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The phonon Raman scattering in UO2 was investigated under pressures up to 29 GPa with the excitation
energy range of Ei=1.16–2.41 eV. At ambient pressure up to the sixth order polarized multi LO-phonon bands
are detected with a resonant profile that follows the UO2 absorption �threshold of �2.0 eV�. The 1150 cm−1

band is reassigned to the 2 LO band rather than to the �5-�3 crystal field electronic transition. The resonance
profile of the 1–6 LO intensities is likely to be attributed to a “forbidden” Fröhlich LO��� scattering. However,
identification with this form of scattering cannot explain the different polarization sensitivity between the even
�strongly polarized� and odd �weakly polarized� bands. Hence, the significant contribution of nearly degenerate
disorder induced phonons, extending over the Brillouin zone from � to L boundaries, is suggested. Three
factors are mainly responsible for the pressure dependent behavior of the 1 LO and 2 LO bands: �i� A redshift
in the resonance onset, which is related to the decrease in the band gap energy, �ii� an increase in the relative
intensities of the bands, that is due to the increase in electron-phonon interactions, and �iii� a decrease in the
incident and scattered light penetration depth, that is due to the increased absorption. An interplay between the
first two �increasing� and the third �decreasing� is dictating the intensity of the LO bands.
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I. INTRODUCTION

Due to its technological and scientific significance, ura-
nium dioxide is one of the most extensively studied actinide
compounds, with its spectroscopic aspects elaborately re-
viewed by Schoenes.1,2 UO2 crystallizes in a fluorite �CaF2�
�space group Oh

5� type structure, where the uranium U+4 ions
occupy the fcc �face center cubic� sites and the oxygen O−2

ions occupy the tetrahedral sites. Three frequencies are de-
tected around the center of the Brillouin zone at 278,1 445,3,4

and 578 cm−1,1 were attributed to the doubly degenerate F1u
IR active TO mode, triply degenerate F2g Raman active
mode, and a nondegenerate F1u IR active LO mode, respec-
tively. A good agreement was found with Brillouin zone cen-
ter frequencies of UO2, as measured by inelastic neutron
scattering �INS�.5

Unlike the straightforward assignment of the F2g Raman
active mode, the assignment of an additional band at
1150 cm−1, found by Schoenes �at 1145 cm−1� �Ref. 2� is
more ambiguous: It was assigned to the �5-�3 electronic
Raman crystal field �CF� transition, based on the calculation
of the parameters that construct the CF Hamiltonian made by
Rahman and Runciman.6 Although INS studies7–9 showed
the predominant 3H4 CF levels to be in discrepancy with the
calculated ones, the assignment of the 1150 cm−1 band2 re-
mained unchanged in the following Raman studies of
UO2.4,10–13 This is mostly due to the accepted notion that a
decrease in intensity with temperature �I300 K�0.25 I20 K for
UO2 �Refs. 2,12�� is not expected from pure multiphonon
excitation but rather from a band of electronic origin.

Various groups studied the structural properties of UO2
under high hydrostatic pressures.14–20 These studies showed
that similar to CeO2 �Ref. 21� and ThO2,20,22 UO2 undergoes
a CaF2-type→PbCl2-type structural phase transition. This
transition does not involve 5f electrons delocalization.23 Ac-
cording to the most recent study that extended to 69 GPa the

high pressure phase appears in UO2 at �42 GPa,20 relative
to 31 and 35 GPa for CeO2 �Ref. 21� and ThO2,20 respec-
tively. Polarized and pressure dependent Raman scattering
was studied for CeO2 �Refs. 24,25� and ThO2.26,27 For both
compounds the phonon dispersion curves were calculated
and the two phonon densities of states �DOS� were con-
structed.

UO2 in its ground state is not a conventional semiconduc-
tor, but rather a Mott insulator—an insulator that is charac-
terized by the existence of localized electrons, each cation
having the configuration U+4 �5f2�.28–30 The predominance
of repulsive Coulomb interaction between the two 5f elec-
trons lead to the creation of semiconductor carriers. The
altered-valency �U+3� and �U+5� cations that are formed re-
quire the expenditure of energy U �Mott-Hubbard gap�.29 In
the absence of further interactions the electrons �U+3� and
holes �U+5� will be free to move. However, in the case of
UO2 a strong interaction of the electrons with the LO
phonons destroy the extended nature of the charge carrier
states. Electrons are localized in small-polaron
eigenstates28–30 and their movement is accompanied by dis-
placements of the ions around them while carrying along the
lattice deformation. Being accompanied by the much heavier
lattice degrees of freedom in the polaronic regime the carri-
ers acquire large effective masses. The mechanism of po-
laron formation enhances phonon assisted optical transitions
in the range of energies below the band gap with a transition
probability that is related to the distribution of the LO
phonons.30 Static displacement of the normal coordinates of
the k�0 phonons may also be produced by localized exci-
tations that couple strongly to the lattice through the Fröhlich
interactions.31 Such displacements give rise to Franck-
Condon terms that can produce multiphonon scattering near
resonance and must vanish away from resonance, as was
shown for YbS that are characterized by 4f localization.32 It
is, therefore, our objective to search for the “forbidden” mul-
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tiphonon LO��� resonance Raman scattering for the UO2, a
system that is characterized by 5f localization.

Optical spectroscopy was shown to be highly valuable in
revealing the role played by the 5f2 band at ambient
conditions.1,2 The complexity of its absorption spectra1,33 is
reflecting the importance in the 5f electronic system of crys-
tal field effects and spin orbit splitting, both in the eV energy
regime. Optical reflectivity measured between 0.5 and 3.5 eV
revealed15–17 that at pressures above �15 GPa a number of
narrow optical transitions at energies between 0.5 and 2eV
become observable, attributed to transitions within the 5f2

multiplet levels of UO2. The increasing strength of these nor-
mally dipole forbidden excitations was suggested to indicate
an increasing admixture of presumably d-like character to
the 5f2 configuration.

Recently, the electronic structure of UO2 has been calcu-
lated by the hybrid density functional theory �DFT� �Ref. 34�
and good agreement was found with the experimental gap,
DOS, and optimum lattice constant. The picture emerging
from the hybrid calculations is different from that of
Schoenes1 who associated the gap with 5f →6d transitions
and localized 5f →5f transitions lying in the gap. Rather, the
band at the Fermi level, Ef, is dominantly of a 5f nature, in
agreement with a resonant photoemission study.35 The unoc-
cupied DOS appears consistent with optical spectra and the
levels at the onset of the conduction band are composed of
unoccupied f states, meaning that the gap is composed from
5f →5f transitions.

In this paper we investigate the phonon polarized Raman
scattering in UO2 with an excitation energy range 1.16–2.41
eV at pressures up to 29 GPa. We show that the 576 cm−1

band is a resonantly enhanced LO scattering. This band is
activated up to its sixth order with the 1150 cm−1 band being
its first overtone. We show that the pressure induced redshift
in the absorption threshold “tunes” the resonance behavior as
manifested in the intensities of the LO band and its first
overtone.

II. EXPERIMENT

The UO2 sample was synthesized by the sintering of UO2
powder in a hydrogen flow at 1700 °C.36 Electrochemical
polishing of the pellet was followed by X-ray diffraction
�XRD� measurements in order to verify the good structural
quality of the sample. The pellet is constructed from
�20 �m single crystals with various �unidentified� crystal-
lographic orientations. Backscattering geometry Raman mea-
surements were obtained from a Renishaw dispersive spec-
trometer by using an objective of �100 �NA=0.9� �NA—
numerical aperture� at three excitation wavelengths of 782,
632.8, and 514.5 nm, that correspond to excitation energies
of 1.58, 1.96, and 2.41 eV, respectively. For the 1064 nm
excitation wavelength �1.16 eV� a Bruker Fourier-transform
�FT�-Raman spectrometer was used. The polarization of the
incident light could be either parallel Ei�Es, or perpendicu-
lar Ei�Es to the scattering plane by placing a � /2 plate in
the p-polarized incident laser beam before it reached the
sample. A polarizer that was placed in the scattered beam
path ensured the detection of the light scattered parallel to
the scattering plane.

In the pressure dependent measurements a 30 �m grain
was inserted in a Tel-Aviv-type diamond anvil cell37 with
solid Ar serving as a pressure transmitting medium without
allowing the bridging of the sample between diamond anvils.
The culet diameter was 500 �m and a stainless steal gasket
was used. The Pressure was measured by the Ruby lumines-
cence method.38 Backscattering geometry Raman measure-
ments were done by using a �40 long focal length objective.

III. RESULTS AND DISCUSSIONS

A. Band assignments and their Grüneisen parameters

Figure 1 shows the Raman spectrum of UO2 in the
100–3600 cm−1 range, measured under ambient conditions
for an excitation energy of Ei=1.16–2.41 eV in the denoted
polarization configurations. Up to 1000 cm−1 six phonon
bands are observed at 445��1�, �550��2�, 576��3�, 630��4�,
835��5�, and 918 cm−1��6�. The �1 band is the Raman al-
lowed first-order mode with F2g symmetry.3,4 A strong band
is also observed at 1150 cm−1. This band is attributed to an
overtone of the �3 ��3

2-—as we denote the nth order of the
�m band by �n

m�. In fact, as is clearly observed in Figs. 1�a�
and 1�b� �Ei=2.41 eV� the bands at 576 and 1150 cm−1 are
actually the first two from a consecutive series of six bands
at 576��3�, 1150��3

2�, �1725��3
3�, 2312��3

4�, 2910��3
5�,

FIG. 1. The Raman spectrum of UO2 measured under ambient
conditions for an excitation energy range of Ei=1.16–2.41 eV, with
the denoted Ei�Es and Ei�Es polarization configurations. All
bands are assigned in accordance with Table I �a� and �b� Ei

=2.41 eV in the Ei�Es and Ei�Es polarization configurations, re-
spectively. �c� and �d� Ei=1.96 eV in the Ei�Es and Ei�Es polar-
ization configurations, respectively, with the �3

4-�3
6 bands shown

after subtraction of adjacent overlapping bands. �e� Ei=1.58 eV in
the Ei�Es polarization configuration. �f� Unpolarized FT-Raman
spectrum with Ei=1.16 eV.
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and 3470 cm−1��3
6�. The �3 frequency is practically similar

to the LO phonons frequency at the � enter of Brillouin
zone.1,5 However, as a result of disorder induced effects4

nearly degenerate phonons extending over the Brillouin zone
from � to L boundaries may also be found at similar ener-
gies, due to the flat dispersion in the �1�01� phonon branch.5

Finally, in the 1000–2000 cm−1 range we additionally ob-
serve a series of electronic and electronic-phononic Raman
bands that are related with CF states with predominately 3H4
character, as found by INS.7–9 An elaborate discussion on
these bands will be given elsewhere.39

While the �1 band intensity is increased, it is clear that the
higher overtones are diminishing as Ei decreases and shifts
away from the absorption edge of UO2��2.0 eV�.1,33 For
Ei=1.96 eV ��c� and �d��, the intensities of the higher
�3

n�n�2� overtones decrease significantly but may still be
observed. For Ei=1.16 eV �f�, even the 2 LO band is almost
vanished �overtones that maintain k=0 may show Raman
activity�. The above dependence indicates that the activation
of the LO series is via a resonance process. A manifestation
of this dependence for the �3

2 2 LO band is shown in Fig. 2,
where the intensity of the �3

2 band �unpolarized� is normal-
ized to the �1 band, for which we assume to have minor
energy dependence on the Raman cross section. Our results
are consistent with a recent study13 for which a single crystal
of UO2 was measured at 1.64 and 2.54 eV.

In order to substantiate our assignment of the 1150 cm−1

band to the �3
2 band, which is different from the assignment

of this band to a �5-�3 electronic Raman CF
transition,2,4,10–13 the Raman spectra of UO2 was measured
under hydrostatic pressures up to 29 GPa. Two different UO2
samples were loaded into an anvil cell: S#1 was measured
with Ei=1.96 and 1.58 eV, which are denoted as S#1 �1.96�
and S#1 �1.58�. S#2 was measured with Ei=1.96 eV at
longer acquisition times that enabled the accurate analysis of

higher order bands . In Fig. 3 the Raman spectra of UO2 S#1
�1.96� are shown for pressures up to 20 GPa �a�, and S#1
�1.58� up to 27 GPa �b�. For clarity of the representation we
normalized all the spectra to the �1 band intensity measured
at ambient conditions. Apart from the �1 band, the �3 and the
�3

2 dominate the spectra. The similar pressure intensity de-
pendence of the latter two bands is consistent with our attri-
bution. Furthermore, unlike the intensity of the �1 band, that
monotonously decreases with pressure, both �3 and �3

2 in-
tensities first increase and than decrease at higher pressures.
This behavior is related to pressure induced electronic
changes—see the discussion below.

In the inset of Fig. 3 we show the spectra that were ac-
quired from S#2, where the pressure dependence of the
630 cm−1��4� and 918 cm−1��6� bands are clearly observed.
We also monitored an additional band ��2a� and its overtone
� �2a

2� that were not observed under ambient conditions,
probably due to masking of other bands. Their extrapolated
Raman shifts to zero pressure are 515 cm−1 and 1040 cm−1,
respectively. While the spectral behavior of the �1 and �3

2 is
similar, a significant decrease in the �3 /�1 intensity ratio is
observed concurrently with the appearance of the �2a band
and of another broadband around 850 cm−1 �that seems to be
constructed from three overlapping bands�. Differences be-
tween different samples in the nature and abundance of de-
fects that are strongly manifested under high pressures may
explain this result. It is also clear that the pressure dependent
intensity profile of these two bands is different and that the
resonant nature of the �2a band is weaker than that of the �3
band, although the second-order band of the �2a was also
observed at the high pressure range.

The pressure dependent frequencies of the various bands
are shown in Fig. 4, for Ei=1.96 eV �S#1 - squares, S#2 -
circles� and Ei=1.58 eV �triangles�. The corresponding mea-
sured mode frequencies 	o at ambient pressures, their linear
pressure coefficients �	 /�P, and their mode Grüneisen pa-
rameters 
=−� ln 	 /� ln V= �B0 /	0��	 /�P �where B0 is the
bulk modulus� are shown in Table I.40 From the three pub-
lished measurements of bulk modulus that were acquired
from XRD data,14,19,20 we chose the most recent one:
207±2 GPa.20 The Grüneisen parameters for the �1 band are
found to be 
�1=1.28, which is close to that of the CeO2 and
ThO2 F2g symmetry bands that are calculated to be 1.55 and
1.42, respectively, after using the B0 values from Refs 41,20
and �	 /�P values from Refs. 25,27. As for the �3 and �3

2

bands: similarity between 
�3=0.52 and 
�32=0.55 is con-
sistent with our assignments.

The Grüneisen parameters of the TO modes in ionic crys-
tals were found to be significantly higher than those of the
LO modes, in some cases by up to a factor of �3.42 For
example, the fluorite structures CaF2 
LO is significantly
lower than that of 
TO with the value of 
R �2 TO+LO at
k=0� lying between the two �
TO, 
LO, and 
R are 2.29,
0.78, and 1.83, respectively.43� Furthermore, 
TO�
LO was
also calculated for TO and LO modes that split from the
Raman mode as we move away from the Brillouin zone cen-
ter towards its boundary.43

The ratio between 
TO and 
LO for a number of diamond,
zinc-blende and wurzite-type structures was shown to in-
crease linearly with the ionicity, as measured by the Szigeti

FIG. 2. The intensity ratio between the unpolarized �3
2 �2 LO�

band and the �1 �F2g Raman allowed band� for a freshly polished
UO2 sample. The UO2 absorption edge is shown for reference.
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effective charge per cation valence electron, es
* /Ze.42,44 Here

es
*=3e* / ���+2� where e* is Born’s transverse dynamic ef-

fective charge, and the factor 3 / ���+2� corrects for the local
field due to ion polarizability. The Lyddane-Sahchs-Teller re-
lation yields the following for the ratio of frequencies:
LO/TO= ��0 /���1/2 ��0 and �� are the low and high fre-
quency dielectric constants, respectively�. The decrease in
the LO/TO ratio with the increase in pressure �
TO�
LO� at
k=0 was argued42 to be related to the stiffening of the struc-
ture with compression that reduces the relative contribution
of ionic displacements to �0. Further, the increase of the

TO/
LO ratio with an increasing effective charge would fol-
low from the observation that the contribution of ionic mo-
tion to �0 is relatively more important in compounds having
higher ionicity.

The mode Grüneisen parameter of the UO2 IR active TO
mode, 
TO has not been measured but was calculated45 to be
1.83 by using a repulsive short range potential for rigid ions
of the Born-Mayer type �this potential gave reliable consis-
tency with experiments for CaF2�. Other potentials gave
higher values but, in general, the trend was reproduced. It is,
therefore, concluded that the 
TO, 
LO, and 
R series for UO2
of �1.8, 0.52, and 1.28, respectively, is consistent with what
we would generally expect for a crystal with the fluorite
structure.43

Fluorite-type lattices have nine phonon branches and 45
parity allowed two-phonon combinations and differences
modes.26 Bearing in mind the concept that LO modes should
lead to lower 
 than the TO modes we shall discuss briefly
the assignment of the various phonon bands, as summarized
in Table I. The 445 cm−1��1� is assigned to the Raman al-
lowed first-order mode with F2g symmetry.3,4 In the higher

energy side of the �1 band there is a band that is character-
ized with a profile that is Ei dependent: For Ei=1.16 eV �Fig.
1�f�� far from the absorption edge ��2.0 eV�,1 the center of
this band is found at �550 cm−1��2�. As Ei approaches the
absorption edge energy the contribution of another band at
576 cm−1��3� increases and obscures the �2 band. In the

FIG. 3. The Raman spectra of
UO2 from a first sample �S#1� is
shown for pressures up to 20 GPa
with Ei=1.96 eV �S#1 �1.96�� �a�
and up to 27 GPa with Ei

=1.58 eV �S#1 �1.58�� �b�. For
clarity of representation all spectra
are normalized to the �1 band
intensity measured at ambient
conditions. In the inset: the
spectra acquired from a second
sample �S#2� with Ei=1.96 eV
�S#2�1.96�� at longer acquisition
times are shown.

FIG. 4. The pressure dependent frequencies of the various bands
for Ei=1.96 eV �S#1 - squares; S#2 - circles� and Ei=1.58 eV
�S#1 - triangles�. The Raman shifts of the �2a and �2a

2 were ex-
trapolated to zero pressures.
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lower side of Fig. 3�b� we note that the two bands are ob-
served separately at 1.58 eV. It seems that the assignment of
the �2 and the �2a band at 515 cm−1 �not detected under
ambient pressure� should be discussed in relation with the
high DOS of phonons at this energy range.5 We suggest that
all of these are nearly degenerate phonons with high DOS
extending over the Brillouin zone from � to L while only the
�3 is being resonance enhanced and therefore more intense at
Ei=2.41 eV.

As a shoulder to the �2+�3 band we also observe a band
at �630 cm−1��4�. This band is dominant on oxidized ura-
nium surfaces and increases in intensity after a heavy ion
bombardment of UO2 polycrystalline surfaces under inert
atmosphere.4 Both heavy ion bombardment and the forma-
tion of thin layer of hyperstoichiometric UO2+x on oxidized
uranium surfaces �oxygen ions are placed in interstitial sites
of the fluorite lattice�46 will lead to the appearance of new
disorder induced bands due to the breakdown of translational
symmetry. A possible assignment for the �4 band is a parity
allowed combination of LOR�X�+TOR�X�. However, the ob-
served Gruneisen parameter 
�4=0.57 makes it more likely
to be a LO phonon. According to Ref. 5 these phonons may
originate near the X Brillouin zone edge. We therefore assign
the �4 band to the LO�X� phonon.

Another broad band �5 is found centered at 835 cm−1.
According to the phonon dispersion curves of UO2 �Ref. 5�
various contributions are possible: 2 LOR�L�, 2 TOR�L�,
TO���+LO���, and LO�X�+TO�X�. It is, therefore, difficult
to separate the various contributions and our attempt to do so
under hydrostatic pressure was not successful. Finally, we
assign the �6 band at 918 cm−1 to 2 TOR�X�, which is also
consistent with the high polarization sensitivity of this band.

B. The nature of the �3
n bands

It is often that UO2 with its 5f electron localization is
compared in the literature to the divalent rare-earth monoch-

alcogenides systems, that are characterized by 4f
localization.47 A feature that is commonly found for the latter
is the appearance of resonance Raman scattering of the
LO��� phonon and its overtones. For YbX �X=S, Se, Te�
Vitins48 used a modified version of the “cascade model” in
order to account for the multiphonon process. In a later study
on YbS Merlin et al.32 employed the configuration-
coordinate model, which is based on the Franck-Condon
principle in the molecular spectroscopy, where it is assumed
that the phonon wave function in the excited state is obtained
from that of the ground state after some displacing of the
coordinate. By the diagonalization of the phonon Hamil-
tonian plus the Fröhlich electron-phonon interactions one can
obtain polaron states, and the displacement of the phonon in
the excited state can be calculated.

A most important result for the 1 LO and 2 LO YbS bands
is that the observed decrease in the intensity with an increase
of the temperature is due to lifetime effects of the excited
electronic state. In the explicit formulation of the effective
“displacement,” the same set of parameters fits the resonance
of the 1 LO and 2 LO for a given temperature and only the
linewidth has been changed in going from 77 to 300 K �see
Eq. �12� in Ref. 32�. A similar approach may be successfully
applied to UO2 and will explain the temperature dependent
intensity of the �3

2 band.2,12 Finally, it is important to note,
that other examples are known from the literature from
which a decrease was observed in the phononic Raman scat-
tering signal with temperature.49,50

Another effect in such a scheme is that around resonance
the polarization selection rules are expected to be indepen-
dent of crystal symmetry31,51 with the maximal intensity for
Ei�Es. However, we bear in mind that the treatment that
explains polarized scattering usually observed in the mul-
tiphonon case depends on the absence of dephasing scatter-
ing mechanisms other than LO-phonon scattering in the in-
termediate state �such as impurity scattering�.31 In Fig. 1 the
polarized spectrum of the 2 LO bands is compared for Ei�Es
and Ei�Es polarization configurations at Ei that are differ-
ently positioned with respect to the absorption edge
��2.0 eV�: �i� 1.58 eV �far away�, �ii� 1.96 eV �close to�,
and �iii� 2.41 eV �beyond�. The intensity ratios for
Ei�Es /Ei�Es in these measurements are 1.3, 3, and 7, re-
spectively. A similar trend is also established for the 4 LO
band. The fact that minor polarization is also observed far
from the absorption edge is explained by the fact that an
overtone band will always contain the Al symmetry represen-
tation.

In Fig. 5 the intensity of the various LO multiphonon
bands for Ei=2.41 eV, with the Ei�Es and Ei�Es polariza-
tion configurations is shown. Relative to the odd multiples,
the even multiples seem to be more intense and polarized.
For the Fröhlich electron-phonon interaction �induced for-
bidden scattering� we would normally expect that all the
bands should be highly polarized.

It is therefore suggested that the weaker polarization sen-
sitivity of the odd LO modes, and particularly of the 1 LO
mode may be due to the contribution of an impurity-induced
mechanism that has a weak polarization sensitivity. An addi-
tional scattering mechanism that contributes to the scattering
cross section is consistent with the different sensitivity of 1

TABLE I. Assignments and mode Gröneisen parameters of the
various bands, using B0=207±2. GPa�20�.

Band
	0

�cm−1� Assignment
�	 /�P

�cm−1/GPa�

= �B0 /	0�

�	 /�P

�1 445 R��� 2.75±0.04 1.28

�2a 515a ? 1.56 0.63

�2 550 ?

�3 576 LOb 1.45±0.04 0.52

�4 630 LO �X� 1.73±0.15 0.57

�5 835 LO�X�+TO�X�? 5.8

�6 918 2TOR�X� 4.95±0.30 1.12

�2a
2 1040a 3.38±0.24 0.67

�3
2 1150 2LO 3.08±0.13 0.55

�3
3 �1725 3LO

�3
4 2312 4LO

�3
5 2910 5LO

�3
6 3470 6LO

aFound only under hydrostatic pressure.
bLO��→L�.
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LO and 2 LO to the extent of defects in the lattice; unlike the
�3 band, the �3

2 band is not highly sensitive to the extent of
defects in the UO2 fluorite structure and does not perturb its
translational symmetry.4 Similar behavior was found for
GdS52 where the defect-induced 1 LO�L� Raman scattering
provided a sensitive measure of the sample stoichiometry
while the 2 LO�L� was shown to have no defect concentra-
tion dependence.

The Yb monochalcogenides do not exhibit only mul-
tiphonon light scattering due to zone center LO phonons but
also broadband mutiphonon scattering which results prima-
rily from zone-boundary phonons.48 Multiphonon processes
were also observed in magnetic Eu monochalcogenides.53 In
the paramagnetic phase the first-order Raman LO band of
these compounds occurs at a frequency of LO�L�. This scat-
tering, which does not conserve k is due to spin disorder. In
the magnetic saturated phase, on the other hand, the spectra
show multiphonon scattering at energy multiples of LO���.
A major difference between the LO��� and the LO�L� mul-
tiphonon scattering is the width of the bands with the latter
being much broader than the first.

We conclude that the clear resonance profile of the 1–6
LO intensities is likely to be attributed to �forbidden�
Fröhlich LO��� scattering. However, an identification with
this form of scattering cannot explain the different polariza-
tion sensitivity between the even �strongly polarized� and
odd �weakly polarized� bands. Probably, disorder-induced ef-
fects contribute significantly. However, the phonon dephas-
ing mechanisms that result from these effects are expected to
reduce the polarization sensitivity of �forbidden� scattering to
a much lesser extent than what we observed in our study.31 It
is therefore suggested that a significant role is also played by
LO phonons extending over the Brillouin zone from � to L
boundaries that are nearly degenerate in their energies due to
the flat dispersion in the �1�01� phonon branch.5

C. The pressure induced shift of the resonance Raman onset

In a study that investigated the effect of pressure up to 36
GPa on the optical response of UO2 a reflectivity edge was
identified near 2.8 eV.15,16 This edge was attributed to the
5f2→5f16deg

1 excitation �according to the assignment of
Schoenes1,2�. With increasing pressure this transition shifts to
lower energy by 37 meV/GPa and its energy roughly corre-
sponds to the energy of the lowest maximum in the imagi-
nary part of the dielectric constant due to the f →d
transition.16 Dipole-forbidden excitations within the 5f2 mul-
tiplet were also observed in the reflectivity spectra above 15
GPa. These transitions were suggested to indicate an increas-
ing admixture of d-like character to the 5f2 ground state.

Recently, the electronic structure of UO2 has been calcu-
lated by the hybrid DFT �Ref. 34� and good agreement was
found with the experimental gap, density of states, and the
optimum lattice constant. We adopt the picture emerging
from the calculations that suggests that the onset of the con-
duction band is composed of unoccupied f states, meaning
that the gap is composed from 5f →5f transitions rather than
5f →6d transitions. Consequently, the reflectivity edge near
2.8 eV �Refs. 15,16� should be related to the lowest 5f
→5f transitions and its pressure induced shift is expected to
be manifested in the Raman scattering resonance onset that
coincides with the absorption edge ��2.0 eV�.1 Finally, the
extent of f-d orbitals admixture under pressure may be clari-
fied by pressure dependent electronic structure calculations.

In Fig. 6�a� the intensity of the �1 band is shown as a

FIG. 5. The intensity of the various �3
n, n�6 bands for Ei

=2.41 eV, for the Ei�Es �gray� and Ei�Es �white� polarization
configurations. Due to the overlap of the �3

3 with electronic-
phononic Raman bands its intensity is less defined. Relative to the
odd multiples, the even multiples are more intense and polarized.

FIG. 6. �a� The intensity of the �1 band as a function of pressure
for the denoted experiments �Ei and # sample�. The linear pressure
dependence of the reflectivity edge from Ref. 16 is shown with gray
solid lines and turns broken at 15 GPa, where the reflectivity edge is
no longer observed. Dotted arrows are pointing to the pressure at
which Ei intercepts with the line. �b� The intensity of the ��3

2� band
as a function of pressure for the denoted experiments.
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function of pressure for the three excitation energies, Ei. The
linear pressure dependence of the reflectivity edge from Ref.
16 is also shown with a gray solid line. At 15 GPa, where the
reflectivity edge is no longer observed due to the appearance
of additional transitions within the 5f2 multiplet, we switch
to a broken line representation. The 5f →5f transition shifts
with pressure to lower energy and for each of the three ex-
citation energies a dotted arrow is pointing to the pressure
where the laser excitation energy reaches the transition en-
ergy. A very good correlation is found between the transition
edge pressure and the pressure where the �1 mode disappears
due to increased absorption. For Ei=2.41 eV we could not
detect a signal up to 1300 cm−1 already at pressures around 6
GPa. 20 GPa was sufficient for the signal to lose 95% of the
initial value for 1.96 and for 1.58 eV and the signal was still
detectable around 29 GPa.

As shown in Fig. 6�b�, different behavior is found for the
�3

2 band: Its intensity increases with pressure up to �10 and
�12 GPa for Ei=1.96 eV and Ei=1.58 eV, respectively, and
then decreases. The increase in intensity, is attributed to clos-
ing the band gap that shifts the absorption edge to lower
energy and pushes the Raman resonance profile towards
lower excitation energies. However, the pressure increase
causes a decrease in the penetration depth of the incident and
scattered light and consequentially to the decrease in the �3
and �3

2 intensities.
In Fig. 7 the intensity of the �3 and �3

2 bands relative to
the �1 band is shown for the three different measurements
��S#1 �1.96�, S#1 �1.58�, and S#2 �1.96���. We consider the
�1 band to apply as an “internal standard” for the enhance-
ment of the �3 and �3

2 bands, since all factors that are re-
lated to changes in the optical and electronic properties will
be manifested in both.

For S#1 �1.96�, S#2 �1.96� we observe that �i� The relative
intensities of the �3 and �3

2 bands superlinearly increase up
to �16 GPa and then decrease. The similarity between their
profiles is consistent with their assignment to 1 LO and 2 LO
bands, respectively. �ii� The effect of pressure on the reso-
nance behavior of the �3

2 mode is stronger than for �3. How-
ever, for S#1 �1.96� and S#2 �1.96� I��3

2� / I��3� is 2.4 and
13, respectively, which is probably related to differences in
the extent �and possibly the nature� of defected structures in
these samples. �iii� The profiles are markedly different for Ei
of 1.96 and 1.58 eV; Up to 20 GPa the former is higher than
the latter by a factor of 20. However, it is evident that the
relative intensity of the latter is still increasing at pressures
where the former is no longer detected. It is, therefore, con-
cluded that the observed �3 and �3

2 intensity profiles are
dictated by the proximity of Ei to the pressure dependent
band gap energy.

For S#1 �1.58� there is a singular pressure range around
16 GPa where the Raman signal was not distinguishable and
a two orders of magnitudes increase in the fluorescence
background was detected. This behavior disappeared upon
increasing the pressure to 22.5 GPa or reducing it to 12 GPa.
Throughout the complete pressure range the background is
similar for 1.96 and 1.58 eV �apart from the above-
mentioned singular point�. A closer look into the �rather
weak� pressure dependence of the reflectivity spectra,15,16 re-
veals that the �normally dipole forbidden� 3H4→ 3H6 transi-

tion crosses Ei=1.585 eV at �20 GPa. Consequently, the
observed fluorescence background for Ei=1.585 eV is prob-
ably due to a resonance with the dipole forbidden 3H4
→ 3H6 transition54 at pressures around 20 GPa, which is
tuned off by either decreasing or increasing the pressure.
Finally, since the above transition may contain mixing with
lower transitions it may be interesting to measure the effect
with a higher pressure resolution around 20 GPa.

IV. CONCLUSIONS

The phonon Raman scattering in UO2 was investigated at
room temperatures under pressures up to 29 GPa with an
excitation energy range of Ei=1.16-2.41 eV. At ambient
pressure up to six-order polarized multi LO-phonon bands
are detected with a resonant profile that follows the UO2
absorption �threshold of �2.0 eV�. The resonance profile of
the 1–6 LO intensities is likely to be attributed to �forbidden�
Fröhlich LO��� scattering. However, the identification with
this form of scattering cannot explain the different polariza-
tion sensitivity between the even �strongly polarized� and
odd �weakly polarized� bands. Hence, significant contribu-
tion of nearly degenerate disorder-induced phonons extend-
ing over the Brillouin zone from � to L boundaries5 is sug-
gested.

The 1150 cm−1 band found by Schoenes2 is reassigned to
the 2 LO band rather than to the �5-�3 crystal field electronic
transition. This assignment is supported by the similarity
with the 576 cm−1 �1 LO� bands in the resonance profile,
Grüneisen parameters, and the dependence of the intensity
profiles on pressure. The previous assignment of the
1150 cm−1 band to the CF transition was mostly due to the
accepted notion that a decrease in intensity with temperature

FIG. 7. The intensity of the �3 �open symbols� and �3
2 �filled

symbols� bands relative to that of the �1 band for �S#1 �1.96�, S#1
�1.58�, and S#2 �1.96��. Symbols are described in the legend.
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is not expected from pure multiphonon excitation but rather
from a band of electronic origin. Correlating our result with
YbS,32 that are characterized by 4f localization, suggests that
lifetime effects of the excited electronic state are responsible
for the observed decrease with the temperature in the 2 LO
intensity.2,12

The increase in pressure is accompanied by �i� A redshift
in the resonance onset of the 1 LO and 2 LO bands that is
related to the decreasing band gap, �ii� an increase in the
electron-phonon interactions strength that leads to their in-
creased intensities, and �iii� decreasing the incident and scat-
tered light penetration depth, due to the increased absorption.
For Ei=1.96 eV, the interplay between these factors result in

the increase of the 1 LO and 2 LO bands intensities up to
�10 GPa that is followed by a decrease at higher pressures.
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