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ANALYSIS OF HYDROGEN-DOPED LITHIUM NITRIDE ADMITTANCE DATA

J. Ross MACDONALD
Department of Physics and Astronomy, University of North Carolina,
Chapel Hill, NC 27514, USA

A. HOOPER
Materials Development Division, AERE Harwell, Oxford, UK

and

A.P. LEHNEN

Department of Physics and Astronomy, University of North Carolina,
Chapel Hill, NC 27514, USA

Received 8 May 1981

Admittance data taken at seven temperatures from ~24 to 182°C on a hydrogen-doped lithium nitride single crystal
with gold electrodes perpendicular to the ¢ axis are analyzed using non-linear complex least-squares fitting, and the results
are presented as three-dimensional perspective plots. An equivalent circuit used in previous fitting is shown to be inade-
quate and an improved one, which requires an inductance to yield good results at high frequencies and temperatures, is
proposed and used. This circuit is partly based on previous small-signal analysis and thus many of its parameter values, es-
timated from the complex least-squares fitting, may be interpreted in terms of more basic properties of the electrode/mate-
rial/electrode system. The activation enthalpy for conduction is found to be ~0.223 eV. In addition, an interface capac-
itance as well as a diffuse double layer capacitance are identified. The material appears to show both an electrode reaction
and heterogeneous adsorption, and the dominant mobile carriers in either the interface layer or possibly in the entire mate-
rial are tentatively identified as electrons. The very high calculated mobility of the charge carriers decreases exponentially

with increasing temperatures.

1. Introduction

There has been considerable interest in lithium
nitride as a candidate for solid electrolyte applica-
tions because of its high ionic conductivity. Work has
been carried out on both polycrystalline [1,2] and
single crystal [3,4] forms of the material, and it has
been found [4,5] that when hydrogen is present in
the material (possibly as NH2~) the room-tempera-
ture conductivity increases very appreciably. Further,
for single crystal material the conductivity is several
orders of magnitude higher when measured perpen-
dicular to the ¢ axis than parallel to it, with or with-
out hydrogen.

Since the work of one of the present authors [4]

on this material, powerful non-linear complex least-
squares fitting [6,7] and three-dimensional perspec-
tive plotting [7,8] techniques have become available.
It was therefore felt worthwhile to demonstrate the
power and applicability of these methods by applying
them to some of the same admittance data previously
analyzed by less sophisticated methods [4] with the
hope that some additional physical insight into the
behavior of this material might be generated. Note
that the non-linear complex least-squares (NCLS)
method which we employ allows both the real and
imaginary parts of impedance or admittance data to
be fitted simultaneously to a model (e.g. an equiva-
lent circuit), yielding the statistically most reasonable
estimates for the set of unknown parameters (and



66 J.R. Macdonald et al.[Analysis of hydrogen-doped lithium nitride admittance data

their uncertainties) which appear in the model. In ad-
dition, the weighting to be used in the least-squares
fitting is freely selectable.

2. Preliminary analysis

The specimen selected for re-analysis was crystal
1.20, hydrogen doped, fitted with evaporated gold
electrodes, and having an electrode area a = 0.23 cm?
and an electrode separation / = 0.08 ¢cm [4]. Only ad-
mittance data obtained for measurements perpendic-
ular to the ¢ axis were considered. Although the orig-
inal measurements spanned the range from 1 Hz to
1 MHz, it was found that data in the range from
300 kHz to 1 MHz usually contributed little to help-
ing determine the best equivalent circuit and
parameter estimates. Thus, whenever a better fit
could be obtained by using data extending only to
278 kHz rather than that obtained using all the data,
the former fit was accepted. In the following, admit-
tance data are analyzed for seven temperatures ex-
tending from 23.5 to 182°C.

Fitting to two different equivalent circuits was in-
vestigated: the ladder circuit designated “A” and the
circuit designated “B” in fig. 1; the B circuit was
used in the earlier analysis of these data [4]. The
capacitance Cy in B was previously associated with
the geometrical capacitance of the specimen. Since
the dielectric constant of Li3N appears [9] to be
~]0.5, one can calculate that for specimen L20 the
geometrical capacitance, Cg, should be &2.7 pF. Now
it is found that the high-frequency limiting resistance,
R, of L20 at room temperature (where it is greatest
for the present temperature range) is =133 £2. It then
follows that if we define a frequency f,, from
WeR.Cg = 1, we find that f, ~ 443 MHz at room
temperature. In order to be able to determine this Cg
from ac measurements, such measurements would
thus have to extend to 50 MHz or higher, much higher
than the present measured limit. Therefore, the pres-
ent measurements should be unable to yield an esti-
mate of Cy, and any value actually obtained for it
from equivalent circuit fitting should not be so iden-
tified with the geometric capacitance. Capacitative
terms associated with the leads and instrumentation
may contribute to any observed value of Cy. Note
that we expect R, = Ry =~ Rp in circuits A and B.

3. Equivalent circuits

The usefulness of two different equivalent circuits
in representing the L.20 data is investigated herein.
One of these, circuit B of fig. 1, was picked because
it was used in the earlier work [4]. Fitting of the data
to this circuit to yield parameter estimates was carried
out there by complex-plane techniques, however,
rather than by the more objective and powerful NCLS
approach used here. In circuit B, Ry = R, the bulk
resistance, and Ry and Cyg, which were intensive
rather than extensive quantities, were interpreted as
being associated with a 200 A thick interface layer
of LiOH/ LipCO4 at the electrodes. Although no values
for Cyp were quoted in ref. [4], a plane-parallel ca-
pacitor of this thickness and the L20 area would have
a capacitance of ~107 nF, using € = 10.5. Both Ry
and Ry were found to be thermally activated with
activation enthalpies, AH, of ~0.23 and 0.6 eV, re-
spectively.

The A circuit of fig. 1 was picked both because it
gave a much better fit than did B and also because a
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Fig. 1. Arrhenius plot of bulk conductivity times temperature
versus 103/7. The two equivalent circuits used for complex
least-squares fitting are also shown.



JLR. Macdonald et al./Analysis of hydrogen-doped lithium nitride admittance data 67

circuit of this type with L = 0 follows from a detailed
microscopic theory of charge motion in a material
with charge of only a single sign mobile [10,11]. The
impedance Z,, is zero if charges of opposite sign are
completely immobile [11] but is a finite-length
Warburg impedance [10,11], Z,,,, when reaction prod-
ucts can diffuse in the electrode region [12]. We
tried fitting the data with various choices for Z, and
found that a constant-phase-element (CPE) impedance
(associated with a distributed process) led to far bet-
ter results over the entire temperature range than the
choices Z, = 0 or even Z, = Z,,. The addition of the
inductance L to the circuit is discussed later.

The CPE admittance used by Huggins and co-
workers (e.g. ref. [13]) is of the form

Y, =Z1 = Agw® + iBgwe, (1)

where 0 <a <1 and 4, and By, are frequency-inde-
pendent parameters. It was soon pointed out [14,15],
however, that the Kronig—Kramers relations (asso-
ciated with causality) require that By/A4 = tan(am/2),
and thus that these parameters are not independent.
Nevertheless, Huggins and his group still seem to de-
termine them as separate constants in their curve fit-
ting [2,15], an inappropriate approach in our opinion
involving, as it does, an unwarranted degree of free-
dom. When the above relation between 4 and B is
incorporated, the CPE Y, reduces to

Y, = AGiw)®, #))

where A is a new frequency-independent constant. In-
stead of three constants to determine, there are now
only two, and the Y, of eq. (2) satisfies the
Kramers—Kronig relations as it must. Thus, for the
Z, of circuit A we have employed Z, = Y;l, using
the Y, of eq. (2). This form has in recent years been
shown by Jonscher [16] to fit a great deal of data,
although a complete microscopic theory leading to
such a Z,_ is still lacking,

It is of interest to note that an expression in com-
plete agreement with that of eq. (2) was suggested as
a network function of interest for solids (frequency
and transient response) as early as 1956, and that the
above By/A relation appears there [17]. Since the
distribution of relaxation times associated with an
expression of this type is not normalizable, it strictly
does not represent a physically realizable function

[17], but a simple change in the form of Z, as

w —> o cures this ailment [8] and need not be con-
sidered here since the frequency span of present in-
terest is limited.

It should be emphasized that circuit A is not pro-
posed as the best or necessarily most appropriate cir-
cuit to represent these data. Picking the best out of
an infinity of possibilities is often impossible. Al-
though a circuit with a different structure than that
of A or one with even more free-parameter circuit
elements might very well yield better fits, circuit A is
sufficient for a preliminary analysis and interpreta-
tion, and its shortcomings may suggest useful modi-
fications.

4, Fitting results

Table 1 presents some NCLS fitting results for
L20 data and circuits A and B. Although some fitting
with unity weighting (ordinary “unweighted” least
squares) was carried out, it was always found that
weighting derived on the basis that all individual real
and imaginary data values had uncertainties propor-
tional to their magnitudes (P weighting) gave far supe-
rior results, and the latter weighting was used for all
the fits in table 1. The notation Qlvy used in table 1
indicates the estimated values obtained from NCLS
fitting of a parameter Q and its relative uncertainty 7y
(relative standard deviation). All fitting was carried
out for data in admittance form. For the full A cir-
cuit, parameter estimates obtained from fitting cor-
responding impedance data were generally within one
of their standard deviations of corresponding admit-
tance estimates but this was very much not the case
for the other fits. All resistances are here given in {2,
capacitances in nF, and inductances in uH. No C;
values are presented for the A-circuit fits because fit-
ting runs with C; free always led to Cy ~ 0 and com-
pletely uncertain. For the frequency range covered,
C; values could thus not be adequately determined
from the data, in agreement with the results of the
preliminary analysis when C} is identified with C,,
the actual geometrical capacitance. Finally, the row 9
A-circuit results are the only ones here where the data
fitted extended to 1 MHz.

In table 1, oy is the estimated standard deviation
of the entire fit. It was always found to be three or
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more times larger for circuit B fits than for circuit A
ones. Because of the presence of residual systematic
errors (of the wrong-model type [18]) in most of
these results, both the o7 and parameter relative stan-
dard deviations are likely to be underestimates but
should still be of value for comparisons.

Since the circuit B fits were invariably much worse
than the A ones, we have presented only representa-
tive low- and high-temperature results for B (lines 6
and 15). Notice that for the 45.0°C B fit the estimate
of Cg is very uncertain (and no such estimate could
even be obtained for the high-temperature fit). Further,
the Cy value found here is nearly 700 times larger
than the expected geometrical capacitance. Thus this
“Cg” cannot be an estimate of the actual geometrical
term and is also too large to be explained in terms of
experimental artifacts. A large value appears here only
because the B circuit is a poor choice for these data.
No estimated standard deviations are presented for
high-temperature B fit because the fit was so poor
that none could be calculated (and such estimates
would be so large that they would be meaningless
anyway). Although the B-fit results yield an activa-
tion enthalpy for Tog in reasonable agreement with
that obtained from A fits, the results in table 1 show
that the magnitude of the bulk resistance, Ry, is con-
siderably overestimated for B fits. Note that the B
fits yield an essentially zero value for Ry at
T=182.3°C and that Cjp appears to decrease with
increasing temperature, contrary to normal expecta-
tion.

The fitting results indicate that all the circuit ele-
ments of the A circuit involve thermal activation. Ac-
tivation enthalpy results and interpretation wili be
discussed in section 5. Some consideration of plau-
sible temperature dependence for quantities like &
has been given earlier [19], but lacking a microscopic
theory of the present Z,, the results for a cannot be
further interpreted from a physical point of view.,

The inductance L has been included in the A cir-
cuit because it was found essential in order that a
good fit could be obtained at the higher temperatures.
For T< 75°C, the data did not allow a non-zero es-
timate of L to be obtained, even with the full fre-
quency range used. The magnitude of the reactance
of a 3 uH inductance is &5 and 20 £ at 278 and
1000 kHz, respectively. Only at the higher tempera-
tures where the magnitude of the impedance of the

rest of the circuit is comparably small, can L be well
determined. The full frequency span was only used
for the results of line 9 in table 1; all others used the
restricted range. Comparison of the line 9 and 10 re-
sults show that a good estimate of L could not be ob-
tained at this temperature with the restricted range
but such estimates were found at the higher temper-
atures.

In spite of the small temperature dependence of
the estimated L values (to be discussed later) it is
reasonable to expect that L itself arose from wiring
inductance in the measuring apparatus. To obtain an
inductance of 3 uH would require an unrealistic
length of 60 m of isolated straight wire but only a
single circular loop of no. 18 wire of 36 cm radius,
not an unlikely possibility. Had measurements been
made with the same apparatus with a short circuit in
place of the sample, the resulting impedance values
could have been subtracted from those obtained with
the sample in place, eliminating any series wiring ef-
fects. Since L is here absolutely necessary in order to
get a good fit at the higher temperatures, the present
analysis shows how complex least-squares analysis
can identify and compensate for such residual effects
when present.

The first three rows in table 1 have been included
to show how the fit improves as R, and then R,, R3,
and Cj are allowed to be free parameters in the fit-
ting and thus different from zero. Clearly the 3-A re-
sults are superior. Even more improvement occurs at
45°C when the R3 and C3 elements are made free
(rows 4-A, 5-A).

The row 9-A result for L is much more precise
than that of 10-A, and this L value is taken as the best
estimate at this temperature. But since the oy is bet-
ter for the 10-A fit (using data only to 278 kHz) than
for the 9-A fit, we have used the rest of the 10-A re-
sults in subsequent analysis.

Next, note that o; decreases with increasing tem-
perature until T= 138°C, then increases. Further,
comparison of the 13-A and 14-A results shows that
the presence of Ry and C5 as free parameters does
not improve the overall fit much here. The reversal of
the temperature dependence trend of R, and R3 as
the temperature increases from 138 to 182°C also
suggests that the full A circuit may not be the best
possible choice at 182°C, although these reversals
may conceivably be meaningful and may indicate the
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presence of a new process not significant at lower
temperatures. Incidentally, circuit B with an added
series inductance does improve the fit at high fre-
quencies for the higher-temperature data, as might be
expected, but the overall improvement is slight and
the fit remains far worse than that using circuit A.
For example, for the 182°C data, the resulting o;
found is 0.598; a “Cy” estimate of ~52 nF is ob-
tained; the other parameters are not much changed;
and the new L value is &9 yH. The fit is still inade-
quate to allow meaningful conclusions to be made.
The next four figures show what can be learned
from three-dimensional perspective plots [7,8] of
some of the present data. Since the larger magnitudes
(which show up best on such plots) tend to appear
at high frequencies for admittance data and at low
ones for the corresponding impedance data, it is ap-
propriate to include plots of both kinds. Fig. 2 pre-
sents such 3-D plots for the 45.0°C data and the re-
sults predicted using the B-circuit parameters (row
6-B of table 1). In all these plots the original data
points, designated by solid squares, are connected by
solid lines and the predicted data points are indicated
by open triangles. All origins are at (0,0,0) unless
otherwise stated. The projections to the [log(f), real]

SCALES:
Y UNIT: 1.5 m$S
Log(f) UNIT: 1

(a)

plane involve solid lines for the actual data points
and dashed lines for the predicted points. The pro-
jections of the original or calculated data lines in the
three planes use the same convention. Note that the
back plane, either [Im(Y), Re(Y)] or [-Im(Z),
Re(Z)], is the complex plane used in the past for ad-
mittance or impedance plane plots, respectively. As
we see from figs. 2a and 2b, the inclusion of a log(f)
axis allows one to apprehend at a glance far more de-
tails of the entire behavior of the three-dimensional
response than does planar plotting.

Fig. 2a illustrates the very appreciable deviations
between original and predicted B-circuit resuits, but
fig. 2b shows that the low-frequency fit is even
worse: A capacitor cannot do very well in simulating
a CPE with o < 1. Considerably better, but still
somewhat imperfect, results are demonstrated in fig.
3, the A-circuit fit of the same data (row 5-A in
table 1). Note that had conventional least-squares
fitting of Re(Y) [or Im(Y)] versus f been carried out
separately, the results would have been better but
would have led to worse Im(Y) [or Re(Y)] results.
Complex least-squares fitting achieves the best fit for
Re(Y) and Im(Y) simultaneously. The fig. 3b results
show that some accuracy in fitting the low-frequency

Re(Z)

SCALES:
Z UNIT:5K§
Log(f) UNIT: 1

(b)

Fig. 2. Three-dimensional perspective plots of (a) admittance and (b) impedance for 45.0°C data (solid squares and solid lines) and

circuit B fitting predictions (open triangles, dashed lines).
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-Im(2)

Im(Y
m{¥) SCALES!
Y UNIT: 1.5 mS
Log (f) UNIT: 1

Re(2)

SCALES:
Z UNIT: 5K
Log{f) UNIT: 1 (b)

(a)

Fig. 3. Three-dimensional admittance and impedance plots for 45.0°C data and circuit A fitting predictions.

SCALES:
-Im(2) Z UNIT: 5K
Log (f) UNIT:1

Re(Y)

SCALES:

Y UNIT: I5 mS,
ORIGINS: (0,-4)
Log(f)UNIT: 1

(a) (b)

Fig. 4. Three-dimensional admittance and impedance plots for 182.3°C data and circuit B fitting predictions.
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/

‘Log (f)

SCALES: T
Y UNIT: 15 mS; ORIGINS: (O,- 4)
Log (f) UNIT: 1

(a)

-Im(Z)
/{/{//l/r/‘

Log (f\)\\\\

\
SCALES: T
Z UNIT: 5k}
Log {f).UNIT: 1
(b)

Fig. 5. Three-dimensional admittance and impedance plots for 182°C data and circuit A fitting predictions.

CPE slope in the impedance plane has been sacrificed
to achieve better fits in the other two projected
planes. It is thus clear that since the simple CPE does
not allow a perfect fit it is not entirely appropriate
for these data. Nevertheless, it is the best simple
choice currently available.

Figs. 4 and 5 show 3-D results for 7= 182.3°C
(rows 15-B, and 14-A in table 1). For clarity, the
origin of the Im(Y) scale has been displaced down-
wards by four Y units (60 millisiemens) in figs. 4a
and 5a. The true origin for the data is thus +4Y units
above the apparent one. This simple transformation
has been made to allow the high-frequency negative
admittance regions arising from L to show most
simply.

Again we see in fig. 4 that the B circuit yields very
poor fits, even allowing for the absence of an induc-
tive term which, of course, precludes any negative
admittances. It is clear, however, that given what it
has to work with, the complex least-squares fitting
has minimized the sum of squared deviations by pre-
dicting points which weave above and below (or
around) the true points. Fig, 5 shows that the A-cir-
cuit allows quite good admittance fitting, but again

the CPE falls quite short of perfection in the low-fre-
quency region. Incidentially, when the Y data were
converted to Z data and the latter fitted directly

(Z fit), results were obtained which could not be
easily distinguished from those shown. Thus, with

P weighting and an adequate fitting circuit, it makes
no practical difference for 3-D plots whether Y or Z
fitting is carried out.

These results show that the A circuit is a good
choice but is by no means an ideal one for these data.
In addition to the inadequacy of the CPE, the 3a ox
5a admittance plots show that though the predicted
points often fall quite close in space to the true data
line, they show some non-negligible deviations more
or less along the line; that is, even if they are on the
line, they may be at the wrong places on the line. In
spite of these deficiencies, which only 3-D perspective
plotting can show so clearly, we believe that the A cir-
cuit is adequate to allow meaningful analysis of its fit-
ting results to be carried out. We have thus done so in
the next section.
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5. Analysis of results

The microscopic analysis of charge motion on which
circuit A (without Z, and L) is based leads to the
identification (R 1 Cl; Rz, Cz; R3, C3) = (R_L,,, Cg;

Ry, Cri Ry, Cy), where R, and Cyg are bulk (exten-
sive) quantities and the “R” and “A” subscripts stand
for “reaction” and “adsorption”. Thus Ry is an in-
tensive electrode reaction resistance and Cp, is its asso-
ciated capacitance, the diffuse double layer capac-
itance, Cpy . Fig. 1 has already demonstrated that

Toy = To,, =~ Tog is thermally activated and fits the
general form Q = Qgexp(—AHp/kT) very accurately.
Here Q is thg thermally activated quantity and AH
is the associated activation enthalpy of the process.
Fig. 6 (a semilog plot) shows that most of the other
quantities derived from the fitting (or simple transfor-
mations of them) are also thermally activated.

Some discussion of the high-temperature deviations
of the R, and R results from simple activation be-
havior has already been given; there we see that the de-
viations associated with T/aR, and T/aR5 are quite
regular and that none occurs in TC3/a. This suggests
that the deviations may not, in fact, arise from fitting

T T T ] T T 4

-3
(108 TC3/0)—

(T/aRs)+ g
o - a
[>)
Open points: L=0 =
18~ Solid points: L#0 1-2
e
o 17 -3
o
|
16 -4
15 -5
1 | .| -6
‘42.I 23 25 27 29 3l 3.3 35

(103/71)

Fig, 6. Semilog versus 103/7 plots for various quantities ob-
tained from circuit A fitting results.

failures and an inappropriate circuit but may indeed
indicate the onset of a new process at the higher tem-
peratures. The units of Cj in this plot are farads and
those of L are microhenries.

The earlier work provides expressions relating mea-
sured circuit elements to more basic material and ma-
terial/electrode processes. Using the above identifica-
tions, for charge of a single sign mobile one finds
{10,11,20]

Toy = Tl/aR; = Tecyu = ecyD/ke™1, 3
C, = €a/8nLy,, 4)
Ly, = (ekT/4me2c()!2, &)
k* = (kg +iwr,k,.)/(1 +iwr,), 6)
k.= (k/eZCO)T/aRz, @)
(kp" — k2™ = (fePeq)T/aR ®)
and
7a = (Ko/kx)R3C3 = R23C3
C
Ty 1 ®)

In the last equation R,3 is the parallel combination
of R, and R3. Since results are more complicated
when charges of both signs are mobile and it is likely
for the present situation that mobile charge of a single
sign dominates the conductivity, we shall carry out

a tentative interpretation of results on that basis. No-
tice, however, that we have not prejudged whether
positive or negative mobile charge carriers dominate
and have used neutral symbols such as D instead of
D, or Dy,

In eq. (4) 87 appears instead of 47 because there
are two identical electrodes and C, is made up to the
combination of two diffuse double layer capacitances
in series, associated with an interphase region. The
Debye length in eq. (5) applies for charge of a single
sign mobile. In all this work we have assumed unity
valence numbers for the positive and negative charges.
The reaction/adsorption rate constants k and k, ap-
pear in the complex reaction rate expression [10] of
eq. (6); they apply to the mobile, reacting carrier, and
kg is the value of k* at w = 0 and %, that as w —> o=
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More basic expressions for ko, kp, and the adsorption/
reaction time constant 7, appear written in terms of
reaction rate derivatives in ref. [10] but are not
needed here. Note that if TC3/a, T/aR,, and T/aR;
are all thermally activated, it follows from egs.
(7)—(9) that ko—l and 'rgl may be expressed as the
sum of two thermal activation formulas, Q = Q, + Qy,,
with different activation enthalpies.

Now if € is taken temperature independent, eqgs. (4)
and (5) allow the bulk concentration ¢ to be calcu-
lated from C,(T) results. Results of this procedure are
shown as the upper (dashed curve) set of ¢y points in
fig. 6. Values of ¢y thus range from 4.5 X 1019 cm—3
at T=182.3°C down to~1.4 X 106 cm=3at 7=
23.5°C. But these results show that ¢y deviates
from a straight line at temperatures below ~90°C.
This deviation is associated with the apparent ap-
proach of C, to a constant value as T decreases below
this temperature. It is thus reasonable to replace eq.

(4) by
Cy = Cp + Cpp = (ea/dm[(2)~1+ (2Lp)~1].  (10)

Here C and Jj refer to a possible interface layer at the
surface of the crystal (one at each end). In the earlier
work [4], such a layer was identified and had an es-
timated thickness of ~200 A. Nuclear reaction anal-
ysis showed it to consist primarily of LiOH and
Li»CO5. In our present fitting, we selected that value
of €} which led to the best thermal activation line for
cg, calculated from eq. (10). The value Cj = 29 nF
gave the excellent (bottom-line) results shown for ¢
in fig. 6. If € is, as usual, taken as 10.5, the resulting
value of /j is & 370 A. This is in relatively good agree-
ment with the quoted experimental layer thickness,
which was subject to considerable error. Note that the
parallel connection of Cj and Cpy; of eq. (10) implies
that the diffuse layer charge can enter into the /j re-
gion next to the electrode. At high temperatures, the
large amount of space charge thus present in the inter-
face layer might well modify Cj, making it a decreas-
ing function of temperature. Although we have taken
C; temperature independent, a reduction of C} with
temperature at temperatures above 75°C would make
little change in our results. Incidentally, the T =
23.5°C value of ¢ calculated with the C| = 29 nF
correction is 1.5 X 1014 ¢m~ 3, much smaller than
that obtained without it.

Table 2

Least-squares fitting of quantities of the form

Q = Qo exp[—n/T] = Q¢ exp[—AH/KkT] or as the sum of two
such exponentials

Quantity Q Qo n (K) AH () (eV)
Toy 4622.56 2582.6 0.223
@ 1Tem1K)

T/aR, 1.69272 X 108 5527.4 0.476
@ ! em™ K)

T/aR3 9.60399 X 10°  7115.8 0.613
@ 1em2K)

TC3/a 2.18033 3023.1 0.261
(Fem™2 K)

g 101419 x 103 10788.6 0.930
(cm™3)

A 8.39988 X 1075  879.77 0.076
(1 Hz %

@ 0.592838 —~104.54  —0.009
L 12.0488 501.84 0.043
(uH)

D 2.45145 x 10712 _8205.9  —0.707
(cm?/s)

k. 8.97689 x 107  _5261.2  ~0.453
(cm/s)

k! 196340 x 105  3672.8 0.317
(s/em) 111397 X 107 5261.2 0.453
T 776362 X 107 2504.3 0.216
! 440484 X 10°  4092.6 0.353

Table 2 summarizes the best-fit straight-line results
of the fig. 1 and fig. 6 plots. The five lower-tempera-
ture points were used to obtain the 7/aR, results and
only the lower three were used for T/aR 3. Table 2
also includes results based on the six higher-tempera-
ture a values of table 1. The exponential fit given for
o was found to be better than a linear fit with 7-1.
However since the activation enthalpy is so small for
@, it can almost be taken temperature independent
above 25°C. Note that since AH,, is actually negative,
it is o~ 1 which appears to be (slightly) thermally ac-
tivated here.

There are a number of surprises in the results of
table 2. The thermal activation of L, albeit with only
AHj ~0.04 eV, is one of them. If L actually arises
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from wiring inductance, the small temperature depen-
dence found must be an artifact of the fitting, arising
because the absolutely most appropriate circuit is not
used, and probably induced through coupling to some
of the other strongly temperature-dependent param-
eters of the circuit. Ionic inertial and scattering mech-
anisms have been invoked [21,22] to explain negative
capacitance (or ordinary inductance) effects appear-
ing in solid electrolyte impedance measurements at
~1 MHz [21] and at 2 1000 MHz [22]. However,
the latter frequency range is far beyond that attained
here, and there is also appreciable likelihood that the
results of ref. [21] arose from residual effects rather
than inertial ones [23]. Thus, we conclude that the
present L is largely a property of the measuring appa-
ratus and not of the material/electrode system itself,
The value of AH7,, found here is close to the
0.23 eV found earlier [4] and is certainly more ac-
curate. Further, although the final ¢y values obtained
from the present analyses seem somewhat low, they
are nevertheless of quite possible magnitudes. The
AH, value of ~0.93 eV is reasonably close to the
value of 0.83 eV found [24] by NMR and identified
as the jump enthalpy of Li* ions in single crystal
LigN. There seems to be some doubt about the valid-
ity of this result [24], and it should not equal AHc,
in any case. It seems reasonable that the present ¢
results, derived as they are in a very straightforward
way from well-determined C, fitting results, actually
reflect to good accuracy the bulk concentration of
dominant mobile charge in the crystal. Even if ¢ is
temperature dependent, results would not be much
altered. But the 7o, and ¢, results together allow one
to calculate  and D for the mobile charge carrier.
They lead to D values of &2 X 10~4 cm?/s at
182.3°C and of 2.75 cm?/s at 23.5°C. This latter
value implies a mobility of ~#110 cm?2/V s! Now the
largest D = D}, we would expect for Li* ions would
be 10~6—-10-5 ¢cm?/s. Although a value for the chem-
ical diffusion coefficient of Ag" ions of 0.47 cm?/s
has been found from current decay measurements
[25], it involves a large thermodynamic enhancement
factor. But even if such a factor were operative in the
present case, we see that D here increases with de-
creasing temperature rather than decreases in the usual
way for thermally activated ionic motion in solids. It
is strongly temperature dependent with a AH for D~1
of ~0.71 eV. This result seems to completely preclude

ionic conduction. In addition, the rate constants ko
and k, are also found to decrease with increasing
temperature rather than to increase. This may be asso-
ciated with a possible reduction of favored sites for re-
action at the electrode with increasing temperature.
The k, and k, rate constants and the adsorption/re-
action time constant, 7,, calculated from the results

in table 2, are ~4 cm/s, 1 cm/s, and 5 X 10~5 s for
23.5°C and 10~2 cm/s, 5 X 10~3 cm/s, and 10=6 s for
182.3°C. respectively. Note that if k., = k there is no
adsorption. With gold electrodes, it is difficult to see
why any electrode reaction should be present if the
reacting species were Li* ions, although there possibly
might be a reaction involving oxygen present at the
electrode interface.

All these difficulties are resolved if one gives up the
idea that the dominant mobile charge carrier is Lit,
Boukamp and Huggins [26] found that treatment of
LisN powder with hydrogen led to Li;NH and some
LiH. If the present samples contain small concentra-
tions of LiH, its dissociation might yield free electrons
and possibly protons. The present mobility seems
much too high even for protons, Further, the forma-
tion enthalpy of LiH is given as 0.933 eV, essentially
the same as that found here for cy. Although the dis-
sociation enthalpy of LiH within LizN would probably
be different, this is still a suggestive coincidence.

Thus, we suggest that ¢ and D refer to electrons
here, so that D = D,,. With this high a mobility at
room temperature, if it is indeed present, Hall effect
studies [27] could readily determine the mobility
and the sign of the mobile carrier. Further, if the car-
riers are electrons there is no problem with the pres-
ence of a reaction resistance R, and reaction rate
constants &, and k. In addition, interaction of free
electrons with the lattice by phonon scattering would
lead to a decrease in mobility with increasing tem-
perature, as indeed calculated from the present data.
But it seems most unlikely that such a mechanism
could yield the strong exponential dependence over
the full temperature range we have inferred from R
and C, fitting. If the electrons move, on the other
hand, between LiH molecules, or possibly even be-
tween neutral clumps of Li, one might expect that
there would be fewer such entities the higher the
temperature, and thus they would be farther and far-
ther apart. Since their concentration would depend
exponentially on temperature, one might expect that
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the effective electron mobility would also show ex-
ponential dependence. Although these are highly ten-
tative explanations, they do not seem impossible.

The above surprising D(T) results depend entirely
on the identification of C; — Cy with the diffuse
double layer capacitance Cp; and its conventional
[11] association with the bulk charge density ¢, in
R{ =R,,. But the need for a Cy and the probable
presence of an initial layer near the electrode of ma-
terial different from LisN are not directly compre-
hended in the theoretical results employed for the
above analysis. There is thus some chance that C,
and R, should alternatively be considered together
as applying to the interface layer alone and R as ap-
plying to the Li3N bulk. Then the ¢ obtained from
C, and also present in R, would refer only to the in-
terface layer material, not to the bulk Li3;N ¢ in-
volved in Ry.

The above interpretation leads to T/aR, =
' 1ecIDe/k, where we have now written ¢ for the
bulk concentration in the interface layer. If we now
use the T/aR, and ¢y (now interpreted as ¢y) results
of table 2, we find that D = Dy ~ 7.182 X 10~?
exp(0.453/kT). This expression leads to Dy ~
0.36 cm?/s and 7.5 X 104 cm?/s at 23.5°C and
182.3°C, respectively. Again it is D~ which is ther-
mally activated, but the associated AH is appreciably
smaller than that found above. Although the Dy value
at room temperature is appreciably smaller than the
value of 2.75 cm2/s calculated above, it still seems too
large to be associated with ionic motion, and it thus
appears necessary to assume that D refers to elec-
tronic motion. Unless the strong temperature depen-
dence of C5 can be explained in a plausible fashion
without assuming that it is a double layer capacitance,
it is difficult to avoid the present suggestion that con-
duction in the interface layer or perhaps in the entire
sample L.20 is dominantly electronic. One further pos-
sibility not included in eqs. (3) through (10) is that
appreciable intrinsic (Frenkel) space charge layers are
present near the electrodes, with their built-in poten-
tial differences strongly dependent on temperature.
Under some circumstances, such dependence might
lead to less derived c(y temperature dependence and
thus to more plausible diffusion coefficients.

It would be of interest to analyze admittance data
for pure single crystal LisN without hydrogen by the
same methods used herein to see if reasonable values

of Dy, for Li* could be obtained. We concede that the
present results are quite surprising, being in conflict
with the bulk of existing experimental evidence for
pure ionic conduction in Li3N. Von Alpen et al. 3]
carried out both transference number measurements
and dc polarization experiments on single crystal ma-
terial and concluded that the observed conductivity
was essentially entirely ionic with a partial electronic
contribution of less than 10~12 Q=1 ¢cm=1 in the
range 20—200°C. In that work, values of 1.2 X 10~3
Q1 em=1and 0.29 eV were measured for the con-
ductivity at 300 K and activation enthalpy, respec-
tively. Comparing those values with the results of
Hooper et al. [4], we conclude that although the
crystals used in the earlier work probably did contain
some hydrogen, the concentration was probably lower
than that for crystal L20 here. This difference may be
significant. We believe the results presented here to be
basically sound and hope that this demonstration of
a detailed analysis of admittance data using complex
least squares will prove instructive and useful.
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