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Thermal conductivities of Li, Na, K, and Ag P-alumina below 300 Kt
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The thermal conductivities of single-crystal Li, Na, K, and Ag P-alumina have been measured in the

temperature range of = 0.1-300 K. The thermal conductivity is very sensitive to the cation present and is

indicative of a broad band of excitations {&10 "J, 5 10"Hz) which scatter thermal phonons. The results are
compared with a tunneling-states theory of disordered materials and with published data from specific-heat

and light-scattering measurements.

I. INTRODUCTION

Sodium and silver P-alumina are layered crys-
tals which exhibit very high ionic conductivity in
tmo dimensions. " This property is of major tech-
nological importance and has focused research on
these and other superionic conductors in the past
few years. Although the ionic conductivity is ap-
preciable fox' P-alumina only above room tempera-
ture, efforts to understand the conduction me-
chanism have at times led to work at low tempera-
tures. In particular, the specific heats of several
P-alumina isomorphs have been measured~ down to
1.3 K. At the lowest temperatures there appears
to be an excess specific heat in addition to that
attributable to the acoustic phonons. T11xs result
implies the existence of a broad band of exeitations
having frequencies ~ 2 x 10"Hz. Since the thermal
conductivity also reflects the presence of exeita-
tions in t is fx equeney range, ' me mere ereour-
aged to perform thermal-conductivity measure-
ments on a series of I8-alumina isomorphs, name-
ly, those containing Li, Na, K, and Ag as the dif-
fusing ion. The experimental details are given in
Sec. II, and the data and results are discussed in
Sec. III. In brief, the thermal-conductivity data
do provide evidence of a broad band of localized
excitations associated with the cations and ranging
in frequency from =10" Hz down to at least 10'0

Hz.

II. SAMPLES AND TECHNIQUE

The P-alumina structure has been extensively
studied, although some important details have yet
to be x'esolved. ~9 " The ideal composition is
M,O ~ 11A1,0„where M represents the cation of
interest. These ions lie in mirror planes sep-
arating spinel-like blocks of alumina. The cations
are actually between 15% and 30% in excess of the
ideal composition. " Since additional oxygen ions
or aluminum ion vacancies are required for chax'ge
compensation, the crystals have a highly defective

struetux'e.
Certain properties of the crystal depend on the

method of crystal gromth employed. '~ The single
crystals of Na P-alumina used in the present work
were grown fxom the melt. " As a test of crystal
quality, the ionic conductivity was measured at a
fx equency of 10~ Hz at 300 K. The result mas = 10 '
0 'em ' which is in rough agreement with othex
measurements on melt- grown crystals. ' As a fur-
ther check of crystal quality, samples cut from an
optically more perfect melt-grown boule mere ob-
tained from the Argonne National Laboratory.

Samples having dimensions of approximately 2.0
x 0.4x 0.06 cm mere cut from a boule using a dia-
mond sam under kerosene. One sample mas ol i-
ented with its long axis parallel to the e axis, i.e.,
perpendicular to the conducting planes. All other
samples wex e cut with the long axis perpendicular
to the c axis. In certain samples, the Na ions
mere replaced" by Li, 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
mater rinse and precipitated metallic silver mas
removed with dilute nitric acid. Density changes
obtained with ion exchange, together with neutron
activation analyses, indicated that there mere close
to 2.3 cations per unit cell. The samples provided
by the Ar gonne National Laboratory appeared to
have a somewhat higher cation density, about 2.5
per unit cell.

The mounting of the samples for thermal con-
ductivity measurements in a dilution refrigerator
at temperatures %10 K is shown in Fig. 1. GE
7031 varnish was used for all thermal and me-
chanical bonds. The two pairs of carbon resistance
thermometers mere cut from 100- and 470-0 Speer
resistors. " The 100-~ units were used at T ~ 1 K;
the 4VO-0 units were used at 7.' ~ 1 K to maintain
sufficient temperature resolution. The lower pair
of carbon-resistance thermometers was calibrated
in each xun against a cerous magnesium nitrate
magnetic thermometer, ' which, in turn, was cal-
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change is a reversible process. Of greater im-
portance is the conclusion that the variation of z
between isomorphs shown in Fig. 2 is to be as-
sociated with the particular cation present.

Two qualitative comments can be made con-
cerning the results shown in Fig. 2. Although the
v of the four isomorphs differ by as much as 100
near 10 K, the data appear to converge near 300 K
and below 0.1 K. The minima in w near 20 K for Na
and Ag P-alumina are real reproducible charac-
teristics.

Quantitative comments concerning the data re-
quire a computation of v using the expression

x = (6w'-) ' Q C(&u)l, ((u)v,.'(u'du),

-2

IO

FIG. 3. Thermal conductivity versus temperature
of P-alumina after two successive ion exchanges in the
same crystal, starting from Na P-alumina. Dashed line,
original Na P-alumina; V', first exchange, Li; 0, second
exchange, K; 4, K P-alumina for comparison.

perfect samples from the Argonne National Lab-
oratory agreed with the Na and Ag data of Fig. 2

to within the experimental uncertainty of = 5%0, thus
demonstrating an apparent insensitivity to the num-
ber of excess cations.

The substitution of K for Na increased v near 10
K by a factor of = 40 (Fig. 2), while ion exchange
with Li lowered e. To determine if the substitution
of Li into the lattice introduced permanent defects,
thereby reducing v, K was substituted into a Li P-
alumina sample. The result is shown in Fig. 3.
The measured conductivity after a double-ion ex-
change (Na- Li-K) is larger tha. n in the original
material. Assuming a linear variation between the
Li content and the inverse phonon mean free path
l ' associated with this ion, the data of Fig. 3 sug-
gest that = 5% of the Li remained after an incom-
plete substitution of K. This is consistent with
density measurements which suggest that ~ 10% of
the Li remained in the sample. In brief, it is con-
cluded that substitution of Li in P-alumina does not
disrupt the lattice significantly and that ion ex-

where C(&u) is the contribution to the heat capacity
by phonons having frequency e, v is the phonon
velocity, and the sum is over the three phonon
modes. An isotropic material is assumed for the
calculations. Assuming the Debye approximation
(v, constant") and scattering of phonons only by the
boundaries, "the t(. of the K P-alumina was calcu-
lated using no adjustable parameters and is shown
as the solid line in Fig. 2. The agreement with the
experimental data implies that boundary scattering
dominates w below 1 K for the K sample. It is like-
ly that boundary scattering also influences the v of
the other samples at somewhat lower tempera-
tures. The data, of Fig. 2 can be corrected for
boundary scattering by assuming that l(e) of Eq. (l)
may be approximated by

l (&u)
' = l s' + l,,'„, (2)

where 1~ is the phonon mean free path due to
boundary scattering only" and l, ,„ is that related to
the cations. The corrected z as limited by the ca-
tions varies as T", T", and T" for the Li, Na,
and Ag P-alumina samples, respectively, below
=5 K.

Above =50 K, the w of the K P-alumina is proba-
bly limited by phonon-phonon scattering. Indeed,
the measured magnitude and temperature depen-
dence is in qualitative agreement with thermal con-
ductivities limited by phonon-phonon scattering as
observed for other spinel structures. " The em-
pirical magnitude of the mean free path associated
with this process for the K isomorph is

l~p'=2(h'/vk)u)T' (cm '),

where h is the Planck constant divided by 2z, and
k is the Boltzmann constant. Presumably this pro-
cess occurs also in the other isomorphs but is
overwhelmed by the magnitude of l,,'„.

It is reasonable to expect that l„„would depict
some of the same characteristics observed in pho-
ton scattering. Raman scattering exhibits re-
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FIG. 4. Specific heat C of P-alumina isomorphs div-
ided by temperature T vs T . The data were obtained
from Ref. 4. V, Li;0, Na;&, K. The dashed line
represents the acoustic phonon contribution as calculated
from the phonon velocities, Ref. 21.

sonances at roughly 25, 60, and 80 cm ' for Ag,
Na, and K P-alumina, respectively, although the
method of crystal growth may influence the scat-
tering. " (No lines are observed for Li. ) Since the
integra. nd of Eq. (1) is maximum near Ku& = 8.8kT,
the foregoing resonances would effect v near 10,
25, and 30 K, respectively. In Fig. 2, there are
indeed minima for Ag and Na near the appropriate
temperatures. (There is no minimum in the K data
near 30 K, but this might reflect a weaker cou-
pling of phonons to the cation motion in this iso-
morph. ) A strong resonant phonon scattering pro-
cess that is not temperature dependent, however,
would not prevent x from monotonically increasing

with temperature and thus no minima would be
possible. But if the width of the resonance broad-
ened with temperature, phonons having a frequen-
cy below the resonant frequency would have their
mean free paths reduced as the temperature in-
creased and v could pass through a minimum.
Using in Eqs. (1) and (2) various forms of I,,„
which might be appropriate for a resonance, such
as

I,,', (~) ~ &u'y [((u' (u'„)'+y'(u'] '

[where &u„ is the resonant frequency, y =yo(1+BT)
is the resonance width, and B is the strength of the
temperature-dependent broadening] gives good fits
to the Na and Ag data near the minima. However,
the temperature-dependent broadening of the re-
sonance widths [parameter B in Eq. (4)] must be a
factor of 10' stronger than is observed in Raman
scattering. '- In addition, resonant scattering does
not explain the strong scattering associated with
l,,„below =5 K. Consequently, using the reso-
nances observed in light scattering cannot explain
the data below =5 K, nor does this process pro-
vide a convincing explanation of v above = 5 K.

An explanation of the data for T ~ 5 K requires
a broad band of excitations of frequency = 10' -10"
Hz, the former value related merely to the lowest
temperatures for which v was measured. As men-
tioned in Sec. I, specific-heat measurements pro-
vide evidence for low-frequency excitations in J3-
alumina. The excess specific heat was said to de-
viate toward a linear temperature dependence. '
This, together with the disordered state of the ca-
tions in the mirror plane, suggested" that the
tunneling model of localized states" might be ap-
plicable. This model was originally developed to
account for a similar excess specific heat in glassy
materials. Since the model also predicts a T' de-
pendence of w at low T, it is tempting to explain
K of the P-alumina in terms of this model. "

In Fig. 4, we have replotted the specific heat (C)
data of Ref. 4 as C)T vs T' to emphasize any linear
temperature dependence. The phonon contribution
to C/T is represented by the dashed line; all lines

TABLE I. Densities of states calculated from measured specific heats (nc) and thermal
conductivities (n„), and parameters lz, A, cup used in calculating the thermal conductivities
depicted in Fig. 5.

nc
(10» J-' m~)

ng
(10" J-'cm~)

lp
(cm)

A
(cm-' K )

Li
Na
K
Ag

60
30
10

2

0.2
%0.01

0.2

0.13
0.12
0.14
0.14

300
19
0.9

23

11
5
9

'1cm '=3x10" Hz =2x10-'3 J.



P. J. ANTHONY AND A. C. ANDERSON

FIG. 5. TherInal conductivity vs temperatme of p-
alQYnina showing the same data as Flg. 2. The culves
were coInputed using a model developed fox' aYnorphous
materials as described in the text. Only two parameters
in the computation were varied to fit the four sets of
data.

=l„ for u&uo; otherwise, E„„=/,.„. Here l,„ is
the mlnlmMIl concelvRble acoustic-phonon mean
free path (roughly the size of a unit cell) as sug-
gested by Kittel'2 and, from the tunneling-states
model~

I„'= A (hv/0) tanh(her/kT) + (,' A)P—T'

fox' A(d/k &PT y
ox'

I-„' = & (@~/&) tanh(~~/&~) + (-.' &)(~~/&)

for h(d//k &PT'. Fux'ther details have been given in

Ref. 8 and mill not be repeated here. Substitution
of I(u) into Eq. (1) produced the curves shown in

Fig. 5. The I(~) at 0.1 K for Na P-alumina is
shown in Fig. 6. Equation (3) has been included in

the calculations fox completeness, but v is not very
sensitive to the magnitude of /» or l,.„below 100
K. Also the abrupt drop at co„ in Fig. 6 cou1d vary
as (d ' and not affect the calculated resu1ts in Fig.
5. Only two of the adjustable parameters, A and
u&„were varied in fitting the four isomorphs (see
Table I); I», I,.„(=25A), and p (=6x 10 ' K ')
were held constant. From the values of the param-
eters A and P used in the fits, densities of local-
ized excitations n„could again be calculated.
These values, which are now independent of any
assumption concerning the magnitude of the de-
formation potential, are the same as ealeulated

through the data are drawn with the same slope.
At higher temperatures for Ag, Na, and K I3-alum-
ina there is Rn additional contribution to C from the
resonances mentioned previously. ~ Indeed, the
resonance contribution from the low-frequency Ag
resonance is so large that neither R T nor a T'
texm can be distinguished and the Ag data. have
been omitted from Flg. 4.

The linear behavior of the data in. Fig. 4 is less
than convincing, but if the lines are taken as
drawn, a constant density of excitations per unit
energy interval e~ can be calculated. The x'esults
axe given in Table I. Likewise, a density n„can be
deduced f lorn tIle =7 portion of the thermal-con-
ductivi. ty data" by assuming a defox mation potential
of 0.5 eV, a value consistent with measurements in
glass. " The resulting values of n„are given in TR-
ble I and are considerably smaller than the cor-
1 espondlng VRlues Gf Rg. This ls not Rn encoul'Rg
ing result, but on the othex hand a similar problem
has been encountered in applying the tunneling-
states model to glassy materials.

It ls thex efox 6 tempting to pursue the tunnellng-
states model further by applying it in a calculation
of K for the entire temperature range as has been
done for glassy materials. ' In Eq. (2), we use I„,

E

~ IO

IO

IO IO o IO

FREQUENCY(cm )

FIG. 6. Phonon mean free path E vs frequency u
corresponding to the fit to the Na p-aluYnina data shown
ln Flg. 5„ II3, contrlbutlon due to boundary scatteI'lng
l &, contribution due to localized excitations; lm;„, Kittel
limit; coo, frequency near which / decreases rapidly with
increasing ~.
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previously and listed in Table I.
Although the above calculation is a gross ap-

proximation for temperatures above =20 K (as
usual, dispersion has been ignored), it does pro-
vide for the minima in the Na and Ag data while
still fitting reasonably well the v of Li and K P-
alumina. Thus the calculation suggests that the y

of P-alumina between 10 and 100 K might be de-
termined by a scattering mechanism different from
that detected in light-scattering experiments.

It is appropriate to ask if tunneling motion in the
mirror planes is a reasonable expectation. There
is some evidence for "glassy behavior" in other
slightly disordered systems, i.e. , in polycrystal-
line materials. "" In P-alumina it has been sug-
gested' that the cations tunnel between sites, a
distance of =4 A. Alternatively, the ions might
tunnel within the different cation sites, distances
of =0.4 A. Another possibility is that of the bridg-
ing 0 atoms in the mirror plane, since the two Al-
0 bonds are probably not collinear. 'This would

allow the 0 atoms to tunnel about this axis, with
energy levels determined by the neighboring ions.
For all tunneling possibilities, the range of ex-
citation energies observed might be produced by
the disorder in ion site potentials due to the ran-
dom occurrence of excess ions and charge com-

pensating defects. Only one cation (or bridging 0)
in 10'-104 need be involved in tunneling motion
over the frequencies probed in order to explain the
excess specific heat and the low-temperature
thermal conductivity.

In summary, the thermal conductivity of single-
crystal I3-alumina between 0.1 and 300 K has been
shown to depend strongly on the cation (Li, Na, K,
Ag) placed in the conducting plane. The data in-
dicate that a broad band of excitations (~ 10 "J)
are present and associated with the cations. The
data may be explained in terms of a tunneling-
states theory which was originally developed to ex-
plain a similar band of excitations in amorphous
materials. From available data, it can not be de-
termined conclusively that this is the appropriate
explanation, nor indeed that P-alumina behaves the
same as a glassy material.
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