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HEAT CAPACITIES FROM 400 TO 1200 K OF CaAl,, EuAl,, ErAl,
AND OF THE INTERMEDIATE VALENCE COMPOUND YbAl,
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ABSTRACT

Heat contents of the intermediate valence compound YbAI, and of the isotypic phases
CaAl,, EuAl, and ErAl, were measured in a drop calorimeter over the temperature range
400-1200 K. Whilst the heat capacity of the compounds of Ca, Eu and Er increases linearly
with temperature, an anomalous trend is observed for YbAIl,. The excess heat capacity
displayed by YbAI, as regards the other rare earth single valence phases can be ascribed to
the promotion enthalpy associated with the electronic process occurring in this compound,
namely the continuous increase of the trivalent ytterbium percentage in the temperature range
examined. The problems of the evaluation of the degree of advancement of the electronic

process, and the correct choice of a proper reference system, are discussed. The promotion

molar enthalpy has been approximately evaluated, providing a value of 8 kJ mole ',

INTRODUCTION

It is known that some rare earth elements can display fractional values of
the valence in many intermetallic compounds; moreover, this intermediate
valence state can change depending on different thermodynamic conditions.
So, the experimental results of magnetic and structurai measurements carried
out on the YbAIl, compound were interpreted on the basis of variable
percentages of trivalent and divalent ytterbium [1}, the percentage of Yb (III)
appearing to increase with the temperature in the whole range examined
(70-850 K).

In the present work, heat content measurements of YbAl, have been
carried out in the temperature range 400-1200 K; the isotypic compounds
CaAl,, EuAl, and ErAl, have been analogously measured as possible
reference systems, in order to compare single valence (valence 2 for CaAl,
and EuAl,; valence 3 for ErAl,) and intermediate valence (YbAl,) com-
pounds, and to evaluate the promotion enthalpy of the process Yb(II)Al, —
Yb(IIDAL,.

0040-6031 /83 /$03.00 © 1983 Elsevier Science Publishers B.V.
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EXPERIMENTAL AND RESULTS

The metals used in the preparation of the compounds were Ca of 99.9 wt.
% purity (Fluka, Switzerland), Eu, Er and Yb of 99.5, 99.8 and 99.5 wt %
purity, respectively (Koch-Light, Gt. Britain), and Al of 99.999 wt. % purity
(Koch-Light, Gt. Britain). Hydrogen was removed from the ytterbium by
diffusion through the tantalum container, whilst heating under a dynamic
vacuum at 1173 K [2].

The samples were obtained by melting, in an induction furnace, stoichio-
metric amounts of the two elements in tantalum containers, sealed by
arc-welding under an argon atmosphere. The monophasic structure of the
alloys was checked by micrographic examination. X-Ray analysis, carried
out by the powder method, confirmed for each compound the already
known crystal structure, MgCu, type, with cell constant values in good
agreement with the literature data.

Heat contents were measured in a drop calorimeter over the temperature
range 400-1200 K. The design of the furnace and the Bunsen ice calorimeter
was similar to that described by Ginnings and co-workers [3,4]. The furnace
was divided into three sections, each heated independently; three copper
cylinders occupied the inside of the furnace, in positions corresponding to
the three heaters. The sample was suspended at the center of the middle
cylinder. The temperature was measured by a Pt /Pt-10% Rh thermocouple,
located within the middle copper cylinder, and previously calibrated in situ
by means of a calibrated thermocouple which occupied the usual position of
the sample. The apparatus was kept under vacuum during the sample
heating and equilibrated at the desired temperature (for 1-2 h); some time
after the drop, argon was injected into the calorimeter to facilitate the
thermal exchange. The volume variation produced by the ice melting was
measured by weighing the corresponding mercury amount drawn into the
calorimeter. The value of the calibration factor obtained at the National
Bureau of Standards [3-5] was used in the heat calculation, namely 270.48 +
0.03 J g~ ! Hg. Both precision and accuracy, as tested in the whole tempera-
ture range by a series of repeated heat content measurements on a high
purity copper sample, were found to range over 1-2%.

The samples were enclosed in cylindrical tantalum containers, sealed by
arc-welding under argon. A series of measurements on the empty container
provided the heat contribution of tantalum. The quantities of the alloys were
6.0218, 14.1574, 15.3045 and 13.6686 g for the Ca, Eu, Er and Yb com-
pounds, respectively.

Table 1 reports the experimental enthalpy results, referred to one mole of
substance. For the compounds of Ca, Eu and Er, the enthalpy values can be
represented as a function of the temperature by a parabolic equation,
least-squares fitted to the experimental data

(HQ — HY,) = a,(T — 273) +a, (T — 273)°
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TABLE 2

Least-squares calculated values of the constants in the two enthalpy-temperature equations
used for CaAl,, ErAl,, EuAl, and YbAl,, corresponding standard deviations (in parenthe-
ses) and mean deviations, d, of the experimental points from the fitted curves

Compound q, a, a, A d
(I mole ' K™!') (Jmole™' K™2) (3 mole™! K=%3%) (K) (%)
CaAl, 70.75 (0.24) 12.85 (0.35)x 1073 0.49
EuAl, 74.31 (0.33) 6.99 (0.47)x1073 0.73
ErAl, 73.59 (0.35) 7.11 (0.50)x 103 0.58

YbAl, 75.70 (0.69) 6.90 (0.34)x107% 122 (35) —327 (20) 0.39

Direct differentiation of this equation gives the thermal dependence of the
heat capacity

C,=a, +2a,(T - 273)

The thermal trend of the heat content of YbAI, is more complex, and this
analytical representation requires a higher number of parameters. A positive
difference, regularly increasing with temperature, between the enthalpy of
YbAIl, and that of EuAl, or ErAl, is observed. Some equations were tested,

C, (4" mat')

~
n
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400 600 800 1000
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Fig. 1. Variation of the molar heat capacity of CaAl,, EuAl,, ErAl, and YbAL, with
temperature. Some different temperature dependences of ¢, the fraction of Yb(III) ions, are
also indicated, as proposed on the basis of magnetic susceptibility data (curve 1, ref. 1; curve
3, ref. 4; curve 4, ref. 3), or of lattice constants (curve 2, ref. 1).
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simpl); by adding to a parabolic function a third term, which should describe
the excess enthalpy of YbAI, as regards a “normal” trend. After some trials,
the following function was selected

2 ) A
(HS— HY,) = a,(T - 273) + a,(T - 273)* + a(T — 273)""° xP T 7y

The heat capacity of YbAI, becomes

1 A
(T—-273) | o(T-273)*° (T-273)""

The values of the constants in the enthalpy-temperature equations, their
corresponding standard deviations and the mean deviations of the experi-
mental values from the fitted equations are reported in Table 2 for the four
compounds examined. Figure 1 shows the corresponding C, trends in the
temperature range considered.

C,=a, +2a,(T - 273) + a; exp

DISCUSSION

As can be seen in Fig. 1, the thermal behaviour of YbAIl, appears
anomalous as regards the other compounds studied. On the other hand, in
spite of the different metallic radius, atomic weight and valence state of Eu
and Er, the difference between the heat contents of EuAl, and ErAl,, less
than 1%, lies within the experimental accuracy limits. So, neglecting other
lattice effects, the higher C, values of YbAl, appear mostly connected to the
valence change occurring in the temperature range considered, namely to a
gradual increase of the trivalent ytterbium percentage.

The evaluation of the molar energy, E,, of this electronic promotion
process should be possible by using the C, values, both of the mixed-valence
system and of a proper reference system. Lacking compressibility and
thermal expansion data of these compounds, the C, values obtained in the
present work may be used to evaluate the molar promotion enthalpy, H,.

When the system, containing one mole of YbAI,, changes from the
temperature 7, [corresponding to a certain value, c(T)), of the percentage of
Yb'!!] to the temperature 7, [corresponding to a different value c(73)], the
mean value of H, in the temperature range considered can be given by

H = (H792 - IJ70"|)YbAl2 - (H792 - H7q|)ref.
- (1) —c(T)

where (HTO2 - H(}I),ef. is the enthalpic change of a proper reference system.
Questions arise concerning the valuation of ¢(T) and of the choice of

reference system. Concerning c¢(7T'), this quantity has been obtained in the

literature by means of both magnetic and lattice constants measurements
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[1,6,7]. Figure 1 also reports these data, which show a similar trend, with a
total quantitative disagreement of about 10%; this can be ascribed to
different handling of the experimental results. On the basis of the ¢(7T)
values proposed by Klaasse et al. [6], which cover the whole temperature
range examined in the present work, the increase of the trivalent ytterbium
percentage, going from 400 to 1100 K, is evaluated to be 41%.

The unusual type of transformation which occurs in YbAl, makes dif-
ficult the choice of the reference system. Actually, the process of valence
change continues during the whole of the temperature range examined, as
seen in Fig. 1, and it does not seem completely correct to select a part of the
observed C, curve of YbAL, as the reference line to evaluate the excess heat
capacity. The compounds CaAl,, EuAl, and ErAl,, which are all isotypic
with YbAL,, were initially selected as possible reference systems. Neverthe-
less, the temperature dependence of the heat capacity of CaAl, clearly
appears too different from the other compounds; this behaviour can be due
to a probably lower value of the Debye temperature, and to the higher
coefficient of volume expansion (see the comparison between CaAl, and
LuAl, reported in ref. 1).

EuAl, and ErAl, were therefore taken as reference RAl, systems, contain-
ing a rare earth element with stable and not fractional valence. Using a mean
value of the enthalpic data of EuAl, and ErAl,, the molar promotion
enthalpy, H,, of YbAI, is 8 £ 1.5 kJ mole~!. Also, within the large limits of
accuracy, this value appears considerably lower than the value of 38 kJ
mole™ !, calculated by Gschneidner [8] for the process Yb(II) — Yb(III).
Nevertheless, a comparison cannot be made, because this last value was
obtained on the basis of thermodynamic cycles involving substantially ionic
compounds of Yb (oxides and halides).

On the other hand, the promotion enthalpy obtained in the present work
can be directly compared with the excitation energy of about 15 kJ mole™!,
estimated [5,6] for the ytterbium atoms on the basis of magnetic data; in that
case, high temperature data of magnetic susceptibility for YbAl, were
discussed with a two levels model. The observed difference between the two
values can be ascribed to electron—phonon interactions, caused by the large
cell volume change occurring in the valence change [9]. Lattice vibrations
and valence fluctuations show a reciprocal influence, and this coupling can
make uncertain the evaluation of the intermediate valence value at the
different temperatures, and consequently the calculation of the excitation
energy.
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