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Abstract 

Recent measurements of the heat capacity of UO2 are analysed in the temperature range from room temperature 
to 8000 K. The high temperature behaviour of cp(T) is essentially governed by heat energy exchange mechanisms 
in the solid, involving the formation of atomic and electronic defects. The analysis is centred on the A transition 
observed at T=0.8T,,, which is interpreted in terms of the cooperative formation of anion Frenkel defects. 
Electronic defects, in the form of localized small polarons, formed in the same temperature range, are shown 
to provide only a minor contribution to cp, owing to electron-hole interactions. Schottky defects are predicted 
to play an effective role only between 2700 K and Tin. The decrease in the heat capacity above the melting 
point of the material is attributed principally to the saturation of the thermally activated contributions. The heat 
capacity in the liquid is sustained by molecular vibrations up to 4500 K; only at higher temperatures do more 
energetic electronic excitations take place. The formation of defects in the solid is described by using mean- 
field models which are able to reproduce the observed transition and its dependence on the stoichiometry in 
UO2+x. 

1. Introduction 

The heat capacity of nuclear oxide fuel is an important 
quantity in the analysis of severe reactor accidents in 
which rapid adiabatic core temperature excursions are 
considered. Although the thermodynamic properties of 
UO2 have been carefully measured in the last few 
decades, solid and liquid measurements above 2500 K 
are still rare and difficult to interpret. For this reason, 
within the framework of the Research Safety Programme 
of the European Communities the high temperature 
heat capacity of solid and liquid UO2 has been recently 
thoroughly investigated in the temperature range 
2500-8000 K [1, 2]. The consolidated experimental data 
now enable a more accurate quantitative analysis to 
be carried out on the elementary heat exchange mech- 
anisms operating in the different temperature regimes. 
This paper is a condensed description of a new attempt 
to provide a simple, unified picture of the high tem- 
perature behavior of c o . 

2. Experimental results 

Figure 1 shows the complete set of experimental 
measurements of c o above room temperature in nom- 

* Present address: University of Warwick, Department of Physics, 
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Fig. 1. Heat capacity of nominally stoichiometric UO2: experi- 
mental points and least-squares fitting curve. 

inally stoichiometric UO2. The solid data are obtained 
by differentiation of enthalpy measurements [3-6] and, 
in the vicinity of the )t peak, by direct dynamic mea- 
surements [2]. The liquid data are taken from ref. 1. 
The error bars are indicated in different temperature 
regimes. The measurement accuracy decreases with 
increasing temperature, as a consequence of the de- 
terioration of the calorimetric and thermal measure- 
ments, and of the uncontrolled variation of the chemical 
composition of the sample. Finally, in the liquid, where 
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non-smoothed data are plotted, the error mainly results 
from the particularly difficult experimental method 
adopted [7]. The full line, which represents a polynomial 
least-squares fitting of the experimental points, is suf- 
ficiently well defined to be used in the analysis of the 
data. 

2.1. Heat exchange stages 
The c u r v e  Cp=Cp(T) can be qualitatively subdivided 

into six segments, according to the dominant heat 
exchange mechanisms operating in the respective tem- 
perature intervals. 

(1) From room temperature to 1000 K, the increase 
in heat capacity with temperature is governed by pro- 
gressive excitation of the harmonic lattice vibrations, 
which can be approximately described by a single ef- 
fective Debye model. Since the Debye temperature of 
UO2 in this temperature range is less than 600 K, the 
Debye function is almost unity by T> 1000 K, where 
cha~. attains the Neumann-Kopp asymptotic limit of p 
9 K, characteristic of a crystal based on a triatomic 
molecule. A minor contribution is provided by thermal 
excitation of localized electrons of U 4+ (5f) z in the 
crystal field (CF) levels. At low temperatures, this 
contribution is approximately proportional to T, while, 
at high temperatures, where the concentration of U 4+ 
decreases by disproportioning into U 3+ and U 5+, 

cF becomes essentially temperature independent. Cp 

(2) From 1000 to 1500 K, Cp continues to increase 
weakly with T, as a result of the progressive increase 
in the anharmonicity of the lattice vibrations, as reflected 
in the thermal expansion of the material. The slope 
of ep(T) resulting from these effects, measured in dif- 
ferent compounds with similar mechanical properties, 
reveals an almost constant trend which can be used 
to extrapolate Cpa"h~rm" to higher temperatures. 

(3) From 1500 to 2670 K (=  Tt), the additional increase 
in c o is caused by the formation of lattice and electronic 
defects. The cp peak measured at approximately 
T= 0.8Tin (which indicates a sharp thermodynamic tran- 
sition) is very similar to that observed in other ionic 
fluorides which exhibit a superionic A transition. Fol- 
lowing ref. 8, this transition is interpreted as a co- 
operative process involving the creation of defects in 
the sublattice of the more mobile atomic species, leading 
to a sudden increase in the oxygen Frenkel pair con- 
centration at a defined critical temperature Tt [5]. This 
assumption was later corroborated by neutron scattering 
measurements of the oxygen defect concentration nF 
as a function of the temperature [9], which showed a 
steep inflection point at T=T,. Moreover, the d.c. 
electrical conductivity of UO2 is known to increase 
sharply in this temperature interval [10], entailing a 
further contribution to the heat capacity. 

(4) From 7", to Tm, c o is characterized by :a steep 
descending flank of the transition peak, as a result of 
the rapid saturation of the defect concentration (anion- 
disordered phase), followed by a weakly increasing stage 
resulting from the onset of the creation of more energetic 
atomic defects (UO2 Schottky trios). 

(5) From Tm to 4500 K, the heat capacity decreases 
to the level attained at 1000 K, indicating that all the 
thermally activated processes have completely saturated, 
leaving only atomic vibrations to support further heat 
exchanges. 

(6) From 4500 to 8000 K, an upswing in cp is observed, 
with an activation energy comparable with that needed 
in the solid to excite the electrons of the deeper 2p- 
based valence band. 

From this brief overview of the elementary mech- 
anisms contributing to the heat capacity of UO2, one 
realizes that the central problem for a comprehensive 
microscopic model of the system is a description of 
the atomic and electronic defect behaviour described 
in points (3) and (4). In fact, in this temperature range, 
other relevant thermodynamic and thermophysical prop- 
erties (defect concentrations, electrical and thermal 
conductivity [11], creep rate [12] and, probably, self- 
diffusion coefficient [13]) present "anomalies" which 
should be encompassed and explained by realistic 
models. 

2.2. Properties of the A transition in U02 
For a long time, the results concerning the A transition 

in UO2, obtained by differentiating the enthalpy H, 
have been very controversial - even the existence of 
the transition was initially questioned by some authors, 
who interpreted the cp peak obtained by finite-difference 
calculation of dH/dT (even that using a more sophis- 
ticated numerical analysis [14]) as an experimental 
artifact. Only more recent experiments specifically aimed 
at detecting this effect [2] could provide unambiguous 
and more detailed evidence. By using a thermo-analytical 
method based on the cooling curve analysis of a laser- 
pulse-heated sample, a premelting transition was ob- 
served in the form of a marked minimum in the cooling 
rate dT/dt. Since, under fixed heat loss conditions, dT/ 
dt is inversely proportional to c o, the cp transition peak 
could be reproduced with good accuracy by using an 
appropriate numerical analysis. Figure 2 shows the 
results obtained in a nominally stoichiometric sample. 

The transition appears at 2670 K and the resulting 
heat capacity peak (Fig. 3) - over the assumed "un- 
perturbed" cp background - is high and very narrow*. 
This explains the difficulty in detecting the transition 
by performing numerical differentiation of H. The ex- 
periments have been repeated under both reducing and 

*The calculation of the peak was made by assuming a smoothed 
cp(T) curve, without a peak, such as would have been entailed 
by a cooling curve with no inflection points. 
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Fig. 2. Cooling curve of  a U O  2 sphere of  diameter 1 mm, showing 
a A transition at 2670 K, in the form of a strong decrease in 
the cooling rate. The sample was laser heated up to the pulse 
time indicated by " O F F " .  
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Fig. 3. Heat capacity peak resulting from the A transition, from 
the data in Fig. 2. 
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Fig. 4. Cooling curves from a sequence of pulses on a UO2 
sample under reducing conditions, showing the increase in the 
transition temperature with decreasing sample stoichiometry. 
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Fig. 5. Cooling curves of a U O  2 sample under inert and oxidizing 
conditions, showing the disappearance of  the transition in UO2 +x. 

oxidizing atmospheres, and the following interesting 
results obtained. 

(1) For O/U < 2, the transition temperature increases 
with increasing reduction. Moreover, in reduced sam- 
pies, supercooling effects are observed, involving an 
inversion in the sign of dT/dt. This provides a clear 
indication that the transition producing the cooling rate 
perturbation was of first order (Fig. 4)*. 

(2) Under oxidizing conditions (O/U > 2), no inflection 
points are detected during cooling (Fig. 5), and it 
appears that there is no transition of the kind found 
in stoichiometric and substoichiometric UO2. 

*This effect is well known. For instance, during rapid cooling 
from the liquid, the temperature can decrease below the freezing 
point, whereby the sample remains in a glassy form, without 
releasing the latent heat of  fusion. This continues until, after a 
finite time, the crystal phase is nucleated. The ensuing crystal- 
lization process, driven by a AS < ASt, may lead to the formation 
of  anomalous metallographic features. 

3. Points defects in U02 

In this section, microscopic models for lattice and 
electronic defect formation are examined, with the 
intention of explaining the high temperature behaviour 
of Cp in UO2. This.is in the context of the experimental 
evidence already mentioned (i.e. magnitude of cp(T), 
position and nature of the premelting transition, and 
its dependence on stoichiometry, together with equi- 
librium defect concentration as a function of temper- 
ature). Three types of defect are considered here: (a) 
oxygen Frenkel pairs, (b) neutral trios of Schottky 
vacancies and (c) a valence alteration of the lattice 
cations. Their respective formation reactions are written 
as  

0 2 -  + V  ° , ~ L + O ~  z -  (1 )  

U 4+ + 2 0 ~ -  ' VL U + 2 ~ L  (2)  
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2U4+ ' U 3+ + U  5+ (3) 

where the symbols are self-explanatory. 
Once the free energies of, formation of the three 

reactions are given, the corresponding law of mass 
action equations, together with three additional con- 
straint equations dictated by charge neutrality, chemical 
composition and structural configuration of the fluorite 
crystal unit cell, are sufficient to define the equilibrium 
concentrations of the defects involved. However, a few 
remarks concerning the relationship between the for- 
mation of these defects in UO2 and the observed A 
transition are in order. 

(1) The A transitions occur in the vicinity of 2650 
K in both stoichiometric and nearly stoichiometric UO2, 
and primarily result from cooperative (anti-)Frenkel 
anion disorder, whose associated free energy of for- 
mation is much lower than that of the Schottky trio 
disorder (see, for example, refs. 15 and 16) to which 
the Frenkel disorder is coupled (in the law of mass 
action) via the equilibrium oxygen vacancy concentra- 
tion. In turn, the Schottky defect concentration is 
dependent on the disproportionation fraction of U 4+ 
(see below). Near the stoichiometric O/U ratio, this 
fraction is close to unity, even at high temperatures, 
so the ionic disorder can be decoupled from the elec- 
tronic disorder. Furthermore, since the Schottky trio 
formation energy is nearly twice that of an oxygen 
Frenkel pair, the two types of defect are effectively 
formed and reach saturation in different temperature 
intervals. Therefore, in a first approximation, Frenkel 
disorder can be solved independently of the Schottky 
disorder. 

(2) Assuming that the bonding in UO2 is principally 
ionic, the cations in the stoichiometric material are 
nominally U 4+ (502. The possibility of relatively low 
energy fluctuations about this configuration (to U 5+ 
and U 3+) then permits the following: (a) the accom- 
modation within the fluorite phase of a large degree 
of non-stoichiometry - in the hyperstoichiometric case, 
the excess oxygen is assumed to occupy interstitial sites, 
with the formation of neutralizing U 5 + ions, while the 
hypostoichiometric case is characterized by oxygen va- 
cancies and U 3+ ions; (b) intrinsic electronic semi- 
conductivity [10] in stoichiometric UO2 originating from 
the thermally induced cation disproportionation 
2U 4+ ~ U 3+ + U  5÷ [17-19] - in this context, it is worth 
remarking that, near the cp peak temperature Tt, the 
d.c. electrical conductivity is approximately one order 
of magnitude higher than that which characterizes purely 
ionic conductors, even in their fast ion phase. 

(3) Owing to the strong interaction with the polar 
lattice, the supranumerary electrons and holes asso- 
ciated, respectively, with the U 3 ÷ and U 5 + ions (formed 
either by reaction (3) or by stoichiometry deviation) 

are localized in small polaron eigenstates. In these 
states, electrons and holes are associated with local 
atomic relaxations in the polar lattice, and carrier motion 
takes place by 'hopping", the associated mobilities then 
being activated, as in the case of atomic defects. Al- 
though, from a formal point of view, this permits a 
common treatment, it can give rise to difficulties when 
it comes to distinguishing the respective contributions 
to %. This point will be returned to in section 5. 

(4) UO2 exhibits a significant increase in creep rate 
above T,, i.e. much more than is expected from ex- 
trapolation of lower temperature data. The plasticity 
above 2700 K is so high that a high density sintered 
UO2 sample annealed above this temperature for a 
few hours is subject to large permanent deformations, 
even in the absence of external applied stresses*. The 
effect is confirmed by a decrease in the rigidity modulus 
[21], which is much stronger than that observed in the 
case of fluorides undergoing superionic transition [22]. 
Thus, it is evident that the A transition in UO2 indicates 
the onset of potentially significant changes in the struc- 
tural stability of the material. 

4. Microscopic models for the A transition 

The mean-field models presented in this section 
attempt to lay the foundations of an understanding of 
the behaviour of the heat capacity between 1500 K 
and the melting point, simply by describing the tem- 
perature dependence of the equilibrium concentration 
of the above-mentioned point defects. Owing to the 
limitations of space, only the salient aspects of the 
analysis are discussed here; more details concerning 
new developments will be published in a separate paper. 

4.1. Linear model for cooperative Frenkel defect 
formation 

The simplest model capable of describing the effects 
associated with the cooperative defect formation in a 
system is based on the assumption that the free energy 
of formation of one additional defect decreases linearly 
with the concentration n of the pre-existing defects. 
The free energy of formation, referred to the free 
energy of the perfect crystal, is then 

_ as°o)[  Aa=[Od{a/-/o (4a) 
J 

for UO2_x and 

AG= [~L]{ AHo- 2 [0 , ] -kT(ASC+AS no)} (4b) 

*Even the ceramographic grain boundary structure appears to 
be rounded -- similar to that observed by cooling after melting. 
The effect is sometimes so striking that early experimenters were 
induced into the error of taking 2700 K as the melting temperature 
[20]. 



C. Ronchi, G.J. Hyland / Measurement of  heat capacity of U02 163 

for UOz+x, where the superscripts c and nc stand for 
"configurational" and "non-configurational" respec- 
tively. M-/o is the enthalpy of formation in the absence 
of interaction. A represents a mean attractive energy 
between complementary defects (oxygen interstitials and 
vacancies); for an isotropic and homogeneous distri- 
bution of defects, this produces a lowering of the 
formation energy below the defect-free value AHo. It 
must be stressed that )t is a purely phenomenological 
model parameter, which is not necessarily associated 
with any physically definable interaction configuration 
(but may, under certain conditions, be identified with 
the first term of a series expansion of such). 

In eqn. (4), the configurational formation entropy 
AS c for a Frenkel pair in UO2±x takes the form 

AS c = k  In n(n T-x) (5) 
(2/3+_x-n)(a-n) 

where n--[VL°]([Oi]) for UOz+x(UOz-x), i.e. it cor- 
responds to the pertinent intrinsic defect concentration, 
/3 is the effective fraction of oxygen lattice sites per 
unit cell available for occupation by VL °, and a is that 
of interstitial sites for occupation by Oi. a and /3 are 
less than unity, since the repulsive interaction between 
like defects tends to discourage (i.e. "blocks") the 
occupancy of neighbouring sites [23]*. Consideration 
of the crystallographic configuration of the lattice re- 
laxations around a defect [24] suggests that interstitial 
and vacancy site blocking should be extended to the 
nearest and next-nearest neighbour sites, respectively, 
so that one can write 

a =  (1 + 12[O~1)-' 

fl = (1 + 18[~1) -1 (6) 

where both [O~] and [VL °] may be expressed in terms 
of the relevant intrinsic fractional concentration n of 
defects and stoichiometry deviation, x. Therefore OAG/ 

is a function of n and of five additional parameters 
(T, x, AHo, A, msnc). 

Thermodynamic equilibrium at a given T requires 
that n satisfies the equation 

OAG 
- -  = 0  ( 7 )  

On 

Now, for a given x, the solution n(T) of eqn. (7) in 
the space of the model parameters M-/o, )t and AS nc 
can be either a monotonic continuous function, in- 
creasing from zero up to a positive asymptotic value, 
or a function displaying a discontinuity at a distinct 
temperature T=Tt, i.e. a first-order phase transition 

*Alternat ively,  the  fo rma t ion  o f  defec t  c lus ters  which  engage  
m o r e  t han  one  lat t ice site can  be  cons ide red ;  again,  this  can  be 
descr ibed  by us ing  a "s i te  b locking"  fo rmal i sm.  

between a low-temperature ordered phase and a high- 
temperature disordered phase. The two types of solution 
are separated by an interface, where the discontinuity 
step of n(T) at T= Tt is reduced to a continuous segment 
with a vertical inflection point. This occurs when, in 
addition to eqn. (7), the following conditions hold: 

02AG 03AG 04AG 
On 2 = 0, On--- 5- = 0 On--- z- > 0 (8) 

Systems satisfying these conditions undergo a phase 
transition of the second order; formally, this transition 
is analogous to that occurring at a thermodynamic 
critical point. Equations (8) reduce the free parameters 
of the model ()t, AHo and AS "c) from three to one. 
Furthermore, for a given configurational defect for- 
mation entropy, and for a constant AS "c, the second- 
order critical value /~crit is independent of the other 
two parameters. The occurrence of a second-order 
transition in nature may appear as occasional and rather 
improbable. However, a more in depth view of the 
argument leads to a different conclusion. In fact, an 
increase in ~ from zero to values above /~crit produces 
a passage from a diffuse to a first-order transition, 
through a sequence of transitions which differ very little 
from each other. In contrast, we expect that, in a 
cooperative system, ~ depends both on the nature of 
the defects themselves and on their arrangement (mutual 
orientation, clustering, short-range order and, in the 
limit, defect long-range order), i.e. it arises from the 
structural context with which the defect is merged. 
Now, in a system for which eqns. (8) satisfied the free 
energy is fairly insensitive to the local defect concen- 
tration (the first non-zero derivative is the fourth). The 
argument can be reversed, by inferring that, in a complex 
system, where strongly interacting defects are allowed 
to assume a variety of local configurations (as, for 
instance, in the case of fluorite structures), a second- 
order critical point is likely to be found. 

Therefore, it was assumed that, in stoichiometric 
UO2, the ~, transition was produced by Frenkel defect 
formation, described by eqn. (4), and that the interaction 
parameter and the non-configurational defect formation 
entropy satisfy eqns. (8) at T=2670 K. Thus, the only 
input parameter was M/o, the value of which 

M-/o = 3.67 eV (9) 

was taken from neutron scattering data [9]. The solution 
of eqn. (8) then yields the following critical values for 
the model parameters: 

/~crit = 2.74 eV AScL~, = 12.8 k ncrit = 0.13 (10) 

The case of UOz±x was then considered, under the 
following hypotheses: 
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(1) the value of the defect interaction parameter 
remains unchanged; 

(2) the non-configurational entropy AS "c varies lin- 
early with the equilibrium defect concentration. 

The first assumption can entail the non-existence of 
a second-order transition in non-stoichiometric com- 
pounds, while any other type of transition that may 
occur may be located at T:~ 2670 K. The second hy- 
pothesis enables us to reproduce the experimental 
finding concerning the nature of the transition in the 
hypostoichiometric case, i.e. the appearance of first- 
order transitions at progressively higher temperatures. 
With these assumptions, one finds 

AS "~ = 9.5(1 + 3n)k (11) 

These parameters have been used to calculate the 
behavior of the material in the stoichiometry range 
1.85 < O/U < 2.25. The curves of the resulting cp = cp(T) 
and n=n(7) values are plotted in Figs. 6 and 7. The 
results are summarized in Fig. 8, where the second- 
order critical parameters are plotted as functions of x 
and are compared with the assumed non-configurational 
entropy of eqn. (11), whose magnitude with respect to 
its critical value defines the nature of the expected 
transition: for hS"~>AS~r~, the transition is of first 
order; for AS"C< AScnCt, the transition is of diffuse type, 
with a finite Cp peak height. 

Starting from UO2, where the premelting transition 
is of the second order, the model predicts for hypo- 
stoichiometric oxides a first-order transition, with the 
transition temperatures increasing withx. The maximum 
transition temperatures Tt = 2870 K is calculated for 
x = - 0 . 1  At higher oxygen deficiencies, the transition 
becomes - as one would obviously expect - of the 
diffuse type, with the defect concentration increasing 
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Fig. 6. Calculated heat capacity contribution ( - - )  from Frenkel 
disorder and defect equilibrium concentrat ion ( . . . . .  ) as func- 
tions of T in UO2_x at various values of x. For x < 0, Cp diverges 
at  the peak temperature,  where a first-order transition is predicted. 
The concentrat ion n(T) is discontinous at the peak position. 
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continuously with temperature. This trend is in agree- 
ment with the results of the experiments performed 
under reducing conditions (Fig. 4). In the hypersto- 
ichiometric oxide, a diffuse transition is predicted, with 
the peak height decreasing with x. This entails that the 
transition becomes progressively less pronounced and, 
at a sufficiently high value of x, it effectively disappears, 
which is in agreement with the experimental findings. 
Unfortunately, the O/U analysis of the oxidized samples 
(Fig. 5) could not be performed; estimates from ex- 
trapolated oxygen potentials indicate that O/U > 2.1. If 
one compares this value with the curves in Fig. 5, one 
can see that, at these stoichiometries, the predicted 
transition is of diffuse type and very broad, with the 
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heat capacity peak positioned at temperatures above 
the melting point. (Only conjectural data are available 
on the decrease in the melting point in highly hyper- 
stoichiometric UO2+x.) 

4.2. Comparison with the classical Debye-Hiickel 
model 

The results of the phenomenological linear model 
can be compared with the predictions of a statistical 
mechanical model based on a physically well-defined 
interaction - the Coulomb interaction. To this end, 
we have chosen the original Htickel model, because it 
is perfectly self-consistent within the legitimacy limits 
of the Debye approximation of Boltzmann's formula. 
We recall that the Hiickel model is based on the 
assumption that the defects interact in an isotropic 
electric polarization field described by a macroscopic 
static dielectric constant; the defects are assumed to 
be rigid spheres, with the closest distance of approach. 

The defect interaction energy, corresponding to the 
second term on the right-hand side of eqn. (4) now 
takes the form [25] 

AG e~= n[zel2K ~'(F,a) (12) 
3D 

where D is the static dielectric constant, ze is the defect 
charge and K is the inverse Debye screening length, 
defined by 

~ =  4~nlzel 2 
VDkT (13) 

where V is the molecular volume and r(y) is a function 
arising from the integration of the electrostatic potential, 
such that 

~) = ~ l o g ( l  + y ) - y +  2 ~  (14) 

Equations (13) and (14) were then used to replace 
in eqn. (4) the interaction term proportional to A; the 
second-order transition parameters were then searched 
for by solving eqns. (7) and (8). In contrast to the 
linear model, this system of equations only has real 
solutions for AHo> 4.6 eV; while this value is larger 
than that used in the linear model (3.6 eV), it still 
falls within the experimental range. Figure 9 shows 
that, at the critical temperature, the linear model and 
the Hiickel model predict a similar behavior of co(T) 
and n(T). Knowing the critical parameters Kcrit  and n~,i,, 
we can solve eqn. (13) for the effective dielectric 
constant, to give 

D = 19.8 (15) 

which falls in the range of the experimental values 
(20 <Doxp < 24). This result is particularly important in 
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Fig. 9. Comparison of the Frenkel defect concentration and heat 
capacity contribution calculated by using the linear interaction 
( - - )  and the classical Debye-Htickel model ( - - - ) .  
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Fig. 10. D.c. electrical conductivity measurements and theoretical 
predictions ( x )  from the interacting polaron model ( - - ) .  The 
two lines A and B correspond to two different carrier mobility 
rules. 

connection with the effects described in the following 
section. 

5. Small polaron contribution 

The small polaron c o contribution associated with 
the defect equilibrium concentrations predicted by re- 
action (3) takes the form of a thermally activated process. 
The experimental basis for the evaluation of the relevant 
parameters is provided by the d.c. electrical conductivity 
data, i.e. ~r= ~T) ,  plotted in Fig. 10. Customarily, in 
the analysis of these data, the increase in o~T) is 
interpreted as a single-energy activated process, where 
the carrier concentration is approximated by an ex- 
ponential function of T-1, and their hopping mobility 
involves a prefactor proportional to T -15. From this 
treatment, the contribution of small polarons to the 
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heat capacity turns out to be far too large to be in 
any way compatible with the coexisting contribution 
from oxygen defects. This problem is reflected by the 
conclusions of earlier papers, where the upswing in cp 
at high temperatures was attributed either to atomic 
(see, for example, ref. 26) or to electronic defects (see, 
for example, ref. 27). However, inspection of the con- 
ductivity data at high temperatures indicates a significant 
deviation from a simple exponential dependence of the 
carrier concentration on T -  1, which we have interpreted 
as evidence for cooperative small polaron formation. 
Therefore, we followed Yoffa and Adler [28], who used 
a Hiickel-type model to describe the temperature-in- 
duced transition to the metallic state in Mott insulators. 

5.1. Quantum mechanical cooperative model for small 
polaron formation 

In this model [28], based on the Hubbard Hamiltonian, 
the on-site Coulomb repulsion U between like defects 
(the U 3+ and U 5+ small polarons) takes the form 

U=U° exp{ -(8we2a2n~'/2~\kTl/D] J (16) 

where the symbols are the same as in eqn. (12). Uo 
(the bare intrasite Coulomb repulsion or Hubbard gap) 
is essentially analogous to the perfect crystal Frenkel 
formation energy AHo defined above. It should be noted 
that d represents the equilibrium concentration of defects 
and not a free variable. (In their model, Yoffa and 
Adler faced the well-known self-consistency problem 
and had to introduce this additional "Ansatz". In fact, 
all the "improved" Hfickel solutions are generally not 
self-consistent (for example, ref. 29). For the problem 
of conforming the statistical mechanics scheme of as- 
semblies with temperature-dependent energy levels to 
the demands of thermodynamics, see ref. 30.) 

The model was applied to describe small polaron 
formation in the presence of electron-hole interactions. 
Uo was calculated from the Arrhenius regime of the 
intrinsic conductivity data to be 2.34 eV, while the 
exponent in eqn. (16) was adjusted to obtain the best 
fit of the experimental a(T) data. As in the preceding 
models, the effect of the screening was to inflect the 
curve n =n(T) in a narrow temperature range. For a 
sufficiently high screening constant and defect concen- 
tration, the Hubbard gap collapses and the first-order 
transition from an insulating to a metallic state occurs. 
Since this transition is not observed in UO2, the range 
of variation of the screening constant was relatively 
small, and the fitting procedure fairly unambiguous. 
The results are plotted in Fig. 10 as full lines. 

The effective dielectric constant was finally evaluated 
from the screening constant as: 

D = 1 8 + l  (15) 

2 0 0 n  . . . . .  L 

I r~--HEA~ CAPACITY 
1.8oq I~ 

I-- ELECTRON C DEFECT 
I'60 I"'LCONCENTRATION:< 10 

1404 r : = ' 

o 
1 2 0 - ~  [ 

-o 1.00 

/ -. 

/ 
/ 

/ 
/ 

/ / . / /  
"g.> 0 8 0  . . . . . .  / / 
0 J 7 /  

: - - J  / /  

/ /"  0 6 0  / 

0.40- j / /  

020 

0.00 , , , 

1600 1800 2000 2200 2400 2600 2800 5000 
TEMPERATURE (K) 

Fig. 11. Mode l  p red ic t ion  o f  the  smal l  po la ron  concen t ra t ion  and  
hea t  capaci ty  cont r ibut ion .  

which again is in fairly good agreement with the value 
calculated - in the quite different defect context of 
the oxygen Frenkel pair formation - and, of course, 
with experimental findings. 

The important consequence of including polaron- 
polaron interactions is that the resulting heat capacity 
contribution is sufficiently reduced (Fig. 11) to be able 
to be accommodated in the total balance of the other 
cp contributions. 

6. Schottky disorder 

The simplest variety of cation disorder most likely 
involves the formation of a trio of vacancies, according 
to reaction (2). It should be noticed that VL ° already 
occurs in the Frenkel disorder discussed above; thus, 
the two disordering processes are coupled. However, 
given the much higher value of the formation energy 
of Schottky defects (hHoS), their effect on the Frenkel 
disorder can be practically neglected, as was implicitly 
done above in our treatment of the Z transition; the 
opposite does not hold, however. 

While the reliability of the value (about 6.5 eV) 
currently assigned to AHo s is difficult to assess, it is 
of interest to note that this value does satisfy the 
empirical relationship which holds between AH0 s and 
Tm of many binary ionic crystals [31]. Therefore, a 
mean field model of the melting transition, based on 
cooperative Schottky defect formation, is currently un- 
der investigation. In this model, the coupling to the 
existing Frenkel defects (via the common VL ° species) 
is included. This is because, in the 450 K interval 
between the A transition and melting, the degree of 
anion disorder is appreciable, attaining values of around 
20% in UO2.o. However, pilot calculations neglecting 
this coupling indicate a small cp contribution prior to 
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T A B L E  1. Theo re t i ca l  con t r ibu t ions  to hea t  capaci ty  and  expe r imen ta l  m e a s u r e m e n t s  in UO2_x (J mol -~ K - t )  
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T e m p e r a t u r e  1 2 3 4 4 5 6 1 to 6 1 to 6 
(K) Harm.  Anh.  C.F. F r e nke l  F renke l  S.P. Schot tky s u m m e d  s u m m e d  

x = 0 x = 0.02 x = 0 x = 0.02 

Expt.  

1000 74.8 2.5 6.0 0.0 - - - 83.3 83.3 84.0 

1200 74.8 4.8 6.0 0.0 - 0.1 - 85.7 85.7 86.0 

1400 74.8 6.9 6.0 0.3 0.0 0.2 - 88.2 87.9 88.0 

1600 74.8 8.9 6.0 1.5 0.0 0.7 - 91.8 90.4 90.0 

1800 74.8 10.9 6.0 5.1 0.4 1.7 - 98.5 93.8 93.0 

2000 74.8 12.9 6.0 13.7 2.6 3.8 - 111.2 100.1 99.0 

2200 74.8 14.8 6.0 34.2 13.6 7.1 - 136.9 116.3 109.0 
2400 74.8 16.8 6.0 75.2 44.1 11.7 0.8 185.3 154.2 119.0 

2600 74.8 18.8 7.0 264.4 132.4 14.8 1.2 381.0 249.1 200.0 

2670 74.8 19.5 7.0 - - 14.9 1.6 - - - 

2800 74.8 20.8 7.0 80.9 92.4 14.5 2.2 200.3 211.8 150.0 

3000 74.8 22.8 7.0 21.2 20.0 12.6 3.6 142.0 140.7 155.0 

3100 74.8 23.8 7.0 13.4 12.5 11.5 4.4 134.9 134.0 161.0 

the first-order melting transition at approximately 3120 
K. Therefore, the contributions from Schottky disorder 
included in the synthesis of the following section are 
only preliminary measures. 

7. Synthesis of identified cp contributions 

Calculations of the Cp contributions from the six 
sources identified and discussed above are presented 
in Table 1 for the case of stoichiometric UO2, over 
the temperature range 1000<T<Tm. Comparison of 
the sum of these contributions with the experimental 
values, given in the final column, reveals that, while 
the agreement is good up to 2000 K, the values calculated 
at higher temperatures are apparently in excess. The 
agreement is significantly better if the theoretical results 
for a slightly substoichiometric compound are taken, 
though the calculated transition peak is still broader 
than that deduced from the experiment. This invites 
the following comments on the limits of the adopted 
model. 

We would hardly expect better quantitative agreement 
with the A transition than is afforded by the adopted 
"mean field" model. This has the great merit of correctly 
reproducing the nature of the transition and its x 
dependence. Since it involves only a few parameters, 
it affords a reasonably simple description; however, this 
may be inadequate in a more precise quantitative 
context. Two possible causes of discrepancy can be 
advanced. 

(1) One possible cause is our treatment of the different 
contributions as though they were strictly independent. 
We have already mentioned that this is particularly 
unrealistic in the case of the Schottky and Frenkel 
disorder. Now, the small polaron and Frenkel defect 

contributions are not independent either. In fact, it 
should be appreciated that the polaronic nature of the 
supranumerary electrons and holes necessarily entails 
an attendant degree of lattice disorder (polarization 
field strains), involving, in particular, displacement of 
oxygen ions to relaxed (interstitial) positions. Although 
the (unknown) actual positions of these atoms may 
differ from those of the Frenkel interstitials, an in- 
terdependence between polaron and Frenkel pair for- 
mation appears to be very likely. (An association be- 
tween a polaron and a Frenkel pair is also strongly 
suggested by the structure of the simplest 1:2:2 cluster, 
whose local crystallographic configuration of uranium 
and oxygen approaches that found in U308.) Neglecting 
this effect leads to an overestimate of the Cp contributions 
of the two kinds of defect. 

(2) Another possible cause is the assumed formulation 
of the attractive part of the internal energy. It is well 
known that the validity of the mean field approaches 
based on Debye's approximation is limited to highly 
dilute systems. At the calculated defect concentrations 
near the transition (n of the order of 0.1), the validity 
of the approximation is uncertain. Therefore, from a 
purely phenomenological point of view, terms involving 
higher powers ofn should perhaps be included, although 
this would introduce additional empirical parameters. 
In the absence of more detailed physical hypotheses 
on the nature of the defect interactions, however, such 
a model would be of limited theoretical interest. 
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