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Abstract
Electronic Raman spectra of UO2 were measured under high hydrostatic pressure up to
21.5 GPa at room temperature. Resonant coupling was found between four (instead of the
expected two) 3H′

4 → 3F′
2 intermultiplet crystal-field (CF) excitations (γ1–γ4 ranges from 4130

to 4580 cm−1) and nLO phonons (n = 1–4, ωLO ≈ 578 cm−1). The additional two CF
excitations concurrently emerge under high pressure and are characterized by significantly
higher pressure coefficients. An increase in pressure and excitation energy beyond the onset of
absorption at ∼2 eV enhances the resonant coupling, similar to that previously found for
multi-LO phonon Raman scattering. The pressure coefficients of the CF–multi-LO coupled
mode frequencies fit well with the sum of the pressure coefficients of their CF and nLO
constituents. The very good correlation between the positions of the CF + nLO Raman bands
and previously measured optical absorption bands points to the significant contribution of LO
phonon-assisted CF electronic transitions to the absorption spectrum. These findings are
attributed to the strong interactions between electrons and LO phonons, which play an
important role in the electronic properties of UO2.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

It is well known that the greater spatial extent of the 5f
electrons of the actinide ions relative to the 4f electrons
of the lanthanide ions leads to a stronger crystal-field (CF)
potential [1, 2]. In UO2 the large CF interactions lead
to substantial mixing of 5f states with different J . In a
cubic coordination the nine-fold degeneracy of the J = 4
ground state is partially removed. Rahman and Runciman
(RR) [3] were the first to calculate the parameters which
enter the CF Hamiltonian. Later, inelastic neutron scattering
(INS) measurements [4–7] showed that the RR calculation
overestimated both the J mixing and the CF excitation
energies. Calculations of the corrected CF parameters
estimated the two higher CF levels of the 3F′

2 first excited
multiplet [6, 7] and the four levels of the 3H′

5 second excited
state [7].

Optical spectroscopy was shown to be instructive in
revealing the role played by the 5f2 band [1]: after

the corrected CF parameters were introduced, the complex
absorption spectra were reassigned [8]. However, some
discrepancies still exist between the experimental absorption
band energies [1, 8, 9] and the calculated ones [8].
Furthermore, many of the absorption bands are as yet
unassigned. The difficulty in reliably assigning electronic
transitions in UO2 is mainly attributed [7] to the CF potential,
being comparable in magnitude to the spin–orbit coupling,
as well as the tendency of electronic transitions to couple to
phonons. Those significantly complicate the spectra.

In addition to absorption and reflectivity measurements,
the energy levels of the lower multiplet 3F′

2 and 3H′
5 terms are

potentially accessible by means of INS and electronic Raman
(ER) spectroscopy. A high energy transfer (HET) spectrometer
was shown to be useful in detecting intermultiplet excitations
with energies up to ∼1 eV in various systems [7], but not in
UO2 [6]. As to ER spectroscopy, since the Stokes scattering
intensity is proportional to (Ei–ECF)

4 (Ei and ECF are the
excitation and CF energies, respectively) for a suitable Ei high
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Figure 1. (a) Electronic–phononic Raman spectra in UO2 with Ei = 2.41 eV, over the range of 3800–7000 cm−1 (solid line) with �Ei ‖ �Es and
�Ei ⊥ E

⇀
s polarization configurations. The dashed line is for the room temperature absorption spectrum of UO2 measured by Schoenes [1].

The positions of γ n
1 and γ n

3 (n = 0–4) are indicated with solid black and gray lines, respectively, and γ n
2 and γ n

4 with dashed black and gray
lines, respectively. (b) Electronic–phononic Raman spectra over the range of 7000–9300 cm−1. Some parts of the spectra are three-fold
magnified for clarity.

enough to increase the scattering cross section, but limited
by the absorptivity of UO2 [1, 9], the 3F′

2 and 5H′
3 terms

should be accessible. However, no assignment of intermultiplet
electronic Raman scattering has yet been published for UO2, or
for other 5f electron systems.

In a recent study of the phononic Raman scattering in
UO2, up to sixth-order multi longitudinal optical (LO) phonon
bands were detected. The Raman scattering intensity has
been shown to follow the UO2 absorption profile [10] with
a threshold of ∼2.0 eV [1, 9]. This result was attributed to
the existence of strong interactions between electrons and LO
phonons, which is known to play an important role in the
electronic properties of UO2 [11, 12].

The strength of electron–phonon interactions, which is
manifested by the high intensities of the LO band and its first
overtone, is ‘tuned’ by the application of high pressure [10].
A pressure-induced resonance red-shift is consistent with
pressure-dependent optical reflectivity measurements [13],
which showed a ∼300 cm−1 GPa−1 shift in the position of
the reflectivity edge. Furthermore, above ∼15 GPa a number
of narrow optical transitions were observed in the reflectivity
spectrum and have been attributed to transitions within the 5f2

multiplet. It has been suggested that the increasing strength
of these, normally dipole-forbidden excitations, indicates an
increasing admixture of presumably d-like character to the 5f2

configuration.
In this paper we investigate the UO2 room temperature

pressure-dependent intermultiplet electronic Raman scattering
up to ∼1 eV and demonstrate the resonant coupling between
LO phonons and U4+ CF excitations. As for multi-phonon
scattering [10], the resonance conditions are shown to be
sensitive to excitation energy Ei, as well as to pressure. By
correlating the ER band positions with that of the absorption

spectrum [1, 9] we show that the latter is strongly affected by
the coupling of CF excitations with LO phonons.

2. Experimental details

A UO2 pellet was synthesized by sintering of UO2 powder in
a hydrogen flow at 1700 ◦C. Electrochemical polishing of the
pellet was followed by XRD measurements in order to verify
the structural quality of the sample. The pellet was constructed
from ∼20 μm single crystals with various unidentified
crystallographic orientations. Backscattering geometry Raman
measurements were obtained from a Renishaw dispersive
spectrometer, using an objective of 50× (NA = 0.8) at
two excitation energies of 1.96 and 2.41 eV. In the pressure-
dependent measurements a 30 μm grain was inserted in a Tel-
Aviv type diamond anvil cell [14] with solid Ar, serving as
a pressure transmitting medium. Pressure dependent Raman
measurements were done by using a ×40 long focal length
objective. Pressure was measured by the Ruby luminescence
method [15].

3. Results and discussions

3.1. Raman scattering under ambient pressure

In what follows we describe the measured electronic Raman
spectrum of UO2 over the 3800–9300cm−1 range, assign
the spectrum according to the calculated intermultiplet CF
transitions [8], which are shown in table 1, and compare our
results with optical absorption spectroscopy, measured at two
different laboratories [1, 9]. Some remarkable correlations
have been revealed between the ER and absorption, which
points to the crucial role in both spectra of the coupling
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Table 1. The correlation between Raman scattering and absorption [9] band positions for various CF splittings, with the indicated prominent
eigenvector component(s) [8]. The expected band positions that agree with the proposed assignments are also shown. � ≈ 150 cm−1 and
ωLO ≈ 578 cm−1 [1].

Prominent
eigenvector
component(s) [8]

Calculated
energy
(cm−1) [8]

Absorption
band position
(cm−1) [9] Assignment

Raman band
position
(cm−1)

Expected Raman
band position
(cm−1)

3F2(�5) 4010 4220 γ1 4130
γ2 = γ1 + � 4280a

3F2(�3) 4430 4400 γ3 4420
γ4 = γ3 + � 4580a

4720 γ1+LO 4712 4708
γ2+LO (?) 4858

4960 γ3+LO 5005 4998
5150 γ4+LO 5160 5158
5280 γ1+2LO 5292 5286
5440 γ2+2LO 5470 5436
5610 γ3+2LO (?) 5576

γ4+2LO (?) 5736
3H5(�4) 5730 5780 δ1 5768

γ1+3LO ∼5870 5864
6000 γ2+3LO 6020 6014

γ3+3LO 6150 6154
3H5(�3) 6040 6150 δ2

γ4+3LO 6320 6314
γ1+4LO 6450 6442

3H5(�4) 6470 6460 δ3

γ2+4LO 6600 6592
6740 δ2+LO?

γ3+4LO 6725 6732
γ4+4LO 6905 6892

3H5,
3F3(�5) 6990 7000 δ4

7149
7560 δ4+LO? 7561
7940

3F3(�2) 8050 8090 ε1 8060
3F4,

1G4(�4) 8190 8260 ε2
3F3(�5) 8460 8470

8520 ε3 8549
1G4,

3H6,
3F4,

3F3,
3H5(�4) 8770 8800 ε4

3F4,
1G4,

3H6,
3H4(�3) 8970 8980 ε5 9070

a Not observed under ambient pressure.

between CF and LO phonons and to UO2 being a system of
strong interacting electrons and phonons [11, 12].

Figure 1(a) shows the electronic–phononic Raman spectra
in UO2 over the range of 3800–7000 cm−1 with an excitation
energy of Ei = 2.41 eV (solid line) compared with the
room temperature absorption spectrum of UO2 measured by
Schoenes [1] (dashed line). In order to distinguish the weak
spectral features both �Ei ‖ �Es and �Ei ⊥ E

⇀
s polarization

configurations are shown. Figure 1(b) shows the electronic–
phononic Raman spectra over the range of 7000–9300 cm−1.
3F2 is the predominant component of the first excited multiplet,
denoted as 3F′

2, and is split into a �5 triplet (4130 cm−1)
and a �3 doublet (4420 cm−1). However, detailed analysis
of the ER spectra reveals a sequence of ECF + nLO (n =
1–4)1. This is not only the case for the 3F′

2 (�5) and 3F′
2 (�3)

splittings, denoted by γ1 and γ3, respectively, but also for bands
positioned at 3F′

2(�5) + � and 3F′
2(�3) + � (� ≈ 150 cm−1).

The latter are denoted by γ2 and γ4, respectively. The

1 The γ1+3LO(γ 3
1 ) band appears as a ‘hidden’ shoulder at ∼5870 cm−1 to the

δ1 band. This assignment is supported by the higher intensity for Ei = 2.41 eV
relative to 1.96 eV.

formation of the triplet sequence of bands had previously been
detected in the absorption spectrum [1] and had been assigned
to the emission and absorption of a ∼160 cm−1 phonon from
an unassigned electronic transition at ∼4240 cm−1. We shall
discuss below a different assignment.

In figure 2 the positions of γm +nLO electronic–phononic
sequences (denoted as γ n

m with γ 0
m ≡ γm) are plotted as a

function of n for m = 1–4 and n = 0–4. The values of
ωLO, which are extracted from the linear fits of γ n

1 (n) and γ n
3

(n) (solid lines), are in very good agreement with the literature
value of ωLO = 578 cm−1 [1]. Linear fits for γ n

2 (n) and γ n
4

(n) are also shown by dashed lines. Their ambient pressure
values could only be extrapolated from the fits, since, unlike
the former two bands, γ2 and γ4 CF transitions emerge only
under high hydrostatic pressure (see below). By using ωLO =
578 cm−1, γ2 and γ4 are found at 4285 cm−1 and 4585 cm−1,
respectively, and are denoted in figure 2 with empty symbols.

Figure 3 shows the fourth derivative spectra of the optical
absorption over the range of 4700–5700 cm−1 taken from
Griffiths and Hubbard [9], which enabled the resolution
of some ‘hidden’ weak bands in the absorption spectrum.

3
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Figure 2. The positions of the various electronic–phononic
sequences γ n

m(γm + nLO) with m = 1–4 and n = 0–4, as a function
of n. ωLO = 578 ± 2 cm−1 is extracted from the linear fits of γ n

1 (n)
and γ n

3 (n) (solid lines). In dashed lines linear fits for γ n
2 (n) and

γ n
4 (n) are also shown. γ2 and γ4, found at 4285 cm−1 and

4585 cm−1, respectively, are denoted with empty symbols.

Since over this energy range no pure CF excitations are
expected [7, 8], all bands in that spectral region should
exclusively be attributed to electronic–phononic coupled
modes. Focusing on that spectral region should therefore
serve as a test for their appearance in the absorption spectra.
Remarkably, the same transitions appear in both Raman
scattering and absorption spectra. This correlation clarifies
the origin of some of the as yet unassigned features in the
absorption spectra [9] and supports the interpretation of the
Raman spectra in figure 1(a).

When the coupling between extended phonons and
localized CF excitation is strong, the electronic and phonon
modes are mixed in the region where the dispersion curves
cross [2, 16]. Coupled CF-phonon modes are expected if the
CF excitation has energy close to that of a phonon of the same
symmetry and the coupling constant is large compared to the
width of the phonon dispersion.

Mixtures of excitations due to strong coupling have
been previously found in various systems: (i) intermetallic
compounds like CeAl2, where CF excitation and low lying
vibrational modes of the Ce sublattice are involved in ‘bond
state’ formation [17–19]; (ii) high Tc superconductors like rare
earth (RE) cuprates (REBa2Cu3Ox , 6 � x � 7) [16], where
the CF excitations are coupled to oxygen phonons. Pressure-
induced shifts which are different for the two manifolds have
also been used to explore these systems [20].

Unlike the case of the above mentioned mixed electronic–
phononic modes, the coupled CF + nLO modes in the case of

Figure 3. The optimized fourth derivative optical absorption
spectrum of UO2 over the range of 4700–5700 cm−1 measured by
Griffiths and Hubbard [9], compared with the calculated ‘expected’
positions of γ 1

1 − γ 2
3 .

UO2 are not mixed modes since ECF ≈ 8ELO (ELO being the
LO phonon energy). Those are a manifestation of the strong
electron–phonon coupling in UO2 [11, 12]. The mechanism
of polaron formation is known to enhance phonon-assisted
optical transitions with a transition probability related to the
distribution of the LO phonons [12]. This electronic–phononic
coupling is clearly observed in the electronic Raman spectrum,
which is shown in this study, as well as in optical absorption
measurements conducted by others [1, 9] (see figure 1(a)). To
our knowledge, such a phenomenon has not yet been found for
other studied systems.

Due to the large number of bands and to the complexity of
the various assignments, it is not always possible to separate
the pure CF bands from the CF + nLO bands, particularly
for the δ1 − δ4

3H′
5 CF splittings. Despite their strong and

distinct appearance in the absorption spectrum, which supports
their assignment as pure CF bands, pressure-dependent data
to be shown below strongly suggest that only δ1 among the
four 3H′

5 bands has significant intensity in the ER spectrum.
For example, a band at ∼6460 cm−1 can be assigned either
to the γ 4

1 band or to the 3H′
5(�4b) CF δ2 band, or to both (see

table 1). The formation of a complete set of γm , m = 1–4 bands
with n = 0–4 strongly indicates that the former dominates the
signal.

Finally, as a result of the significant spectral overlap
between the majority of the δn

m and the γ n
m bands, we cannot

conclusively argue in favor of the detection of δn
m bands in the

absorption, as well as in the ER spectra. This is unlike the
case of the γ n

m bands. More precise ab initio calculations are
needed to unambiguously specify the positions of δ1–δ4 as well
as the higher CF excitations, in order to conclude for which CF
excitations the multi-LO phononic coupling scheme applies.
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Figure 4. (a) The UO2 Raman spectra (after applying a smoothing
procedure) with Ei = 1.96 eV under the indicated high pressures
over the range of 0–21.5 GPa. The expected values of γ1 − γ4 and of
γ 1

1 , which have been calculated by using equation (1), are also
marked. (b) The UO2 Raman spectra (after applying a smoothing
procedure) with Ei = 2.41 eV under the indicated high pressures
over the range of 0–10 GPa (see footnote 2).

3.2. Raman scattering under high pressure

The application of high pressure to UO2 changes the local
field around the U4+ ion and provides a mean to continuously
‘tune’ the energies of the various CF excitations among the
5f2 electronic states. Since the pressure that is applied in
our study (<22 GPa) is not sufficient to induce the known
CaF2-type → PbCl2-type structural phase transition [21], the
pressure will only vary the inter-atomic distances while the
symmetry around the U4+ ion is not expected to be modified
significantly.

In a previous study of the effect of pressure on the resonant
multi-phonon Raman scattering in UO2 [10], three main factors
were found for the pressure-dependent behavior of the 1LO
and 2LO bands: (i) a red-shift in the onset of resonance,
which is related to the decrease in the band gap energy; (ii) an
increase in the relative intensities of the bands, due to the
increase in electron–phonon interactions; (iii) decrease in the
penetration depth of the incident and scattered light, due to the
increased absorption. An interplay between the first two factors
(increasing) and the third (decreasing) was found to dictate the
intensity of the LO band and its first overtone.

3.2.1. The γ (3 H ′
4 → 3 F ′

2) excitations. The resonant coupling
between multi-LO phonons and localized U4+ intermultiplet
3H′

4 → 3F′
2 CF excitations is evident from the increase in

the intensity ratios of the CF + nLO bands relative to that of
the pure CF excitations, Iγ 1

1 /Iγ1 and Iγ 2
1 /Iγ1. The latter

is a factor of ∼1.5 and ∼3, for Ei = 1.96 eV and 2.41
eV, respectively. The question arises of whether some of the
coupled modes, which are not detected for Ei = 1.96 eV under
ambient conditions, will appear as a result of red-shifting the
resonance onset with increasing pressure.

Figure 4(a) shows the Raman spectra taken for varying
pressures in the range of 0–21.5 GPa with Ei = 1.96 eV, while
figure 4(b) depicts Raman spectra at varying pressures over the

Figure 5. (a) Linear fits of the pressure-dependent γ1 − γ4 peak
positions. The ambient pressure band positions for γ2 and γ4 are
extrapolated from figure 2.

range of 0–10 GPa with Ei = 2.41 eV.2 Pressure coefficients
of the four γ bands were derived in figure 5. From a linear
fit of the pressure-dependent γ1 peak, a pressure coefficient
(∂ωγ1/∂ P) = −4.8 ± 0.4 cm−1 GPa−1 is extracted. Pressure
coefficients ∼−7.8, ∼−4.8, ∼−8.6 of the peaks of the γ2−γ4

bands are also obtained, although, in general, they are acquired
with less confidence than for γ1.3 γ1 and γ3 have apparently
similar pressure coefficients, and so do γ2 and γ4. However,
the coefficients for the latter pair are significantly higher than
for the former one.

The pressure-induced red-shift of the CF excitations is
presumably related to the spatial expansion of the f orbitals
of U4+, which cause an increase in the covalency of the U–O
bond (Nephelauxetic model). This effect has been suggested
to play a significant role in explaining the CF transition
pressure-induced red-shift in lanthanides 4f systems of Pr+3

in LaCl3 [22] and Eu+3 in lithium borate glass [23].
We look into the pressure coefficients of the various

coupled CF–multi-LO bands by combining the measured
pressure coefficient of the γm peaks with that of the LO mode,
(∂ωLO/∂ P) = 1.45 ± 0.04 cm−1 GPa−1 [10]. In this way the
pressure coefficient of the coupled mode frequencies is the sum
of the pressure coefficients of their CF and nLO constituents.
We therefore calculate the ‘expected’ position of each of the
γ n

m according to:

ωγ n
m
(P) = ωγ n

m
(0) + ((∂ωγ m/∂ P) + n · (∂ωLO/∂ P)) · �P,

n = 0–4. (1)

2 For Ei = 2.41 eV long measurement times are required due to
the penetration depth being steeply decreasing with increasing pressure.
Consequently, we are limited to pressures of about 10 GPa.
3 The smaller separation between the various γ bands (∼150 cm−1) relative
to the sum of their half widths (∼200 cm−1) imposes some difficulties on their
assignment. The emergence of a sub-band structure under high pressure further
complicates the task.
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Figure 6. The complete sequence of γ n
m , m = 1–4, n = 0–4 bands

(top spectrum), which is activated by the application of 9 GPa
pressure. The spectrum above 4300 cm−1 is magnified six-fold. Note
that at ambient pressure (bottom spectrum) the CF–multi-LO phonon
bands with n > 1 are barely detected. The calculated γ n

1 − γ n
4

‘expected’ band positions (according to equation (1)) are framed for
each n. γ n

1 and γ n
3 are indicated with solid black and gray lines,

respectively, and for γ n
2 and γ n

4 with dashed black and gray lines,
respectively.

The expected values of γ1−γ4 and of γ 1
1 , which have been

calculated by using equation (1), are also marked in figure 4(a).
It is clear that the γ2 and γ4 bands, which are practically
invisible under ambient conditions, emerge concurrently under
pressure as their intensity increases relative to that of the γ1

band. It is noteworthy that the Iγ4/Iγ1 pressure dependence
for Ei = 2.41 eV is about an order of magnitude steeper than
for Ei = 1.96 eV. This difference is attributed to the different
positions of the two Ei relative to the absorption onset.

Figure 6 shows the complete sequence of γ n
m , m = 1–4,

n = 0–4 bands for Ei = 1.96 eV, which is activated by
application of 9 GPa pressure (top spectrum). At ambient
pressure (bottom spectrum) the higher CF–multi-LO phonon
bands are barely detected; they diminish as Ei decreases from
2.41 eV (see figure 1(a)) towards the absorption edge energy
of ∼2 eV. Related behavior was found for LO multi phonon
bands, where it indicated the resonant nature of the scattering
process [10]. Similarity between the two manifolds is also
found when pressure is increased: the increase in electronic–
phononic coupling is evidenced from the enhancement of
γ n

m, m = 1–4, n = 2–4, for the 9 GPa spectra relative to that
of zero pressure. Weak coupled bands with emission of LO

phonons (i.e. CF + nLO bands with n = −1, −2) have also
been detected (not shown).

In figure 7(a) the top spectrum shown in figure 6 is ‘sliced’
into segments that are shifted by −nωLO (9 GPa). In figure 7(b)
we fit the central band positions for m = 1, 3 and n = 0–4
to the linear equation γ n

m(P) = γm(P) + ωLO(P) · n. The
extracted LO frequency is very close to the expected value of
ωLO (9 GPa) and a value for γ3 = 4371 cm−1, although difficult
to distinguish in the spectrum, is consistent with the expected
value of (∂ωγ 3/∂ P) ≈ −4.8, which has been obtained from
figure 5.

In the electronic Raman spectrum of UO2 four (γ1 − γ4)
3H′

4 → 3F′
2 intermultiplet CF excitations are detected, rather

than the two expected according to the accepted CF scheme
analysis [3]. It is suggested that the detection of the ‘extra’ two
bands is due to the splitting of the 3H′

4(�5) CF ground state as
a result of the deviation from cubic symmetry around the U4+
ion. Moreover, looking closer into the structure of some of
the γ bands upon the application of high pressure it is evident
that those split into up to seven to eight sub-bands, which are
separated by intervals of 20–40 cm−1. The effect is shown in
the inset of figure 7(a), which presents the γ1 − γ2 spectral
region at 10 GPa and Ei = 1.96 eV. Also here the deviation
from cubic symmetry around the U+4 ion is suggested to cause
the splitting of the 3F′

2 states. Finally, evidence for maintaining
the sub-band splittings throughout the nLO sequence is also
shown in figure 7(a), where clearly distinguished splittings are
marked by arrows.

A level scheme is suggested in figure 8, which differs from
the one presented in [1]. This scheme is consistent with the
division of γ1−γ4 into two groups of pure CF bands: γ1, γ3 and
γ2, γ4 bands. According to this scheme, the ground 3H′

4 (�5)
state splits into two states (denoted as a and b) separated by
∼150 cm−1. This split may be due to a Jahn–Teller effect in the
paramagnetic UO2 phase that had been previously suggested
by others [24, 25].

According to the above scheme the excitations centered at
4280 (γ2) and 4580 (γ4) are from the lower ground state (a)
to the 3F′

2(�5) (c) and 3F′
2(�3) (d) states, respectively. The

ones centered at 4130 (γ1) and 4420 (γ3) are from the higher
splitting of the ground state (b) to the c and d.

The pressure dependence of each of the four γ1−γ4

CF excitations is extracted from the difference between the
pressure coefficients of the final and initial states. It follows
that the difference between

∂ωγ2

∂ P
= ∂c

∂ P
− ∂a

∂ P
and

∂ωγ1

∂ P
= ∂c

∂ P
− ∂b

∂ P

is
∂ω(γ2 − γ1)

∂ P
= ∂(b − a)

∂ P
≈ −3 cm−1 GPa−1,

which is practically the relative shift of the two bands under
pressure. Likewise,

∂ω(γ4 − γ2)

∂ P
= ∂(d − c)

∂ P
≈ −1 cm−1 GPa−1,

which indicates that the pressure coefficients of the two 3F′
2

bands seem to be comparable. Upon application of pressure

6
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Figure 7. (a) The top spectrum from figure 6 ‘sliced’ into segments which are shifted by −nωLO (9 GPa) from their original spectral
positions. In the inset the split into sub-bands of the γ1 − γ2 spectral region at 10 GPa and Ei = 1.96 eV is demonstrated. Sub-band splittings,
which are detected throughout the complete nLO sequence, are marked by arrows. (b) A fit to the linear equation
γ n

m(P) = γm(P) + ωLO(P) · n of the central band positions for m = 1, 3 and n = 0–4.

it appears that the gap between the two 3H′
4 states (a, b) is

reduced. It seems that the gap is not likely to disappear below
the pressure where the CaF2-type → PbCl2-type structural
phase transition occurs (∼42 GPa) [21].

3.2.2. The δ(3 H ′
4 → 3 H ′

5) excitations. The properties of
the δ and the γ bands differ in two aspects: first, the δ1 band
practically disappears around 3 GPa (with pressure coefficient
�ωδ1/�P ≈ −10 cm−1 GPa−1 around ∼2.3 GPa), while the
γ1 and is still detected around 22 GPa. Second, the tendency of
the CF excitation in the Raman spectra to couple to multi-LO
phonons is observed only for the latter, under ambient as well
as high pressures.

It is of interest to study whether the different behavior of
the γ bands and the δ band is related to the fundamentally
different process that they probe. The 3H′

4 → 3F′
2 and

3H′
4 → 3H′

5 excitations may exhibit different sensitivity to
the local environment of the U4+ ion. Unlike the latter J →
J + 1 transitions, where the magnitude of the spin and angular
momentum remains the same while their relative orientation
(and J ) is changed, in the former excitation the orbital
momentum does change. For lanthanides those transitions are
known to be more sensitive to the local environment around the
central ion [7].

Optical reflectivity of UO2 revealed a number of narrow
optical transitions between 0.5 eV and 2 eV at pressures above
∼15 GPa [13], which are attributed to transitions within the
5f2 multiplet of UO2 [5–7]. The increasing strength of these
normally dipole-forbidden excitations has been suggested
to indicate the increasing admixture of presumably d-like
character to the 5f2 configuration. The two bands with

Figure 8. A suggested level scheme for the γ (3H′
4 → 3F′

2)
excitations.

lower CF transitions, with pressure coefficients dECF/dP ≈
−15 cm−1 GPa−1, are particularly interesting. Assuming
that the pressure dependence of their energies is linear,
extrapolation of these bands to zero pressure is found at
∼5600 cm−1 and ∼7800 cm−1, which is consistent with their
assignments to 3H′

5(�4) and 3F′
3(�2) [8], respectively (see

table 1). The first assignment is supported by comparable
pressure coefficients of the bands found in the reflectivity [13]
and in our electronic Raman spectra.
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4. Conclusions

In a recent study of the phononic Raman scattering in
UO2 [10], up to sixth-order multi-LO phonon bands were
detected. The Raman scattering intensity has been shown to
follow the UO2 absorption profile with threshold of ∼2.0 eV.
This result has been attributed to the strong interactions
between electrons and LO phonons, which play an important
role in the electronic properties of UO2. In this paper we
investigate the electronic Raman scattering up to ∼1 eV and
elucidate the manifestation of the strong electron–phonon
interactions in the resonant coupling between nLO (n = 1–
4) phonons and 3H′

4 → 3F′
2 U4+ intermultiplet crystal-field

(CF) excitations.
The resonance conditions for the CF + nLO modes

are sensitive not only to excitation energy, Ei, but also to
the applied hydrostatic pressure. Upon application of high
hydrostatic pressure the band gap shifts to the red and the
CF + nLO resonant coupling is enhanced, similar to that
previously found for multi-LO phonon Raman scattering [10].
Furthermore, the pressure coefficient of the CF+nLO coupled
modes frequencies fits well the sum of the pressure coefficients
of their constituents.

From the four 3H′
4 → 3F′

2 intermultiplet CF excitations
which have been detected, the pairs 3F′

2(�5) and 3F′
2(�3),

were expected. The additional two bands, 3F′
2(�5) + � and

3F′
2(�3) + � (� ≈ 150 cm−1), which concurrently emerge

under high pressure, are characterized by a significantly higher
pressure coefficient. It is suggested that the detection of these
modes is due to distortion of the lattice. The 3H′

4(�5) CF
ground state splits into two states, which at ambient pressure
are separated by ∼150 cm−1. This separation, �, decreases
with pressure.
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