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I.ow-temperature dielectric susceptibility of Li, Na, K, and Ag P-alumina

P. J. Anthony* and A. C. Anderson

(Received 17 October 1978)

Crystalline Na, K, Li, and Ag P-alumina show glasslike variations of the dielectric susceptibility with

temperature and frequency provided the measuring field is directed along the conducting planes. Only Li P-
alumina shows variations of the dielectric susceptibility perpendicular to the conducting planes. The data are

discussed in terms of the tunneling-states model of amorphous materials. The estimated average tunneling

distances are 0.3 A.

I. INTRODUCTION

In amorphous materials, a broad spectrum of
low-energy ((10 K) thermal excitations results in

a specific heat" varying roughly linearly with
temperature below =1 K, a phonon thermal con-
ductivity" varying as =T', and unusual tempera-
ture, frequency, and nonlinear effects in the ultra-
sonic" and dielectric' ' properties at low tem-
peratures. The excitations are most successfully
explained by a tunneling-states model'" in which
the excitations arise from quantum-mechanical
tunneling of some entities of the glass which reside
in double-well potentials. A variety of experiments
on vitreous silica are adequately explained quan-
titatively" "by this model.

In single crystals of Li, Na, K, and Ag P-
alumina a linear specific heat" "has also been
observed, and a 7' thermal conductivity" is found
in single crystals of Li, Na, and Ag P-alumina.
The present work" sought further evidence in p-
alumina of the characteristically glasslike excita-
tions through measurements of the low-tempera-
ture dielectric constant e. The results, along with
a recent observation of saturation effects" in the
dielectric behavior of Na P-alumina, confirm the
glasslike character of the P-aluminas. However,
we find that the low-temperature properties of P-
alumina are not accounted for quantitatively using
the tunneling-states model with assumptions found
to be adequate for explaining the properties of
vitreous silica. "

M P-alumina"" is a two-dimensional superionic
conductor. It has a layered, crystalline structure
composed of =8-A-thick slabs of alumina separated
by ionically conducting planes. These planes con-
tain both spacer oxygen atoms, which are covalent-
ly bonded between the slabs, and the mobil, mono-
valent cations M, where M =I i, Na, K, Ag, etc.
The crystal composition is nonstoichiometric, i.e. ,
there is roughly a (15-30)%%uz excess of cations in

the conducting planes plus a corresponding number
of oxygens to balance charge. Thus the conducting

planes are highly disordered. Specific-heat""
and thermal-conductivity" measurements indica-
ted that the low-energy localized exeitations are
confined to the conducting planes, and hence the
"glassy" regions should be two dimensional. In-
deed, the lower dimensionality is apparent in the
anisotropy of the dielectric properties reported in

this paper.
Section II describes the preparation of samples

and the experimental techniques, and presents
the data. Section III reviews the appropriate por-
tions of the tunneling-states model and compares
this model with the data.

II. EXPERIMENTAL

A 2.5-cm length cut from a 2.5-cm-diam boule
of single-crystal Na P-alumina was acquired from
Union Carbide. " The crystal was grown from the
melt by the Czochralski method, " had several
small, visible inclusions in one section, and had
a number of surface eraeks. " As a test of crystal
quality, the ionic conductivity was measured using
salt-water contacts at a frequency of 10' Hz at
300 K. The result was =10 ' 0-' cm-' which is in

rough agreement with other measurements on
melt grown crystals. " Samples were cut from the
boule using a diamond saw under kerosene. In
some samples, the Na ions were replaced" by I.i,
K, or Ag by immersion in the appropriate nitrate
salt at =350'C. The fused salt left on the surface
was removed with a brief water rinse and pre-
cipitated metallic silver was removed with dilute
nitric acid. Density changes obtained with ion ex-
change, together with neutron activation analyses,
indicated an =17/~ excess of cations over stoichio-
metry, or =2.3 cations per unit cell. Several of
the capacitance measurements were made on sam-
ples used previously for thermal conductivity or
specific-heat measur ements. "

For capacitance measurements with the measur-
ing field directed paralled to the crystalline c
axis (E ~~ c), i.e. , perpendicular to the conducting
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planes, =0.5-mm sections were cut or cleaved
from larger crystals. For measurements with
the field directed perpendicular to the c axis
(E zc), large Na or Ag crystals were first potted
in epoxy, "then =0.5 mm sections were sliced off
using a diamond wire saw and mineral-oil lubri-
cant. The epoxy coating prevented massive frac-
turing of the sample. To provide sufficient area
for the capacitor, several smaller pieces of I.i
or K P-alumina were glued together with epoxy"
and then sectioned.

Vapor-deposited In was used for the electrodes;
the resulting capacitance was =10 pF. The epoxy
used to bind the E zc samples contributed less
than 5%%u~of the capacitance and, when measured
separately, had a factor of 10' smaller variation
in dielectric constant with variations of tempera-
ture and frequency than the p-alumina.

Capacitance measurements were made within a
copper box used for electrical shielding; see Fig.
1. The inner surface of one wall of the box was
electrically insulated with a covering of cigaret
paper and Qe7031 varnish. The samples were
thermally grounded to this surface using Apiezon
N grease. Manganin leads were attached to the In
electrodes with silver paint. The lead to the
thermally grounded electrode served as the un-
shielded, high-potential connection in a three-
terminal capacitance measurement. " The low-
potential lead entered the box through an elec-
trically grounded coaxial shield —these provided
the other two connections for the three-terminal

FIG. 1. Sample mounting arrangement for capacitance
measurements. C, copper shielding box; S, capacitor
sample with indium electrodes I on both sides; L, outer
shield of coaxial line, connected to C; L', ' inner lead of
coax connected to indium electrode with silver paint, A;
H; lead connected to reverse side of capacitor with sil-
ver paint.

measurement. The leads were thermally grounded
before entering the copper box.

Measurements on a sapphire-crystal capacitor
of similar construction showed less than 2/10'
change in capacitance for variation in voltage of
0.06-6 V, in frequency of 10'-10' Hz, or in tem-
perature of 0.02-10 K. Near 0.02 K a. 6 V mea-
suring potential did heat some p-alumina samples
by &5%. Hence measurements were made at 0.6 V
which provided a precision of 3/10'. Guard rings
were not employed for the measurements since
absolute measurements of capacitance were not
required. However, the In electrodes were gen-
erally set back from the sample edges a distance
equal to the sample thickness to keep fringing
fields in the measured medium. This did effect
the orientation of the measurements slightly, in-
troducing an estimated 1% of E ic character to the
E

~(
c measurements and s5/~ of E ((c character to

E &c measurements because of the sample geo-
metries involved.

Temperatures below =2 K were provided by
germanium resistance thermometers" calibrated
from a cerium magnesium nitrate magnetic
thermometer. " The magnetic thermometer was
calibrated" against a U. S.Natl. Bur. Stand. super-
conducting fixed-point device. " Temperatures
above =2 K were provided by commercially cali-
brated germanium resistance thermometers.

At temperatures above =30 K, capacitance mea-
surements are complicated by a large ionic conduc-
tivity. " Below ~30 K, however, the cations are
well localized as deduced from their activation
energies. " This is evident from the conductivity
data for Na P-alumina shown in Fig. 2. Hence our
measurements are confined to temperatures less
than =30 K 36 38

The dielectric-constant data at low temperatures
for M P-alumina with E xc are plotted in Figs. 3-6
as a function of temperature for several frequen-
cies. Microwave data by Strom et al."are included
for Na P-alumina in Fig. 3. Variations with fre-
quency and temperature for Na, Ag, and K P-
alumina with E

~~
c between 0.02 and 4 K and for

10'-104 Hz were less than 7, 30, and 0.7 parts in
104, respectively, and thus have not been plotted.
The slight variations with temperature for E

~~
c

arise from ELc through the fringing fields as dis-
cussed above. Hence, to the precision of our mea-
surements, there is no temperature variation of
e in Na, Ag, or K P-alumina for a uniform mea-
suring field directed parallel to the c axis. The
data for Li P-alumina with E

~[
c do, however, show

large variations with frequency and temperature
as indicated in Fig. 7. For any cation, changes in
measuring voltage of 0.06-6 V produced less than
2/10' variation in e at any temperature or frequency.
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FIG. 2. Conductivity vs temperature at several fre-
quencies for Na P-alumina with E & c. Data at 10~—104

Hz taken in conjunction with the dielectric-constant mea-
surements. 0, 104; CI, 103; A, 102 Hz at 77K from Ref.
36. Data at 9.1x10~ Hz from Ref. 37, 1.2x10~ Hz from
Ref. 18, and high-temperature data (104—10~i Hz) from
Ref. 38.

FIG. 4. Variation of dielectric consiant in units of
10 &e/e, vs temperature of Agp-alumina with E&c,
from 10 to 10 Hz for a field of 4.5 V/cm. The solid
lines are calculated using the parameters of.Table I as
described in the text. The curves for 10 and 10 Hz

have been offset from the 10 -Hz curve by 9X 10 and
3 X 10"3, respectively.
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III. DISCUSSION
I

The variations in the low-temperature dielectric
constant of p-alumina have nearly the same fre-
quency and temperature characteristics as the
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FIG. 3. Variation of dielectric constant in units of

102 Ae/e, vs temperature of Na P-alumina, measured
relative to a fixed but arbitrary value of e with E& c,
from 102 to 104 Hz for a measuring field of 3.3 V/cm
rms. The dashed line is from the data of Ref. 18, and
has been adjusted on the vertical, linear scale. The
data for 102-104 Hz have not been so adjusted and thus
reflect the measured frequency dependences. The solid
lines are calculated using the parameters of Table I as
described in the text. The curves for '102 and 103 Hz
have been offset from the 104-Hz curve by 10"2 and
3x10 3, respectively.
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FIG. 5. Variation of dielectric constant, in units of
410 ~~/~, vs temperature of K P-alumina with E-L c,

from 102 to 104 Hz at a field of 4.6 V/cm. The solid
lines are calculated using the parameters of Table I as
described in the text. The curves for 10 and 10' Hz
have been offset from the 104-Hz curves by 8.0 x 10 4

and 3.0x10 4, respectively.
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FIG. 6. Variation of dielectric constant, in units of
210 &&/&, vs temperature of LiP-alumina with E j- c,

froln 10 to 104 Hz for a field of 7.0 V/cm. Note the
factor-of-8 change in vertical scale for the high-temper-
ature data. The solid lines are calculated using the
parameters of Table I as desc'ribed in the text. The
curves for 102 and 10 Hz have been offset from the
10 -Hz curve by 9.3x10 3 and 3.8x10 3, respectively.

variations found in glasses. "" The variations are
similar in magnitude to those observed" in the
borosilicate glass BKV. There is, however, one
major difference between the variations in p-
alumina versus those in glasses, namely, the
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FIG. 7. Variation of dielectric constant, in units of
102 Ae/e, va temperature of Li P-alumina with E ( ( c,
from 102 to 104 Hz for a field of 2.8 V/cm. Unlike Na,
Ag, and K P-alumina, large variations are observed Li
P-alumina with the measuring field applied perpendicular
to the conducting planes.

anisotropy. For Na, K, and Ag P-alumina the
variations for the electric field oriented E &c are
large and similar to bulk glasses, while the sus-
ceptibility with E

~~
c is nearly constant as for a

pure crystal.
Thus, the p-aluminas contain a broad spectrum

of low-energy, localized excitations similar in
behavior to the excitations found in amorphous
materials. This conclusion is based on specific
heat, "" thermal transport, " electric saturation, "
and the present dielectric-dispersion measure-
ments. Furthermore, from the effects of ion ex-
change it is clear that the excitations in p-alumina
involve only ions associated with the conducting
planes. Finally, the charge motion associated
with the excitations in p-alumina, except for Li
P-alumina, is itself confined or pa,rallel to the con-
ducting pl.anes.

For Li P-alumina the dielectric variation for
E

~~ c, rather than being negligible as for the other
p-aluminas, is actually larger than for E zc.
This may result from the small size of the Li' ion
which allows it to move off the mirror plane
towards either alumina slab by a distance" of
0.85 A. Thus, the Li ion may move back and forth
across the conducting plane, parallel to the c axis.

A quantitative explanation of the data can be
sought in the phenomenological tunneling-states
model developed for glasses. The model will be
applied not only to the present dielectric-disper-

- sion data, but also to the earlier specific-heat and
thermal-transport data since all measurements
involved the same set of samples.

The tunneling-states model as originally pro-
posed by Anderson, Halperin, and Varma' and

by Phillips" was intended to explain the linear
specific heat, the low thermal conductivity, and

the discrepancy in directly measured and deduced
phonon mean free paths in glasses. The model
envisions that the localized excitations responsible
for the anomalous glassy properties are some units
of the glass that reside in double-mell potentials.
The weak overlap of the ground-state wave func-
tions in the two individual minima, , plus the asym-
metry g between these minima, give rise to a
small energy splitting E between the ground state
and the first excited state of the combined system.
The splitting is given by E = (A'+ $')"', where the
overlap energy 6 varies with the well separation
2d, the height V of the potential-energy barrier,
and the mass m of the tunneling unit.

In principle, one could obtain a density of tun-
neling states" P((, X) in terms of the double-well
parameters g and X. [The parameter X =(2m V)'~'d/
5 and b, = (2V/X)e ".] Experimentally, however,
the density P(E, ~) is more accessible, where v is
the relaxation time of a tunneling state of energy
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E. It has been suggested' that 7. arises primarily
through a modulation 6$ in the asymmetry $ by
the strain e of a passing acoustic phonon. Assum-
ing the coupling parameter y = —,'(6$/5e) is essen-
tially independent4 of E, then"

(4' v&) 'b, E coth
2

2ur '

where p is the mass density, v is the acoustic
phonon velocity, and the summation is over the
three acoustic-phonon modes. Equation (1) pro-
vides a spectrum of v values for each tunneling
energy E.

Generally, it is assumed for convenience that
P(g, X) is a constant independent of $ and X. Here,
however, we shall allow P($, X) =P(E), which has
at most only a weak dependence on 7. Then"

tromagnetic waves, analogous to the resonant and
relaxation scattering mean free paths of phonons. '
The resonant absorption' of electromagnetic waves
with ur =E/fi is

ci„, =v'(«+2)'po(27«hc) 'Etanh(E/2kT)P(E),

(4)

where p, , is the average microscopic dipole mo
ment of the two-level states and c is the velocity
of light. Use has been made here of the Lorentz
local-field approximation to relate the macro-
scopic dipole moment to p,„and it has been as-
sumed that the primary modulation of the state by
the field is through the asymmetry energy $. The
absorption of electromagnetic waves' analogous to
the relaxation scattering of phonons is

P(E, 7) = (2~) -'(1-~ /~) '~'P(E),- (2)
vp, o(«+2)' smax dE P(E)
54«kTc -, cosh'(E/2kT)

where ~,.„=(b, /E)27 is the shortest relaxation time
that occurs in the sample for states of energy E,
which occurs when 6 =E. The specific heat in ex-
cess of the phonon (Debye) specific heat is then

ma 'EX
C, = dEE' 4kT'cosh' - P(E)q(E),

0 T

(5)
Equation (5) displays explicitly the dependence of
the relaxation process on a spectrum of 7- values.

If we now let

where q(E) represents" the quantity —,
' in(4~, „/7;„).

Note that the time scale of the experiment deter-
mines y,„if the distribution over 7 extends to
that time scale.

There are two processes in the tunneling-states
model which contribute to the absorption of elec-

8, = (-2v/27) p, ,'(«, +2)'/«,

and

A=2mb'pv'y '(k'Q, v, ') '(u, ,

the electromagnetic dispersion can be related' to
the absorption by the Kramers-Kronig relation,
with 6«/« = (6«'/«) taa + (6«/«) xtt),

x) nx dxxtanh(~x}p}xkT) *. t dxxtanh( —',x)ptxkt'))
(k ~,/kT )' —x' ', (k~', /kT')' —x' (6)

and

(
emax~ dx P(xkT) " m~ mitt ds (1 —e ')

cosh'(-', x) 0 1+A'tanh'(-', x)e"(xT) '

emaxl')tr dxP(xkT ) . ia&t max&t'min& ds (1 e a)

cosh'(-,'x), 1+ (A~', /tv, )'tanh'(2x)e"(xT ) ] (7)

For hi0, «kT and a constant density of states,
Eq. (6) provides a logarithmic decrease of dh «/«,
while Eq. (7) increases dh «/«with increasing tem-
perature.

For a density of states independent of E, the
tunneling-states model gives Q ~x: g and z ~ g'.
These are nearly, but not exactly, the dependences
observed experimentally, and an energy dependent
P(E) was suggested' to account for the differences.
Therefore, we assume a form of P(E, w) such that

P (E/kT„) +P„(E/kT„)" for E& E,„
)7(E)P(E) = (8)

The energy E has been normalized by dividing by
k7'„, where 7'„=1 K. The coefficients I' and P„
are constants. As an example, m and ~ are rough-
ly 0.3 and 3, respectively, for vitreous silica. "
This certainly is not a unique representation of
P(E), but it does provide reasonable agreement
with experimental measurements on vitreous sil-
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TABLE I. Summary of parameters for M P-alumina.
All parameters and their sources are described in the
text.

I, )
I

I'arameter

P
Vt

L ~8)
t
q C

& ~~& ~n

m

Units

gem
10~ cm sec ~

105 cmsec '
sec

Na Ag K

3.22
3.8
9.1
5

11.9

3.74
3.6
8.8
5

11.1

3 33
4.3
9.5
5

11b

10' 10' 10'
02 02 02
3.0 3.0 3.0

3.14
4b
gb
5

11b

10'
0.2
3.0

'E IO-
O

pO p~ IO

C3

J'm
I'n,
E /O

~l
~o
~l

1033 erg ' cm
102~ erg ~cm
K
eV
D
eV

24 44
4.5 67

65 33
0.3 0,4
1.3 1.0
0.2 0.3

1.2
0.26

80
0,9
0.4
0.1

4.9
0.36

130
1.4
1.1
0.6

From Ref. 34.
"Estimated from the values for other cations.
c From Ref. 33.

ica" while still being mathematically convenient.
A number of parameters in the model are es-

sentially constants. The density p was measured
for each p-alumina to 1%. The quantity q(E) is
not a separate parameter but is determined by
the other parameters. The time scale t of the
specific-heat experiment enters the quantity

q(E) only logarithmically and thus is adequately
determined. The normalized coupling parameter
(2y', /pv', ) is assumed' to have the same value for
the three phonon polarizations. For Na and Ag
P-alumina the low-frequency dielectric constant
& has been determined. " The average acoustic-
phonon velocities of Na, Ag, and K p-alumina are
available'4 from the elastic constants. The values
of the constant parameters (p, v„ t, and e) are
listed at the top of Table I.

Several parameters were kept fixed for all the P-
aluminas. The frequency dependence of the re-
laxation process varies weakly with the exact
magnitude of the ratio rmax/T i when this ratio
is large, and thus 7. ,gv„was not v.aried.
The energy dependences, m and n, of the density
of states [Eq. (8)] were kept fixed for all cation
species, m on the basis of the similar tempera-
ture dependences of the low-temperature specific
heats. Because the physical properties being
calculated primarily depend on the number of
higher-energy states and not the exact tempera-
ture dependence of the density of states, the
parameter n of the density P„(E/k}" in Eq. (8}was
not varied. The values of the three parameters
kept fixed for all the P-aluminas (r,„/w;„, m and
n) are listed in the middle of Table L

to
I.O

w(K)
IO

FIG. 8. Theoretical fits to the Debye plus excess
specific heat, divided by T, vs temperature for M
P-alumina. The solid lines are calculated using the
parameters of Table I as described in the text. Data
from Ref. 15 are denoted by v for Li; , Ag; O, Na;
L, K. The dashed curves are from the data of McWhan
et al. , Ref. 14. The specific heats at high temperatures
are interpreted as being partially due to Einstein-oscil-
lator contributions (see Ref. 14).

There remain five parameters which vary among
the different P-aluminas. The magnitude P of the.
density of states at low energies [Eq. (8)] is set
by the low-temperature specific heat. The tem-
peratures af the minima in the vari, ations of the
dielectric constant determine the magnitude of the
coupling parameter y. The dipole moment p.,
is set by the size of the variations with tempera-
ture of the dielectric constant at temperatures be-
low =1 K. The higher temperature, more-rapid
increase of the variation with temperature gives
the approximate magnitude of the density of states
at higher energies, P„, and sets a lower limit on
the arbitrary cutoff of the density, E [Eq. (8)].

The values of the five variable parameters (P„,
P„, E, y, and p, ,) used to fit the data are listed
at the bottom of Table I. Note that for dipolesdue
to in-plane tunneling only, measured with E ic, a
factor of —,

' in Eqs. (4) and (5) due to averaging
cos'8 over three dimensions is to be replaced by
a factor of —,'. Similarly, for tunneling only along
the c axis and with E

~~ c, the —', is to be replaced by
l in Eqs. (4) and (5).

The specific-heat data of Fig. 8 are, by the na-
ture of the fitting. procedure, well represented by
the theory over the entire temperature range for
Li P-alumina and up to roughly 1, 4, and 8 K for
Ag, Na, and K p-alumina, respectively. The dis-
crepancies above those temperatures are accoun-
ted for by Mohan et al."using Einstein-oscilla-
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tor contributions of known cation vibrations.
The theoretical fits to the E sc measurements

of the variations of dielectric constant are shown
in Figs. 3-6. Although the tunneling-states- model
can provide an explanation for the temperature
variations of the dielectric constant, a portion of
the variations with frequency for all four cations
is unexplained. That is, there is an additional
frequency dependence of roughly the same size for
Na, Li, and Ag P-alumina such that at tempera-
tures below the minimum in Ae/e, the b, e/e data
do not approach a common asymptote as in
glasses"" and as required by the theory. Also,
for the Li P-alumina, E

~~
c data of Fig. 7, the

present formulation of the model does not explain
the minima, which do not vary with temperature
for different measuring frequencies.

One other problem with, the analysis occurs for
the 10"-Hz data for the variations of the suscep-
tibility of Na p-alumina with E &c (Fig. 3). If the
minima scaled' as &u/7' from low frequencies, the
minima for 10"Hz would be expected to be at =40
K. However, that scaling law assumes a density
of states that is relatively energy independent. A

strong energy dependence would produce a mini-
mum at lower temperatures. The low-frequency
data do not require a sufficiently strong energy de-
pendence to fit the 10"-Hz data. Alternatively, an
E /k of the order of 100 K would be needed to
give a minimum near the observed temperature of
9 K.

The low-temperature" thermal conductivities of
p-alumina" should now be explained by the model
using the values listed in Table I with no additional
adjustable parameters. However, satisfactory
agreement with the thermal-conductivity data re-
quires a different value for the coupling parameter
y, which is listed as y' in Table I. Curves of
b.e/e calculated using y' values would have minima
which occur at temperatures too high by a factor
of 2 for Na, P-alumina and more than a factor of
10 for K P-alumina. The temperatures at which
the minima occur are determined by the strong
competition of the resonant and relaxation con-
tributions. Thus, a small change in the magnitude
of one process with respect to the other can radic-
ally alter the position and shape of the minima.
The discrepancies could be due in part to assuming
the same density of states for phonon and electro-
magnetic interactions, to assuming a single
average value for both y and p, , for all the tunneling
states, or to assuming that 2y'/pv' is the same
for all phonon polarizations. Also, phonons travel-
ing in different directions may not scatter equally
well from the tunneling states confined to the two-
dimensional planes, or phonon focusing may be
influencing the thermal transpor t. Alternatively,

acceptable fits to the dielectric data using the
values of y' deduced from the thermal conductivity
data can be produced using a nonuniform distribu-
tion of tunneling-state parameters. This effec-
tively introduces two separate dipole moments:
the same p,, for the resonant process plus p,,' for
the relaxation process. For example, a fit similar
to that shown in Fig. 5 for K P-alumina is found
using p. ', =1.7p, o and P„=0.18x 10"erg ' cm

In brief, the phenomenological tunneling-states
model could be adjusted to fit the present data if
constraints on the parameters on the model were
further relaxed relative to the case of vitreous
silica, as an example.

If the tunneling, unit, active in the E & e measure-
ments, is assumed to possess a charge equivalent
to one electron, the approximate average well
separation would be 0.3, 0.2, 0.1, and 0.2 A for
Na, Ag, K, and Li P-alumina, respectively. Thus,
the tunneling is probably not that of a cation tun-
neling from site to site, "a distance of =3 A. The
density of states deduced for the p-aluminas are
comparable to those found for vitreous silica. "
A lcnees bound on the tota/ number of tunneling
states per unit cell apparent in the three sets of
measurements and fits is very roughly 0.2, 0.1,
0.04, and 0.3 for Na, Ag, K, and Li P-alumina,
respectively, compared to 2.3 cations per unit
cell. These values are very sensitive to the upper
limit on the density of states E,„which enters as
the fourth power. Nevertheless, it would appear
that the major tunneling unit for all the P-aluminas
is not the charge-compensating defect oxygens,
which only number =0.15 per unit cell. The calcu-
lated number of tunneling units and the derived
tunneling distances are not reliable enough, how-
ever, to discriminate between in-site cation tun-
neling, spacer oxygen tunneling, or a more com-
plicated, cooperative tunneling of groups of ions.
For Li P-alumina with E ~~c there is the possibility
that the Li cation is tunneling across the mirror
plane though a distance" of 1.7 A. Only 2% of
the excess excitations observed in the low-temper-
ature specific heat of Li P-alumina would need to
be due to tunneling along the c axis to produce the
magnitude of the temperature variation of the
E~~c data shown in Fig. 7.

In summary, crystalline P-alumina contains a
broad spectrum of localized excitations similar in
behavior to exeitations found in glassy materials.
The excitations in P-alumina are confined to the
conducting planes. The motion related to the ex-
citations, at least in Na, K, and Ag P-alumina, is
itself constrained to the conducting planes. The
tunneling-states model which adequately accounts
for the properties of fused silica, for example,
does not quantitatively fit the P-alumina data if the
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same assumptions are retained which were used
to fit fused silica. Relaxation of these restrictions
would provide agreement between the phenomono-
logical theory and experiment, but then the param-
eters of the model are no longer overdetermined
by existing experimental data.
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