ Ag)
in soda-lime glass diffused with Ag using 200 V dc for 60 min.
The surface layer is strongly enriched in Ag and the subsurface is
depleted in Na. (b) After TRIS, Ag has diffused further into the
glass, Na has returned toward the surface, and the depletion layer
has been removed. (c) Discharge power as a function of time at
425 °C for an Ag glass “battery” using 2 mm thick glass with
charging times of 10 and 60 min, respectively, at 1500 V.
(d) Discharge power as in (c) for a 10 min charging time and
three different glass thicknesses.
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(Phenom XL). The silver ions entering the surface during
the charging process do not fill all the sites vacated by
sodium which moves toward the cathode, creating a
depletion layer and a built-in electric field. After discharg-
ing, Fig. 5(b) shows that both Ag and Na ions become more
evenly distributed. The sodium ions return to fill the
depletion layer, contributing to the current in the external
circuit. The inward diffusion of silver gives rise to a current
that opposes the contribution from sodium. The external
current may also have a contribution from electrons moving
inward to neutralize Ag ions into electrically neutral
nanoparticles, as previously observed [19]. Note that the
silver behavior is essential to the production of large
external currents, since all other ions only deliver small
currents [Fig. 3(c)].
A potential application of silver diffused glass is a

thermal “battery” where stored energy is delivered when
the temperature rises above a threshold. To demonstrate
power delivery, the current was discharged into a 46.9 kΩ
load at a constant temperature of 425 °C. The peak discharge
power decreased almost exponentially with time, increased
with longer charging time [Fig. 5(c)] and decreased with
increasing glass thickness [Fig. 5(d)]. The latter effect is
consistent with Shockley’s prediction [26].
The TMN values of ion diffusion in soda-lime glass from

this study are compared with some available values in the
literature for ionic conduction in glasses of all types in
Supplemental Material [35]. The MNR has been observed
in cases of solid-state diffusion in crystalline semiconduc-
tors [41,42] and metallic glasses [43–47]. For diffusion in
glassy metal alloys, TMN is smaller than for crystalline
alloys [48]. These observations, together with ours, support
the idea that the melting of the host structure places an
upper limit on the Meyer-Neldel temperature for ion
diffusion. Note that electronic “hopping” conduction in
semiconductor glasses also obeys the MNR [49].
In summary, this Letter has shown that TRIS conven-

iently measures the diffusion rate of ions introduced into
soda-lime glass and that the Meyer-Neldel rule is well
obeyed for all ions studied. Silver diffused glass has an
exceptionally large energy storage in depletion layers and
has been found to form a thermal battery. The application of
TRIS may assist the design of new types of solid-state
power source that use depletion layers and charge carrier
diffusion as well as in finding hosts for stable storage of
radioactive ions. Our findings support a classical thermo-
dynamic interpretation of the Meyer-Neldel rule, originat-
ing from Dienes. The thermodynamic theory provides a
satisfactory explanation of why the Meyer-Neldel temper-
ature of all ions falls in a range below the glass transition
temperature. The Meyer-Neldel temperature is interpreted
as the temperature where rapid, barrier-free diffusion
occurs because of local “melting” of the dopant ion
substructure with an upper limit set by the melting of
the backbone of the host medium. Further refinement of the

theory will require the derivation of the enthalpy-entropy
correlation from the atomic scale dynamics.
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