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Thermal properties of a Bi,0;:Y,0; oxygen conductor at low temperatures
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Specific-heat and thermal-conductivity measurements (1.7—40 K) are reported for the first time
on a Bi;03Y,0; oxygen conductor having a stabilized, defect-fluorite structure. Glasslike behavior is
found in the properties measured, and the magnitudes of the coefficients involved are very similar to
those found in amorphous materials. The thermal conductivity has a plateau region ~20—30 K and
a T? temperature dependence below ~3 K. The specific heat has a maximum in C/ T?at 12 K
describable by a single Einstein term (@=33.1 cm™") and a linear tunneling term resolvable below
3.5 K. The fitted Debye temperature is 248.9 K (£0.4%). This oxygen conductor has a large con-
centration of oxygen vacancies at elevated temperatures, but the Einstein term indicates that the ma-
jority of these vacancies is ordered at low temperatures. Using the vacancy concentration from the
Einstein term, we find excellent agreement with the theory of McWhan et al. for the coefficient of
the tunneling term. Comparisons are made with the low-temperature properties of stabilized zir-

conias and the alkali-metal B-aluminas.

I. INTRODUCTION

Materials with large ionic conductivities have received
considerable recent attention, both as a way of studying
diffusion mechanisms in the presence of a large concentra-
tion of diffusing ions and also as potential materials for
energy-storage, fuel-cell, and oxygen-sensor applications.
In general, these ionic conductors are characterized by lo-
cally disordered structures, such as the conduction plane
in the alkali-metal (M) B-aluminas or the oxygen vacan-
cies in the stabilized zirconias, and measurements of the
thermal and dielectric properties of these materials at low
temperatures are a useful means of studying this disorder.
The analogy here is with the low-temperature behavior of
glassy materials which universally display a distinctly
non-Debye signature, for example: (1) a large maximum
in C/T? around 10 K describable by an Einstein term(s),
where C is the specific heat, (2) a linear term in the specif-
ic heat below ~3 K, C, « T, (3) a plateau in the thermal
conductivity K at ~10 K, (4) a quadratic T dependence,
KxT? below ~3 K, and (5) a frequency-dependent
minimum in the dielectric constant at ~0.1 K at radio
frequencies. With the exception of (1) above, these proper-
ties are generally explained by a two-level tunneling model
with a (nearly) constant density of states,' the latter being
postulated on an ad hoc basis due to the topological disor-
der in glasses.

The low-temperature, excess specific heats of the silver
and alkali-metal B-aluminas have been attributed to Ein-
stein terms,? and the Einstein frequencies correlated well
with Raman frequencies in the 28—82 cm~! range. These
frequencies in the M B-aluminas are also evident in the
microwave spectra.® At the lowest temperatures a linear
specific-heat term was found’ and interpreted as the
cation-tunneling contribution. A quadratic T dependence
of the thermal conductivity of several B-aluminas at low
and ultralow temperatures has also been reported.*

Perhaps the most thoroughly measured ionic conductor
has been the classic® oxygen conductor ZrO,:Y,0;. Here
the Y,0; content not only stabilizes the fcc fluorite struc-
ture but also creates oxygen vacancies, and low-
temperature dielectric and thermal measurements on an
8-wt. % Y,0;—stabilized zirconia have been reported
from 0.03 to 50 K.®~% All five of the glasslike properties
mentioned above have been observed in these measure-
ments, and the magnitudes of the coefficients involved
(eg., C,ocT, Kx T?) are surprisingly close to the values
found in amorphous materials. Moreover, techniques
have recently been developed to stabilize tetragonal
Zr0,:Y,0; at room temperature,9 and low-temperature
measurements'® on this material (above 1 K) suggest that
these glasslike properties are insensitive to whether the
host zirconia lattice is cubic or tetragonal. A ubiquitous
problem in studying these zirconias is the hafnia content
which contributes a Schottky term in the specific heat at
low temperatures due to the electric quadrupole moments
of "Hf and ""Hf.%'® This hafnia contribution, which
can mask the tunneling term, is evident even in the
hafnia-refined, nuclear grade ZrO,:Y,0;.’

The bismuth sesquioxide, oxygen-conducting materials
have gained considerable, recent attention.!! These ma-
terials have oxygen conductivities up to ~ 10? larger than
the stabilized zirconias at elevated temperatures, and
Bi,O; bears many similarities to ZrO,. Namely, pure
bismuth sesquioxide has a (defect) fluorite phase (8 phase)
above 730°C which undergoes a destructive phase transi-
tion to a monoclinic structure at lower temperatures.
Several lanthanum-series oxides are effective in stabilizing
the defect-fluorite structure at lower temperatures (e.g.,
Yb203, Er203, Y203, DY203, Gd203) The purpose of this
paper is to report the first low-temperature measurements
on a bismuth sesquioxide, oxygen-conducting material,
wherein the stabilizing oxide is Y,0; (25 mole %). This
defect-fluorite material contains a very large concentration
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of oxygen vacancies (see below), and the purpose of these
measurements was to investigate what similarities exist
with the zirconias and the M B-aluminas.

II. EXPERIMENTAL METHODS
AND RESULTS

Ceramic samples of the Bi0;:Y,0; material were
prepared by conventional methods. Powders of Bi)O;
(99.5%) and Y,0;3 (99.9%) were mixed and calcined at
800°C for 8 h, and final pellets were sintered at 950°C for
1 h. The composition was 25 mole % Y,0;, which is ap-
proximately the minimum amount needed to stabilize the
fluorite phase.!! X-ray analyses on the ceramic samples
confirmed the presence of a single-phase, fluorite structure
(lattice constant, 5.494 A). Four-terminal dc resistivity
measurements were made up to 600°C on one of the sam-
ples, and these resistivity data agree very well with pub-
lished data!l; for example, the resistivity at 500°C is 77
Q cm, compared with 2560 Q cm for ZrO,+8 wt. % Y,0;
at the same temperature.

The large Y,0; content needed to stabilize the fluorite
phase in Bi,03:Y,0; translates into a large concentration
of oxygen vacancies. Relative to the MO, fluorite struc-
ture, this composition is

(Big,75Y0.25)01.5%0.50
compared to
(Zrp.913Y0.087)01.957V 0.043

for the stabilized zirconia mentioned above, where V
represents the oxygen vacancy.

The specific-heat sample was a ceramic pellet (3.829 g)
fixtured with a heater (343 Q) and a carbon-chip resistor
thermometer (10 mg). The addenda constituted 1.2 wt. %
and contributed 9—4 % of the total heat capacity in the
range 1.7—40 K, respectively. The adiabatic calorimeter
described previously12 was used, and AT /T values were
maintained less than 3%. The uncertainty in the method
is believed to be less than +5%. Above 20 K, however,
the uncertainty in the absolute temperature is ~0.1 K;
while this does not affect C (since AT ’s are involved), it
does affect C/T" (see below).

The thermal conductivity sample was a 2.54-cm-long
bar with an A/l ratio 0.0846. The two-thermometer,
linear-heat-flow method was used in the same calorime-
ter,* and the uncertainty in the method is believed to be
approximately less than +5%.

The measured specific-heat data are shown in Fig. 1
where the data are plotted as C /T to illustrate the non-
Debye behavior. Two features are apparent: (1) There is
a broad maximum in C/T? at about 12 K, and (2) C/T?
increases rapidly with decreasing temperature below 4 K.
These features have been seen in the M B-aluminas? and in
stabilized zirconias,’~% and in the analyses below we will
assume that the first feature is due to an Einstein term,
the second feature to the tunneling motions associated
with disordered oxygen vacancies.

The measured thermal conductivity data are shown in
Fig. 2. These data display classic glasslike behavior: pla-
teau region around 20 K, and a quadratic temperature
dependence below 3 K. Moreover, the magnitude of the
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FIG. 1. Specific heat of Bi,03:Y,0; plotted as C/T? to illus-
trate the non-Debye behavior. The uncertainty in the absolute
temperature increases above 20 K, and a typical error bar in
C/T? is shown at 25 K. The maximum in C/T? at 12 K is
describable by an Einstein term due to the dispersionless mode of
the diffusing ions. The rapid rise of C /T below 4 K is due to a
linear tunneling term.

quantities are very similar to those found in glasses; that
is, the plateau thermal conductivity is ~3 mWem 'K~
and below 3 K, K=12Xx10"*T* Wem~!K~!. For com-
parison, in ZrO,:Y,0; the plateau thermal conductivity
is ~10 mWcem™'K~!, and in the quadratic region,
K~8x107°T?Wem~—'K~'8

III. ANALYSES

Following the results obtained on the other ionic con-
ductors mentioned above, we assume the specific-heat data
of Fig. 1 can be decomposed into a linear tunneling term
and an Einstein term. The data suggest that the Einstein
term is effectively frozen out below 3.5 K, and this is easi-
ly checked by a rough estimate, as follows: The Einstein
temperature ®y is approximately 57, where T' is the
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FIG. 2. Thermal conductivity of Bi;03:Y,0; There is a
glasslike plateau around 20 K, and below 3 K, K =1.2 X 1074T?
Wem— 'Kl
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FIG. 3. Fit of the specific-heat data below 3.5 K to the linear
tunneling term, Eq. (1). The tail of the Einstein term is present
above T2=10 (dashed curve), and these data were not included
in the fit. The Debye temperature from this fit is 249.6 K.
temperature of the C/T> maximum.'? Consequently, es-
timating the amplitude of the Einstein term from the
height of the C/T> maximum and knowing @ allows an
estimate of the Einstein term, and it is found that below
about 3.5 K this term is negligible (a subsequent estimate
using the parameters from the Einstein fit verified this
conclusion). Consequently, the specific-heat data below
3.5 K were fitted to the linear term added to the Debye
background'*

C=aT3+vT, (1)

where the coefficient « is simply related to the Debye tem-
perature ®p and ¥ is the coefficient of the tunneling term.
The result of this fitting is shown in Fig. 3, and an excel-
lent fit to Eq. (1) is obtained. The residual tail of the Ein-
stein term is visible in Fig. 3 above T%=10, and these data

10 g~
1
[ -1
® 10
\X
(Y
NU
- 1072
1073
10-41111A]Llll§l|
10 20 30
100/T (K1)

FIG. 4. Fit of the specific-heat data in the neighborhood of
the C/T* maximum according to the Einstein term, Eq. (2).
Here C.,=C —Cp—yT, where 7 is taken from the Fig. 3 fit.
The Debye temperature from this fit is 248.2 K.
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were not included in the least-squares fit. The fitting
parameters obtained are ©p=249.6 K, y=21.96
ergg ' K™2=1.065x10"* calmole"'K~2 The Debye
temperature here is normalized to one atom per formula
weight based on the fluorite structure.

There are apparently no literature references with which
to compare this fitted Debye temperature. The coefficient
of the tunneling term found here is considerably smaller
than that found in the B-aluminas. For example, y varies
from 0.5 to 1.7X10~* calmole ™' K2 in the Na, K, Rb,
and Li B-aluminas.? However, compared to Zr0,:Y,0;, in
which y=3.08 X107 calmole~! K2, the tunneling term
found here is considerably larger, as is the oxygen-vacancy
concentration. We shall return to this tunneling term
below.

Turning next to the (suspected) Einstein term, it is clear
from the above fitting parameters that the tunneling term
makes a non-negligible contribution above 4 K, so in this
range the fitting equation

C=Cp(@®p/T)+yT +3Rrx%*/(e*—1)}, x =tw/kT
)

was used. Here Cp is the Debye function, r is the number
of Einstein oscillators per formula weight, and o is the
Einstein frequency. The fitted value for ¥ was used in Eq.
(2), but ®p was determined independently. That is, a
three-level fitting program was used to determine ®p, r,
and w. A tabulation of the Debye function was used,'’
and the results of this fitting are shown in Fig. 4. The fit-
ting parameters here are ®,=248.2 K, 0=33.1 cm~!,
r=0.0428.

An excellent fit to Eq. (2) was found, as seen in Fig. 4;
here C.,=C —Cp—yT. However, it was found that the
Fig. 1 data above 25 K could not satisfactorily be fitted to
Eq. (2), and these 25—40 K were not included in the fit. A
possible reason here may be the relatively large uncertain-
ties in the absolute temperature above about 20 K (~0.1
K); a typical error bar in C/T? at 25 K is shown in Fig. 1.
A more likely explanation, however, may be the inadequa-
cy of the simple Debye model applied to a locally disor-
dered solid at temperatures well above the T limit (in this
case, temperatures above about 12 K). What is clear,
nonetheless, is that the simple models employed here
describe the main features of the Fig. 1 data very well, and
the agreement between the Debye temperatures determined
in the two regions (®@p=248.9 K+0.40%) lends credence
to the fitting procedures. The Einstein frequency found
here is in the range of the frequencies in the S-aluminas,’
28—82 cm ™!, but is approximately one-half the frequency
found® in ZrO,:Y,03, 62 cm ™.

The amplitude factor, =0.0428, from the Einstein fit
is much smaller than the oxygen-vacancy concentration in
Bi,03:Y,0; (~50%, see above). This is in contrast to the
amplitude factors found in the stabilized zirconias. That
is, in cubic Zr0,:Y,0; containing 4.3% oxygen vacancies,
r=0.0492 (Ref. 6); and in tetragonal ZrO,:Y,0; contain-
ing 1.4% oxygen vacancies, r=0.0148.1° It is clear that
the increased oxygen conductivity at elevated temperatures
of Bi,03:Y,0; compared to ZrO,:Y,0; (see above) is due
to the large concentration of oxygen vacancies. But at low
temperatures the number of diffusing ions contributing to
the dispersionless Einstein mode in Bi,03:Y,0; is about
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the same as in the zirconias. This result suggests an order-
ing amongst the majority of the vacancies in Bi,0;:Y,0;
at low temperatures, but this ordering temperature is well
above 40 K.

IV. DISCUSSION

The phenomenological model' of amorphous materials
assumes that groups of ions reside in a double-well poten-
tial giving rise to two-level systems, and the density of
states for small energies must be nearly constant to repro-
duce the linear term in the specific heat. However, a mi-
croscopic description of these low-lying excitations in
glasses has not yet been achieved. Consequently, studies
of fast-ion conductors are of interest not only because they
display glasslike behavior at low temperatures but also be-
cause microscopic information about these solids is avail-
able. Hopefully, studies of these materials will provide in-
sights into the microscopic nature of glasses. We remark
in this regard that certain stochiometric ferroelectrics also
display these glasslike properties.'®

The Bi,05:Y,0; conductor studied here displays classic,
glasslike thermal properties over the temperature ranges
involved, and the magnitude of the coefficients are very
similar to those found in glasses. At elevated tempera-
tures, this defect-fluorite conductor has an oxygen-
vacancy concentration an order of magnitude larger than
in the stabilized zirconias (as evidenced by the ionic con-
ductivity) and represents a highly disordered state similar
to the B-aluminas. In the latter materials, the conduction
planes contain 15—30 % excess cations plus a correspond-
ing number of charge-compensating oxygens and so are
highly disordered. However, in contrast to the zirconias,
the Einstein term in the specific heat of Bi,0;:Y,0; indi-
cates that the majority of the oxygen vacancies are ordered
at low temperature and do not contribute to the disper-
sionless mode resulting from the diffusing ions.

The lower Einstein frequency found in Bi,03:Y,05 (33.1
cm~!) compared to the zirconias (62 cm™!) may simply
be due to the more open fluorite structure resulting in
more loosely bound oxygen ions. That is, the oxygen-
oxygen separation in Bi,0;:Y,05 is 2.75 A compared to
2.55 A in Zr0,:Y,0;. This difference more than compen-
sates for the difference in ionic radii between Bi** (1.25

A) and Zr** (0.98 A)."

Turning to the linear term in the specific heat, it is here
that microscopic information about the solid itself applies.
The basic model is that of a periodic host-lattice potential
whose wells are partly ﬁlled by the interacting, diffusing
jons. Theoretical studies'® of the disorder due to diffusing
ions in a periodic potential have demonstrated, however,
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that this does not lead to the linear term; rather, additional
random fields due to the mobile ions and the compensat-
ing defects are required. A probabilistic theory along this
latter line has been given by McWhan et al.,? according to
which

y=(7*/6)k*P(0)x , 3)
where
P(0)=0.11[(e3a /€)(n, +e3n,/e1)** 17" . @)

Here P(E) is the probability distribution that the energy
difference between accessible sites is E, and x is the num-
ber of different configurations per oxygen vacancy. In Eq.
(4) ny,e, and n,,e, are the concentration and charge of the
oxygen vacancies and compensating ions, respectively, € is
the dielectric constant, and a is the distance between ac-
cessible sites in the unit cell. This formalism is in reason-
ably good agreement with the linear term observed in the
B-aluminas’ and in ZrO,:Y,0;. For the case of
Bi,0;:Y,0;, there are eight crystallographically equivalent
oxygen sites in the fluorite unit cell; the x-ray data yield
a=2.75 A, and a measurement of the dielectric constant
at helium temperatures yielded e=15.4. There are no
charge-compensating ions in Bi,0;:Y,0; (i.e., n,=0) in
contrast to ZrO,:Y,0;. Concerning n, we shall adopt the
concentration of mobile vacancies resulting from the Ein-
stein term, 0.0428 vacancies per molecule or
n;=103x10*" cm~3 using the x-ray density (8.13
g/cm®). Substituting in Egs. (3) and (4), y=20.8
erg g~ K2, which is in very good agreement with the ex-
perimental value, y=22.0 ergg~' K2 Finally, the densi-
ty of tunneling states P(E) at E—O0 is 1.05 states/eV from
Eq. (4) which is about intermediate between the S-
aluminas (=0.7 states/eV) and ZrO,:Y,0; (1.2 states/eV).

In conclusion, we find a satisfying agreement and inter-
nal consistency between the Einstein and linear terms in
the specific heat of Bi,03:Y,0;. Not only are the Debye
temperatures determined in the two regions in good agree-
ment, but the use of the oxygen-vacancy concentration
from the Einstein term in the probabilistic theory of
McWhan et al. yields good agreement with the measured
linear coefficient. It would be worthwhile to extend these
measurements on Bi,0;:Y,0; into the mK temperature
range.
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