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Abstract

The temperature variation of UV-VIS-NIR optical spectra of UO, have been investigated from room temperature up
to 1173 K with careful in situ oxygen partial pressure control. The deduced optical absorption edge exhibits a strong
temperature dependence. Its value decreases from ~2 eV at room temperature to ~0.8 eV at 1173 K. Such thermal
behaviour is interpreted as the consequence of the existence of a strong electron—phonon coupling (small polaron). In the
temperature range 300-1173 K, the model yields a hopping radius of ~2 A and a polaron self-energy of E, = —0.38 eV.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Uranium dioxide is a typical nuclear fuel used in the
pressurised water reactors (PWR). The optimisation of
the fuel characteristics, and of the nuclear safety, par-
ticularly requires an accurate modelling of the physical
and chemical properties of UO,. This is the reason why
many studies and research programs have been devoted
to that material. Among the different physical proper-
ties, the electrical and thermal properties have received
special attention since they exhibit singular behaviour in
the vicinity of 1300 K which is the typical temperature of
UO, pellets in normal PWR operation. Around this
range of temperature, it is observed, indeed, that elec-
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trical conductivity and heat capacity both present a
drastic change in their temperature dependence [1-7].
This abnormal behaviour has been attributed either to
the emergence of intrinsic electronic charge carriers [8,9],
or to simultaneous electronic and oxygen anti-Frenkel
pair disorder [10]. Other authors claim that such an anti-
Frenkel defect regime has to be taken into account only
for the very high temperature range (7 > 2000 K)
[11,12]. Nevertheless in the range (7T < 2000 K), the
electronic disorder is usually expected to be more
important than anti-Frenkel disorder and is therefore
considered as the process responsible for the observed
variations in the thermophysical properties of UO,
[8,9,11,13].

The increase of the electrical conductivity, i.e. the
electrical transition, has been modelled and, according
to many authors [1,2,8,13-16], is driven by the occur-
rence of electron-hole pairs, which are schematically
represented by the following disproportionation reac-
tion 2U*(5%) <= U3 (5%) + U (5f") [8,16,17]. The
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interpretation of such an electronic defect formation
requires the knowledge of the electronic structure of
UO, which has been determined only recently [18-20]
because of the difficulty encountered with the modelling
of 5f electrons. It is now proven that UO, can be clas-
sified as a Mott—Hubbard insulator with an f—f gap [19].
In order to account for the defect formation, UO,
electronic structure can then be simplified in a two band
system as presented in Fig. 1, and can then be described
in the framework of the Mott-Hubbard band model
[18-21]. This model can be characterized by two energies
that can be determined both experimentally and theo-
retically: U is the energy difference between the centres
of the two bands (Fig. 1), E, is the energy difference
between the lower side of the upper band and the upper
side of the lower band. The U term is called the Mott—
Hubbard gap. Baer and Schoenes [17] have proposed
U ~ 4.6 eV, Dudarev et al. [21] have suggested U ~ 4 eV
from an ab initio LSDA + U calculation, Jollet et al. [19]
proposed U ~ 4.8 eV from both experimental and the-
oretical results. On the other hand, the minimum for-
mation energy (the gap energy E,, Fig. 1) has been
determined by electrical conductivity measurements.
Several studies performed during the last decades have
yielded defect formation energies E, close to 2 eV
[1,2,14,15]. Killeen [8] found 1.86 eV, Bates et al. [1]
proposed 1.94 eV. Recently, in an electrical conductivity
study, we have found a gap of E, ~ 2 eV which confirms
the previous results [13]. This gap energy determined
from electrical conductivity is in agreement with the
band gap deduced from UV-VIS-NIR optical absorp-
tion measurements performed in the range 10-300 K
[22-24].

It has been strongly suggested by several authors
[8,13,18,25-29] that the electronic defects in uranium
dioxide move through the crystal by phonon assisted
hopping (small polaron mechanism). The analysis of the
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Fig. 1. Mott-Hubbard insulating state of UQO, (U =intra-
orbital coulombic repulsive energy, W, and W, represent sche-
matically the lower and upper Hubbard band. Assuming
We ~ W, the band gap is E, = U — W).

thermally activated electron and hole mobility in the
extrinsic regime (fixed electron or hole concentration)
directly provides the migration energy. Devreese et al.
[25] and later, Casado et al. [18] have suggested a non-
adiabatic hopping process. According to that mecha-
nism, the migration energy E,,, was deduced by Devreese
et al. [25] to be E,, = 0.26 eV, Casado et al. [18] have
reported a value of 0.28 eV and we have proposed
E,, = 0.3 eV [13,30]. Such quite high migration energy
clearly suggests a rather deep self-trapping potential and
indicates how much the charge carriers couple to the
lattice. A few attempts have been undertaken to deter-
mine the polaron self-energy and the associated polaron
radius [18]. Casado et al. [18] have used the small po-
laron model of Lang and Firsov [31], where only the
nearest neighbours cationic distance (a,v/2 = 3.8 A), the
static and electronic dielectric properties are required as
external parameters. They found a polaron self-energy
(Ep) of —0.8 €V and a polaron radius of 3.8 A.

In the present paper, we aim at characterizing
experimentally the polaron self-energy by optical stud-
ies. Considering the well known deep influence of the
polaron on the absorption edge [32-36], we are able to
give an estimation of the small polaron self-energy
thanks to UV-VIS-near IR measurements performed as
a function of temperature. The mechanism of polaron
formation, indeed, usually involves the coupling be-
tween the electronic defects and the longitudinal optical
modes (LO) in polar compound and specially in oxides.
Such coupling allows phonon assisted optical transition
and, thus, enhances light absorption in the range
hv < E,. The phonon assisted transition probability
is related to the distribution of LO phonons, which
according to the Bose-Einstein distribution, is an
increasing function of temperature. Therefore, the band
edge shifts to lower energy with rising temperatures.
Moreover, the band edge shift is all the more important
than the electron—phonon coupling is large [32]. This
effect has already been observed in the literature for
oxides [32,33] or polar semiconductors [35,36]. A red
shift of the UO, gap was observed by Schoenes [22] from
5 to 300 K and has been attributed to phonon assisted
optical transition. The study of Griffiths et al. [23,24] has
also revealed a large red shift of the absorption edge
(gap) from 85 to 985 K. They report a gap decrease of
~0.4 eV from 85 to 985 K. Such quite large variation,
typical to oxides [32,33], halides [34], and polar semi-
conductor [35,36], indicates that the electron-lattice
interaction is important in UO, as expected because we
know polaron actually exist.

In this study, optical absorption was measured in
transmission geometry with variable temperatures
ranging from 300 K up to 1173 K. Controlled thermo-
chemical conditions were systematically applied at each
temperature to ensure the exact stoichiometry, O/U =2.
A modelling of the thermal variation of the absorption



48 P. Ruello et al. | Journal of Nuclear Materials 328 (2004) 46-54

edge is used for having an estimate of the polaron radius
and its self-energy. We finally discuss the localized states
and the polaron band in UO,.

2. Experiment
2.1. Sample preparation and characterization

A piece of a single crystal was thinned down to 30 um
and then polished. No particular crystallographic ori-
entation was chosen. The thin single crystal (area of 3x3
mm?), transmits only red light at room temperature,
which is consistent with a band gap of ~2 eV.

The defect concentration was measured as given in
Table 1.

2.2. Measurements

The thin sample was carefully placed into a thin slit
of an alumina sample holder. The sample covered
completely the aperture. The quartz windows are hold
and sealed by a water cooled frame. Their temperature is
below 200 °C.

In the UV-VIS-NIR spectral range, the optical
absorption of a thin absorber with parallel faces is
determined according to [37]:

o

lo <L> _
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where I,,, I;, and e are the incident light intensity, the
transmitted intensity, and the sample thickness. In
the UV-VIS-NIR range, only the electronic part of the
dielectric constant is taken into account. As a conse-
quence, the reflectivity R is given by the following rela-
tion:

(Vax 1 1)

where &, = 5 is the electronic dielectric constant [22].
The ratio 1,/1; cannot be measured directly because
of the black body radiation which cannot be neglected

Table 1
Prevailing impurities in the urania single crystal
Elements Amount
(ppm)
Fe 560
Mn 155
Ca 123
V, Pb 10

K, Mg, P, Al, Ti, Cr, Cu, Zn, Zr, Nb, W, Th <6

for temperatures above 500 K. Therefore, in order to
make allowance of this black body radiation, two in situ
measurements are required. The first gives the total
apparent absorbance (4g) which is:

I
A =1 0
B 0g<[t+[bb), (3)

where I,, I, and I;, are the incident and the transmitted
light intensity, and the intensity due to black body
radiation, respectively. The corresponding experimental
set-up is schematically represented on Fig. 2(a).

The second measurement is restricted to the black
body radiation Iy, exclusively (Fig. 2(b)). For this, we
mask the incident light to prevent it from going through
the sample. We get then Ayy:

I8
Abb = log (E) (4)

Finally, the absorbance (/,/1;) is obtained according to
the following expression:

L
Ay = Ap + Ay, — log(10" — 10%#) = log (1—) (5)
t

As a comparison, the absorption spectrum measured
with and without the black body contribution is dis-
played in Fig. 3. A comparison of the experimental
black body radiation intensity and the theoretical one
(Eq. (6) [38)) is also displayed showing the reliability of
the measurements.
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Fig. 2. Experimental set-up. (a) Optical measurement of
transmitted light including the black body radiation contribu-
tion, (b) optical measurement of the black body radiation
contribution alone.
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Fig. 3. Spectral density of the black body radiation. (a) Com-
parison between theory and experimental measurement, (b)
comparison of the absorption spectrum with (973 K) and
without (973 K (BB)) making allowance of the black body
radiation.
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In our measurement the black body radiation of our
furnace seems to be larger than that of Griffiths et al.
[24] because, we can clearly distinguish the absorption
peaks around 0.5 eV only after making allowance of the
black body. Consequently, it appears that the resolution
of the fine structure in the range 0.5-1 eV is more diffi-
cult in our study. As we already mentioned in Section 1,
we only focus on the gap region in this paper.

The measurements were performed using a Perkin—
Elmer Lambda 9 spectrometer (from the Institut fiir
Physikalische und Theroretische Chemie, TU Braun-
schweig) which allows in situ high temperature mea-
surements, up to 1500 K [39,40]. A thermocouple is
placed in the vicinity of the sample. Special thermo-
chemical conditions ensuring exact stoichiometry were
used according to literature [13,30,41,42]. In the present
study, the adequate in situ oxygen partial pressure was
buffered by a chosen flowing CO/CO, gas mixture that
had been diluted by N,. The oxygen partial pressure
imposed versus temperature is displayed in Fig. 4. The
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Fig. 4. Oxygen partial pressure imposed around the sample
during spectroscopy study (dashed region). Comparison with
recent new thermodynamical data of stoichiometric UO,
[30,41,42].

measurements of the optical absorption were performed
for nine temperatures between 293 and 1173 K. Cycling
temperature procedure was adopted as to insure the
reliability of the measurements.

3. Thermal variation of the absorption edge

The optical absorption spectra are plotted in Fig. 5.
In agreement with the study by Schoenes [22] and
Griffiths et al. [23,24], we observe at room temperature
a strong light absorption occurring for incident light
energies higher than 1.9/2 eV: this corresponds to the
so-called gap (E,).

As already pointed out in Section 1, the absorption
edge (1.9/2 eV) is in agreement with the band gap
determined from electrical conductivity. For the room
temperature spectrum, the phonons cannot drastically
affect the band edge because the Bose—FEinstein occupa-
tion numbers of the LO modes is rather small. Only a
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Fig. 5. Thermal variation of the UV-VIS-NIR absorption
spectrum of a thin (30 um) UQO, single crystal.
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small shift to the lower energy of the absorption edge was
reported from 85-100 K to 300 K (AE,(T) ~ 0.05 eV)
[22-24]. This situation contrasts with that in the range
300-1173 K, where the onset of the optical absorption
shifts drastically to lower energies. We can estimate the
onset of the absorption edge (E,(T)) by extrapolating the
spectral feature from the higher-energy side as indicated
by the dashed lines shown in Fig. 5. The chosen base line
of the absorption (200 cm™') is larger than that calcu-
lated from the reflectivity contribution (40 cm™'). This
may, probably, be due to light scattering processes which
may occur at a non-perfect polished surface. Neverthe-
less, if we compare our results, at room temperature, with
those of Schoenes [22], one can observe that between 0.5
and 2.1 eV the absorption levels are in agreement and the
fine structures below the absorption edge revealed by
Schoenes are also observed in our studies. These same
fine structures are also found in the work of Griffiths
et al. [23,24]. Nevertheless, in their study, the absorption
level, in the range 0.5-2 eV increases more strongly with
energy than in our experiment. From 0.5 to 1.9 eV, the
increase of the absorption level is ~1700, ~400 and ~400
cm~! for Griffiths et al. [23,24], Schoenes [22] and our
work. These several small peaks are attributed to 5f(U)
crystal field transitions by the previous authors [22-24].
Because we have well controlled the oxygen partial
pressure in equilibrium with the sample, it is reasonable
to consider such fines structure as intrinsic to the UO,
solid and not related to eventual variation of stoechio-
metry as advocated by Schoenes [22]. In Fig. 6, the
absorption edge energy (E, (7)) is plotted as a function of
temperature together with values due to Schoenes [22]
and Griffiths et al. [24]. The qualitative thermal variation
reported by Griffiths et al. and our experiment are in
agreement. The difference between the absolute values
is because values of Griffiths et al. [24] correspond to a

Eg(T) (eV)

0 200 400 600 800 1000 1200
T(K)

Fig. 6. Thermal variation of the optical absorption edge of
UQO,. The full black square: this work, the empty triangle [22],
the empty square and the cross [24]. The solid line added to our
data corresponds to the fitted data taking into account the
coupling between LO-phonon and charge carriers.

constant absorption (4000 cm™') while ours are deter-
mined as mentioned above and are more likely directly
related to the gap. This thermal variation is classical and
very similar to that of classical semiconductors such as
Ge [35] and InP and GaAs [36] and oxides [33]. In each
system the shift of the absorption edge between 300 and
1000 K is large and is ~0.3, ~0.35 and ~0.6 eV for InP,
GaAs and UO, respectively. Such large variation is
usually associated to large electron—phonon coupling
due to the polar nature of the lattice, as discussed in the
following section.

3.1. Modelling of electron-lattice coupling

In the temperature range 300-1173 K, the thermal
band gap (E,(7)) is a linear decreasing function of
temperature which can be empirically described by the
formulation proposed by Kroger [34]:

Eo(T) =a—bT. (7)

From the plot shown in Fig. 6, a rough calculation,
performed between 400 and 1173 K, leads a b-value of
b=8x 1049 x 107* eVK™!, which is in agreement
with other values reported in the literature. Kroger [34]
cited a typical range of 7.5x107427x10-% eVK™! for
oxides and ionic compounds. More recently, a similar
temperature dependence has been reported for La,CuOy
with 5 = 6.8 x 107 eV K~! [33].

At constant pressure, which is the present thermo-
dynamical condition, the absorption edge is a function
of volume V" and of temperature 7. A variation of the
absorption edge assumes then the following expression
[35]:

_(OE,\ (dV OE,
Ay = (W)Kﬁ)f“ (W)V“ ®)

The first term corresponds to the band gap volume
dependence which characterizes the effect of thermal
expansion on the orbitals overlapping. The second term
is the result of electron—phonon coupling. In polar
compounds, such as UQO,, the first one is expected to
have a small impact compared to the second term.
Therefore, we assume in the following that the phonon
interaction contribution is the main mechanism which
drives the absorption edge thermal dependence.

These phonon assisted optical transitions, which de-
pend on the strength of the electron—phonon coupling
op, cause a shift of the band edge which can be described
as follows [32,33]:

AE(T) = Ey(T) — E; = —2hiwoap[n(fiwe /kT) + 1], (9)
where n(fiw,/kT) is the Bose-Einstein occupation num-
ber of the LO mode and E is the bare band gap which
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differs from the effective band gap (E,(7)) by the total
electron and hole polaron self energy, Eg — 2o,/iw, is
known as the electron-lattice interaction renormalized
band gap [35]; and o, is the coupling parameter which
according to [32,33,43,44] is given by

I 11 [ 2mw,\"? (10)
P2 Dhiwgdme, \ e & 7 ’

where &5 and ¢, are the static dielectric constant and the
electronic contribution, respectively. The last term is the
inverse of the polaron radius, r,:

SERL i

This formulation only takes into account an effective
frequency of LO phonons (w,), which is considered as
the main interacting mode [31-33].

In this model, it is assumed that the electron and hole
have the same effective mass and hence the same cou-
pling parameter. For UO,, the first condition appears to
be consistent with results derived from high temperature
thermoelectric power experiments which yielded
m} =~ mj, [13,30]. In previous work [13], in agreement
with Hyland et al. [8], it has also been shown that
My ~ W, which means that electrons and holes possess
the same migration energy and, hence, similar hopping
rates. In the small polaron theory of Lang and Firsov
[31], and also as pointed out by Casado et al. [18], the
activation energy is directly related to the coupling
parameter. Therefore, owing to the equality between the
n-type and p-type activation energy, it is reasonable to
assume that o, and o, are of similar magnitude.

The LO phonon frequency in UQO,, determined by
inelastic neutron scattering [12,45], is w, = 1.7 x 10"
Hz, corresponding to an LO mode energy of Aw, = 70
meV. The model proposed above, Eq. (9), possesses only
two adjustable parameters: o, and E. In Fig. 6, the solid
line represents the best fit by this model. As seen, rea-
sonable agreement is achieved up to 1173 K by using a
coupling parameter of a, = 5.5 and a bare band gap of
Eg =275 ¢V. Thus, we easily deduce the UO, gap:

AH; = Ey(0 K) = E9 — 2w, =2 eV. (12)

Using tabulated values [22] of &5 = 21.5 and ¢,, = 5, we
also can deduce from the coupling parameter o, the
polaron radius:

rp~2.3 A (13)

It is to be noted that this characteristic length is of the
order of the nearest neighbour U-U distance
(a,v/2 = 3.8 A) in the crystal, which indicates the strong
charge carrier localization. This polaron radius value
yields to a quasi-particle effective mass of ~13 m, which

illustrates the small charge carrier mobility. Finally, we
can estimate the polaron self-energy defined as
E, = —o,;w,, and obtain:

Ep = —apliw, = —0.38 eV. (14)

This value is smaller by a factor of 2 than that calculated
by Casado et al. [18], who proposed a value of
E, = —0.8 eV. This discrepancy will be discussed later.
In the framework of polaron modelling, an absorption
peak is expected at 2E, and 4F, for a single and bipo-
laron respectively. In the work of Griffiths et al. [23,24],
a peak at ~0.78 eV was evidenced and exhibits simili-
tude with the energy 2E, = 0.76 ¢V deduced from our
experimentally determined E,, value. Nevertheless, such
comparison must be carefully considered because Grif-
fiths et al. have detected this peak in UOQO,,, with
x > 0.035 which corresponds to a stoichiometric range
where Willis clusters are formed [29]. Moreover, it is not
clear yet which of single polaron or bipolaron actually
are formed.

3.2. Tests on polaron description self consistency

The physical features of the polaron in UO, deter-
mined in the present experimental study support the
localization of the charge carrier. This is consistent with
the analysis of the electron-hole transport properties
discussed in Section 1 and in Refs. [18,25,30]. We can
discuss this localization assumption by comparing the
polaron self-energy with the overlap integral J which
can be deduced from our electrical conductivity mea-
surements and also by calculating the criterion value (174)
for nearest-neighbours hopping processes.

The first criterion that a single charge carrier must
fulfil to form a small polaron is that the lattice coupling
energy (E,), must exceed the energy achieved by delo-
calization into an extended Bloch state. A localized state
must be created below the bands W, or W, respectively
for the electron and the hole. In the following, we will
assume W, and W, to be the same (W = W, = W;,) (Fig.
1). Consequently, this condition is given by

Ey| > W /2 =zJ. (15)

Here, z is the number of nearest neighbour cations
(z =12 for the fluorite of UO,) and J is the resonant
transfer integral between two nearest neighbours.
The second criterion to be fulfilled is defined, for
nearest-hopping [31], by 4 < 1.
J J

nd:ak—T<<1, (16)

The first term of (16) is the ratio between the time of

tunnelling (#5 ~ %) and the time of hopping (f; ~ El)

E,, is the migration energy. The second is the ratio be-
tween the time of tunnelling and the characteristic time
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of thermal fluctuation (¢ ~ %). Both these ratios must
be smaller than 1. The first inequality (f;/ts < 1) means
that, for a nearest hopping, the hopping time must be
shorter than the tunnelling time. The second condition
(tr/tsg < 1) means that the tunnelling time must be
longer than the time between two thermal fluctuations
which allow multiphonon transition and then hopping
via phonon assisted migration [26,31].

In order to perform these estimations, we first
determine the overlap integral J of the upper or lower
Hubbard band, respectively, for the electron type charge
carrier (U**) or the hole type charge carrier (U%") (Fig.
1). The value of the overlap integral is deduced from an
analysis of the electrical conductivity assuming the non-
adiabatic mechanism proposed by Devreese et al. [25],
Coninck et al. [28] and later by Casado et al. [18]. In this
case, the electrical conductivity has the following tem-
perature dependence [31]:

a:(Ti%)exp(—%), (17)

0o = — (18)

n denotes the ratio between the concentration of mobile
charge carriers and of the concentration of cations. Ey, is
the activation energy for drift mobility (E, = 0.3 eV).
The others symbols have the usual meaning.

From our results for the extrinsic regime [13], where

(114 x 107 0.3 eV
T\ )P\ T )

we can determine o,. Using the mobility at 1073 K re-
ported by Dudney et al. [29] (u= 1.9 x 1072 cm?
V~!s71) and considering our electrical conductivity va-
lue of 12.5 Sm™! for this temperature, we can estimate
the concentration of ionised impurities. We obtain
Co~4x10® m? (n=C,/Cy~2x107%) and thus
obtain J = 0.04 eV. It is to be noted, however, that the
charge carrier mobility was not directly measured but
deduced from a mobility analysis of a Y,O; doped
material [29]. Therefore, some caution has to be applied.
If we consider all the impurities detected in our sample
(see Table 1) to be fully ionised, we get a charge carrier
amount of n ~ 8 x 1073 and deduce a J-value of 0.02
eV.

Thus, depending on the estimation of the ionised
impurities (Eqgs. (17) and (18)), we finally arrive at an
estimated range of J:

0.02 eV < J < 0.04 eV. (19)

This J value is in reasonable agreement with results
reported by Casado et al. [18], who proposed

0.04 eV <J <0.056 €V on basis of an estimation of the
ionised impurities in the electrical conductivity data of
Bates et al. [1].

With this value of the overlap integral one can con-
firm first that small polaron states actually tend to be
energetically more favoured because 14 (16) is indeed
smaller than 1 over the whole temperature range
T > 300 K. One can also demonstrate that the criterion
for the non-adiabatic polaron, Eq. (20), is actually ful-
filled in the investigated temperature range (7 > 300 K)
[18,31].

J2
N, =——K
b = oo ERT

Nevertheless, according to our J values, the dip in the
polaron level does not systematically exceed the width of
the resonant transfer band. Depending on the two cases
(1) and (2) depicted in Fig. 7, the calculation shows that
one either finds a small polaron mechanism or an ex-
tended like state.

Casado et al. [18], who calculated a polaron energy
by theoretical calculation, fulfilled the criterion (15) with
a value of £, = —0.8 eV. On the other hand, we con-
clude that the experimental study does not lead so easily
to a consistent model because it suggests that extended
states could exist (case 2). Case 2, of course, is not
consistent with the electron—lattice mechanism described
above where the thermally activated charge carrier
mobility and the small polaron radius (r,), indeed,
supported the small polaron mechanism in UO,.

The problem clearly points out the difficulty in re-
conciling the features (£,) deduced from optical mea-
surements with those from electrical conductivity (J).
We think that one of the reasons why we find a case
zJ > |E,| could probably arise from an incorrect deter-
mination of J. J is indeed not directly measured and is

1. (20)

Energy

A
1 2
I -/ 'Ep/ Polaron state Ep

A

W

2zJ=W
2zJ

—> —>
Density of Density of
states states

Fig. 7. Schematic representation of the polaron self-trapping
well and the resonant transfer band 2zJ (z is the nearest
neighbours number). Two cases are presented (1) J = 0.02 eV,
(2) J = 0.04 eV. Only the first case is compatible with polaron
formation (existence of a localized state below the band).
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completely dependent on the concentration of ionised
impurities which is rather difficult to know. If we con-
sider the values determined in literature for U [17,19—
21], we find lower (U = 4 eV) and a upper (U = 4.8 eV)
limits. Together with our J values we obtain the fol-
lowing estimate for the gap energy, according to the
definition of the Mott-Hubbard gap and in the
approximation W, ~ Wy:

3.04eV<E,=U—W<4ldeV. (21)

This range is not consistent with the experimental value,
E, ~2 eV, (electrical conductivity and optical mea-
surements). A larger value for J would improve the
agreement between the experimental Mott—Hubbard
gap and that deduced from E, = U — . However, an
increase of J can easily lead to a violation of the crite-
rion (14).

Further investigations are required to better charac-
terize U, the overlap integral, and the polaron band.
The model adopted here to deduce electron—phonon
features could be improved by including more than one
phonon for example. Moreover, one should try to esti-
mate the effect of thermal expansion (7) on the band gap
shift.

For that, the knowledge of (%)P is required but not

available yet. Furthermore, as pointed out by Casado
et al. [18], the value of J derived from electrical con-
ductivity implies, as an approximation, that the entire
conductivity is governed by small polarons. Sumi [46]
suggests, indeed, that large polarons, with non-activated
mobility, could also contribute to the electrical con-
ductivity of oxides. In that case, J could probably be
overestimated in the present case and merely represents
an upper limit.

4. Conclusion

In this paper we have measured the optical absorption
of a thin UQ; single crystal between 300 and 1173 K. Our
results are pretty in agreement with literature. The low-
energy shift of the band edge with increasing tempera-
tures has been related to phonon assisted electronic
transition processes. The electron—phonon interaction
was described in the framework of the small polaron
model and the radius and self-energy of the polaron in
UO; have been estimated: r, ~ 2.3 A, E, =-0.38 eV.
These polaron features have been found to be consistent
with a small polaron state suggested in our previous
electrical conductivity study and also with theoretical
calculations reported in the literature. Nevertheless, the
poor determination of the amount of ionised impurities
prevents an accurate determination of the resonance
transfer energy J which would be valuable for a accurate
modelling of the polaron state.
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