
PHYSICAL REVIEW B 105, 045115 (2022)

Resonant Raman scattering in UO2 revisited
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Due to UO2 being a strong electron-phonon interaction system, resonant Raman scattering is particularly
helpful in exploring the relationship between its optical properties and electronic structure. Fröhlich interaction
induced resonant 2LO(�) phonon Raman scattering exhibits excitation energy (Ei = 1.58–3.06 eV), temperature
(77–873 K), and pressure (�29 GPa) dependent weighted contributions of two resonances. The first (incoming)
resonance occurs when the incident photon energy equals the energy of an optical transition positioned at δ ∼
0.19 above the ∼2.1 eV band gap. The second (outgoing) resonance occurs when the scattered-photon energy is
equal to that of the optical transition. The energy of this transition is proposedly related to the Brillouin zone �

point electronic density of states, positioned to be slightly above the band gap, by recent density functional theory
calculations. The interplay between the simultaneous temperature dependent effects of tuning the band gap and
altering the lifetime broadening of the excited electronic state is elucidated and demonstrated to strongly depend
on the excitation energy and its position with respect to the band gap. The core difference between pressure
and temperature dependent Raman response is mostly attributed to the “resonant-suppressing” role played by
excited-state lifetime shortening, which becomes increasingly dominant at increased temperatures.

DOI: 10.1103/PhysRevB.105.045115

I. INTRODUCTION

Because of its important role as nuclear fuel, the optical
[1,2] and electronic [3] properties of uranium dioxide (UO2)
have been extensively studied for several decades. The elec-
tronic structure of UO2 is largely determined by the strong
correlation effects of the uranium 5f electrons. The large on-
site Coulomb repulsion of ∼3 eV splits the 5 f band into
lower and upper Hubbard bands (LHB and UHB) [4] which
form a Mott gap [3,4]. A narrow LHB band contains two
well-localized U 5 f electrons and lies just below the Fermi
level [3] and the levels at the onset of the UHB conduction
band are composed of unoccupied f states (weakly hybridized
with O 2p orbitals). Hence, the 2.1 ± 0.1 eV [1] optical band
gap, Eg, is formed by 5 f → 5 f transitions [3,5].

UO2 crystallizes in a fluorite-type structure (space group
O5

h), where the uranium U+4 ions occupy the fcc sites and the
oxygen O–2 ions occupy the tetrahedral sites. Three phonons
are detected around the center of the Brillouin zone with fre-
quencies at 278, 578, and 445 cm–1 [1,2]. They are attributed
to the doubly degenerate F1u IR-active transverse optical (TO)
mode, nondegenerate F1u IR-active longitudinal optical (LO)
mode, and triply degenerate F2g Raman active mode, respec-
tively.

Gilbertson et al. [4] studied ultrafast dynamics of cor-
related electrons in UO2 by means of femtosecond (fs)
pump-probe spectroscopy. Two mechanisms were proposed
to strongly affect the optical response in UO2 upon low-
energy excitations across the Mott gap, which form U3+ and
U5+ among a “sea” of unexcited U4+ sites [4]. Both may
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also involve resonant multi-LO(�)-phonon Raman scattering.
The first is the presence of electronic defect states in im-
perfect crystals that gives rise to phonon-assisted hopping
(polaron conduction), leading to the formation of small po-
larons through the electron-LO(�)-phonon interaction. In the
second, the well-localized, narrow-bandwidth nature of the 5f
electronic states suggests that these U3+-U5+ excitations may
remain localized on 5f sites, causing restriction of the electron
mobility to form a stable exciton, predicted to have a long
lifetime [4].

In a previous study we investigated the effect on the reso-
nant Raman scattering of excitation energy Ei in the range of
1.16–2.41 eV and of tuning the UO2 band gap by high pres-
sure up to 29 GPa [6]. At ambient conditions up to sixth order
multi-LO(�)-phonon bands were detected with the 2LO(�)
resonant profile being demonstrated to follow the UO2 ab-
sorption threshold. The resonance profile of this band led
to its attribution to the forbidden Fröhlich LO(�) scattering,
rather than to the formerly attributed [2] �5-�3 electronic Ra-
man crystal field (CF) transition [7]. Pressure-induced redshift
tuning of the band gap energy, which has been mostly at-
tributed to the descending of the UHB unoccupied 5f states by
compression [8], also resulted in resonant Raman scattering
enhancement of the 1 and 2LO(�) intensities. Furthermore,
resonant enhancement was not only demonstrated for Ei of
1.96 eV in proximity to Eg, but also for Ei of 1.58 eV, far below
the ambient pressures Eg [6]. However, no fundamental anal-
ysis has been conducted to model the resonant dependence at
those two Ei

′s.
The temperature-induced resonance effect is also ex-

pected for excitation energies near the band gap and has
not yet been explored; Band gap temperature tuning stems
from altering the ensemble-averaged square of the phonon
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displacement, which results from modifying the phonon pop-
ulation (decreasing the vibration amplitude with the decrease
in temperature, which blueshifts the band gap). However,
other than shifting the band gap, lowering the temperatures in
excited intermediated electronic states and excitonic systems
leads to an increase of the lifetime and therefore may lead
to the increase in resonant enhancement [9]. In that sense,
the interplay between the two contributions depends upon the
departure of Ei from Eg.

The combined effect of excitation energy and temperature
on the resonant Raman scattering was explored by Merlin
et al. [10] on divalent rare-earth monochalcogenide YbS,
while revealing multi-LO(�) resonant Raman up to the sixth
order. In that system, the localized 4 f 14 band falls in the gap
between the valence and conduction bands. The maximum in
the resonance was found well above (∼0.7 eV) the 1.4 eV
band gap and it was attributed to the 4 f 13 hole interacting
with the 5d1 electron within the continuum forming an f -d
exciton [10,11], in spite of its forbidden symmetry. The sym-
metry breakdown was attributed to the spatial dispersion of the
scattering tensor, which relies on the coupling of the electronic
states and the LO(�) phonons through the Fröhlich interaction
[10]. Nevertheless, the resonant effect becomes stronger upon
lowering the temperatures, which was proposed to be mostly
related to the decrease in the calculated lifetime broadening of
the excited electronic state (from 0.1 eV at 300 K to 0.05 eV
at 77 K).

The experimental results [10] were successfully analyzed
by employing the solid-state analog of the configuration co-
ordinate model. In this model it is assumed that the phonon
wave functions in the excited electronic state are obtained
from those of the ground electronic state by displacing the
phonon coordinate by an amount which is a key parameter in
the model. This mechanism is the basis of the Franck-Condon
principle in molecular spectroscopy and the Raman scattering
cross section for an n-phonons process is basically given by
[10]

|Rn(ω)|2 = μ4

∣∣∣∣∣

∞∑

m=0

〈n|m〉〈m|0〉
Ea + nh̄ωLO − Ei + i�a

∣∣∣∣∣

2

, (1)

where μ is the electronic transition dipole moment, ωLO is the
LO(�) phonon energy, Ei is the incident photon energy, m and
n denote the intermediate vibration level in the excited state
and the final vibrational state, Ea is the electronic transition
energy, and �a is the linewidth of the electronic state. The
Franck-Condon overlap integral 〈n|m〉 between the ground
and excited states can be shown to depend on the dimension-
less displacement for the Fröhlich interaction [10].

This study comprises three consecutive stages: First, we
explore the ambient conditions 2LO(�) resonant Raman pro-
file in an extended (up to 3.06 eV) excitation energy range.
Our remarkable finding of a decrease in the normalized inten-
sity beyond ∼2.4 eV motivated the second stage of the study
of measuring the temperature dependence at Ei below, in prox-
imity to, and above the band gap and elucidating the interplay
between the two above-mentioned simultaneous phenomena
which regulate the resonant Raman cross section. Encouraged
by the validation of the physical approach we engaged in
reinterpretation of the source of the previously measured [6]

pressure dependent 2LO(�) resonant profiles at Ei below and
in proximity to the ambient conditions band gap. The ability
to jointly analyze the three branches of this study under a
single framework is a demonstration of the invaluable usage
of Raman scattering in exploring the relationship between its
optical properties and electronic structure in UO2.

II. EXPERIMENT

Raman spectra were collected in the backscattering con-
figuration with two separate Horiba LabRAM Evolution
micro-Raman spectrometers, using an excitation He-Ne laser
of energy (wavelength) 1.96 eV (632.8 nm); diode lasers
of energies 1.58 eV (785 nm), 2.33 eV (532 nm), and
3.06 eV (405 nm); and a Horiba LabRAM HR 800 spectrom-
eter using Ar ion lasers of 2.41 eV (514.5 nm) and 2.54 eV
(488 nm). Temperature dependent spectra were measured by
means of a Linkam continuously cooled liquid-nitrogen unit
with a THMS600 stage plate. The UO2 sample was synthe-
sized by sintering of UO2 powder in hydrogen flow at 1700 °C
[6]. The pellet is constructed from ∼20 μm single crystals
with various (unidentified) crystallographic orientations. Pol-
ishing of the pellet was followed by x-ray diffraction (XRD)
measurements in order to verify the very good structural
quality of the sample using a Bruker D8 diffractometer in a
Bragg-Brentano configuration (Cu Kα source); see Fig. S1
of the Supplemental Material [12] (see, also, Refs. [13–24]
therein).

III. RESULTS AND DISCUSSIONS

A. Raman scattering symmetry assignments revisited

Figure 1 shows the low temperature (77 K) Raman spec-
trum of UO2 in the range of 180–2600 cm–1, measured at the
excitation energy of 2.33 eV with a Lorentzian line-fit analy-
sis, from which the central positions of the various bands are
denoted. Table I summarizes the lower spectral range bands
(up to ∼1230 cm–1) with their proposed assignments. The
frequencies of the Brillouin zone edge phonons were extracted
from the recently measured phonon dispersion curves of UO2

[14], which updated those of a former study [15].
Recent studies explore polarized first-order Raman scatter-

ing of the F2g mode at various well-defined crystallographic
planes within a single crystal [20] or particular grains within
a polycrystalline pellet of UO2 [25]. A full symmetry anal-
ysis of the contributing scattering tensors at the � point for
the second-order transitions is presented in Sec. 2 of the
Supplemental Material [12] and may facilitate the extension
of polarized Raman studies beyond the first order.

In the low spectral range (inset of Fig. 1) a broad peak
at ∼290 cm–1 consists of four bands which are assigned to
second-order bands of Brillouin zone edge acoustic phonons.
We assign the ∼238 cm–1 band to 2TA(L), the 290 cm–1

band to LA(L)+TA(L), the band at ∼364 cm–1 to LOR(L) +
LA(L), and the weak band at ∼415 cm–1 to 2LA(X ). The
77 K F2g symmetry Raman-allowed mode [R(�)] is found
in ∼447 cm–1. At a higher part of the spectrum, we find
in addition to this band, a broad band that contains three
distinguishable contributions centered at ∼552, ∼584, and
∼627 cm–1. The former is attributed to the second order of the
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FIG. 1. Raman spectrum of UO2 in the range of 180–2600 cm–1, measured at 77 K and excitation energy of 2.33 eV with the denoted
spectral positions. In the inset, the enlarged view of the lower spectral range is shown.

Brillouin zone center TO phonons, 2TO(�), the second to the
Raman-forbidden LO(�) phonon, which appears under reso-
nant conditions [6] and the latter band is not attributed to UO2

(as suggested in Ref. [6]) but rather to surface-formed U4O9

[26] impurities. It is important to note that under off-resonant
conditions, where the LO(�) intensity is strongly reduced
(and therefore practically absent from the 1.58 eV spectrum)
[6], the low temperature 2TO(�) band is strongly mani-
fested. A strong band at 1147 cm–1 is attributed to 2LO(�)
[6]. At slightly higher energy a shoulder to the 2LO(�) at
∼1181 cm–1, which is particularly dominant away from res-
onance (not being overshadowed by the former), is assigned
to 2LO(L). Due to its significant contribution, its intensity has

TABLE I. Proposed assignments for the lower spectral range of
UO2 Raman scattering at 77 K.

ν (cm–1) Assignment ν (cm–1) Assignment

238 2TA(L) 627 U4O9 (at the surface)
290 LA(L)+TA(L) 745 2TOR(L)
364 LOR(L) + LA(L) 877 U4O9 (at the surface)?
415 2LA(X ) 920 2TOR(X )
447 R(�) 1015 ?
476 TOR(L) + TA(L) 1147 2LO(�)
552 2TO(�) 1181 2LO(L)
584 LO(�) 1223 2LO(X)

to be taken into account in analyzing the resonant 2LO(�)
intensity profile. At ambient pressures and temperatures up
to sixth-order polarized multi-LO(�)-phonon bands are de-
tected and attributed to “forbidden” Fröhlich LO scattering
[6]. Under this framework the bands at 1739 and 2314 cm–1

are attributed to 3LO(�) and 4LO(�), respectively. A high
temperature shoulder to the latter contains two broad bands
with unclear origin, which might be suggested to stem from
off–Brillouin zone edge acoustic phonon sidebands [27].

We turn now to the middle spectral range. Inelastic neutron
scattering (INS) measurements reveal intramultiplate crystal-
field (CF) transitions within the ground electronic state (with
predominant 3H4 character). The ground state is of �5 sym-
metry triplet, followed by a �3 doublet, a �4 triplet, and a �1

singlet [28,29]. In that sequence the �5 → �3 INS transition
is found at ∼150 meV, �5 → �4 at ∼166 meV, and �5 → �1

at ∼175 meV, i.e., at 1210, 1339, and 1411 cm–1, respectively.
From a series of bands that are distinguishable in Fig. 1,
the 1223 cm–1 can be assigned to �5 → �3 or to 2LO(X )
and the 1345 cm–1 can potentially be assigned to �5 → �4,
but the three bands at 1523, 1695, and 1868 cm–1 are not
straightforwardly assignable; despite the decreased intensity
with temperature (see below), which points to their origin
of electronic Raman scattering [7] (since at equilibrium, the
population of the CF levels obeys the Boltzmann statistics
[30]), their energy is higher than those of the ground-state in-
tramultiplate crystal-field transitions. In addition, their energy
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FIG. 2. (a) The intensity of ratio R[2LO(�)/F2g] as a function of
Ei, extracted from Lorentzian line-fit analysis with a calculated fit
which is discussed in Sec III C. (b) The momentum-resolved spectral
function A(k, ω) obtained by the DFT + DMFT method. Reproduced
with permission from Huang et al. [35].

being higher than the highest possible second-order phononic
features [14,15] argues against their pure phononic nature.
A scenario that cannot be ruled out for a system with close
proximity of CF and phononic states (possibly higher than
first order) is the formation of mixed electronic- phononic
states [31]. Further studies and extensive scrutiny are needed
for resolving this issue.

B. Excitation energy dependent 2LO(�) resonant
Raman under ambient conditions

In what follows we extend the qualitative discussion on
the resonant Raman profile under ambient conditions, previ-
ously presented within an excitation energy range limited to
2.41 eV [6]. Figure S2 in the Supplemental Material [12]
presents the Raman spectra of UO2 at excitation energies
Ei in the range of 1.58–3.06 eV after the intensity of the
most prominent 2LO(�) band is calibrated and normalized to
that of the F2g mode. For clarity, close comparison between
the spectra measured at 2.33 and 2.41 eV is also shown in
Fig. S3 [12].

Figure 2(a) shows with red empty circles the Ei dependent
intensity ratio R[2LO(�)/F2g], extracted from a Lorentzian
line-fit analysis. We take the Raman cross section of the F2g

mode to be independent of the excitation energy (and in the
forthcoming analysis also independent of pressure and tem-
perature). The extracted R ratio for 2.72 eV [32] is added
to Fig. 2(a). Remarkably, resonant Raman scattering of the
2LO(�) band is found within a narrow “stripe” [with a full
width at half maximum (FWHM) of ∼0.35 eV] of low-lying
5f states, peaked at ∼0.35 eV above the band gap.

Unlike for YbS [10], where the excitation was attributed
to a particular (excitonic) state positioned ∼0.7 eV above the
band gap, for UO2 we are unable, based on our current knowl-
edge, to uniquely single out a designated state above the band
gap. Nevertheless, since contributions to the Raman suscepti-
bility are not necessarily equivalent for all the Brillouin zone
critical points [33,34] the resonant Raman excitation profile
may be peaked at higher energies than the optical band gap.
In order to explore the possible attribution of a selective reso-
nant excitation we look into the momentum-resolved spectral
function A(k,ω), calculated by Huang et al. [35] by the density

functional theory plus single-site dynamical mean field theory
(DFT+DMFT) method; Fig. 2(b) is adapted from Ref. [35].
The spectral function provides information about the nature
of the allowed electronic states, and can be considered as a
generalized density of states (DOS). The DOS peak at the �

point is shown to be higher (denoted by an extent of δ) above
the energies of the X , W , K , and L points of the Brillouin
zone, which corresponds to the band gap energy. Hence, the
resonant Raman is argued to be peaked near the � point of
the Brillouin zone with an energy slightly higher than the
band gap energy of ∼2.1 eV [1]. Our working hypothesis
considers a dominant role played by optical excitation around
the � point maximal DOS, which leads to Fröhlich interaction
induced resonant Raman scattering of the LO(�) mode and
its overtones and we shall generally refer henceforward to this
state as the “excited electronic state” or “intermediate state”
[36]. We note the very good correspondence between experi-
mental Ei dependent R ratios and the calculated fit represented
by the blue dotted line in Fig. 2(a). For clarity of representa-
tion, we delay to Sec. III C the elaborated discussion on the
approach taken to provide this fit.

C. Temperature dependent 2LO(�) resonant Raman
in the range of 77–873 K

Figures 3(a)–3(c) show the temperature dependent Raman
spectra of UO2 in the 150–2900 cm–1 range for Ei of 2.33 eV
(a), 1.96 eV (b), and 1.58 eV (c), which represent the cases
of Ei > Eg, Ei ≈ Eg, and Ei 	 Eg, respectively. It is clear
that only in the former case the LO(�) up to its fourth-order
shows a distinct resonant enhancement upon decreasing tem-
peratures.

Figure 4 presents the experimental R ratios after both
2LO(�) and F2g intensities being divided by the temperature
dependent Bose-Einstein phonon occupation factors of the
Stokes scattering, i.e., [n(ωLO) + 1]2 and [n(ωF2g) + 1], re-
spectively (with the phonon distribution at the ωph frequency
being n(ωph) = [exp(ωph/kT ) − 1]−1 [34]). In addition, the R
ratios at 1.96 eV from room temperature up to 873 K (depicted
in red crossed empty squares) are extracted from a study
by Elorrieta et al. [24] that explored the high temperature
range, which is also in agreement with the results of the study
by Guimbretière et al. [37]. For clarity of representation the
approach taken to model and fit the temperature dependent R
ratios at the three measured Ei

′s is delayed to three paragraphs
below.

Elucidating the nature of the resonant Raman scheme re-
quires a well-defined temperature dependence of the band
gap and a reliable assessment of the temperature dependent
broadening parameter. We first evaluate the temperature de-
pendence of the band gap, assisted by the extracted data
(Fig. S4 [12] adapted from the study of Griffith and Hub-
bard [21]) for the UO2 sample at the temperature range of
85–985 K with the extrapolation to a low absorptivity. The
band gap at 85 K is of 2.13 eV and decreases to 2.07 eV at
room temperature, which is consistent with the well-accepted
result of 2.1 ± 0.1 eV [1]. Aided by the five extrapolated
energies we calculate the temperature dependence, while em-
ploying the methodologic approach of Ruello et al. [22].
The calculated temperature dependence of the optical ab-
sorption edge in UO2 (and therefore the band gap), shown
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FIG. 3. Temperature dependent Raman spectra of UO2, measured at the excitation energies of 2.33 eV (77–473 K) (a), 1.96 eV
(77–298 K) (b), and 1.58 eV (77–298 K) (c). Spectra are normalized by the intensity of the F2g Raman-allowed mode.

in Fig. 5(a) with empty black circles, can be described as
Eg(T ) = E0

g + β[n(ωLO) + 1] with E0
g = 2.81 eV, β = 0.69,

and the Bose-Einstein distribution of the LO(�) phonon
n(ωLO), at 578 cm–1 [1]. The calculated dependence (solid
black line) adequately follows the experimental estimates and
one can roughly extract between 300 and 1000 K a tempera-
ture coefficient of ( ∂Eg

∂T ) = 6 × 10–4 eV.
In a following step we evaluate the temperature de-

pendence of the broadening parameter; for a transition in
semiconductors, it is described by [38]

�a(T ) = �0 + �LO

e(θLO/T ) − 1
. (2)

Above, the width �0 originates from temperature inde-
pendent mechanisms. �LO is a measure of the strength of
electron (exciton)–LO phonon interactions, while 
LO is the
LO phonon temperature. We reasonably fit �0 to be 0.05 eV
and set 
LO to be 830 K. The most significant challenge in
solving Eq. (2) is deducing the value of �LO. In Fig. S5 we fit
the experimental results for Ei of 1.96 eV (Fig. 4) with a set of
�LO that span from 0.2 to 0.48 eV [12]. We clearly observe the
effect of the lifetime broadening of the intermediate state on
the “flattening” of the temperature dependence at the higher
temperatures. The best correlation to the experimental data is
achieved for �LO of 0.46 eV.

Following a proposed scenario, which positions the energy
of the resonant state at δ ∼ 0.19 eV beyond the band gap,
and while considering δ to be temperature independent, we
present (blue line) in Fig. 5(a) the temperature dependence

of Eg(T ) + δ. For considering the case [10], for which the
resonance of the first overtone is expected at 2h̄ωLO beyond
the resonant state [Eq. (1)], we also present the temperature
dependence of Eg(T ) + δ + 2h̄ωLO (orange line). The tem-
peratures at which two of the three measured Ei’s intercept
Eg(T ) + δ and Eg(T ) + δ + 2h̄ωLO are extracted by depicting
horizontal dashed lines that represent the energies of the mea-
sured Ei’s. The interceptions of 2.33 eV (green) and 1.96 eV
(red) with those two curves are marked with gray circles as 1
and 2 (∼80–120 and ∼450 K) and 3 and 4 (∼780 and ∼970
K), respectively.

In order to fit the temperature dependence of the R ratio,
shown in Fig. 4, we assume the activity of two resonances
denoted as Iout and Iin.

Iout ∼
∣∣∣∣

C2

Ea − Ei + 2h̄ωLO + i�a

∣∣∣∣
2

(3)

is actually a “reduced” form of Eq. (1) [10], which considers
only a single intermediate vibration level in an excited state
Ea for the first LO(�) overtone and occurs when the scattered-
photon energy is equal to that of the optical transition in the
lattice. The second contribution,

Iin ∼
∣∣∣∣

C1

Ea − Ei + i�a

∣∣∣∣
2

, (4)

occurs when the incident photon energy equals the energy
of the optical transition and represents the resonance with
the state positioned at δ beyond the band gap, i.e., Ea ≈
Eg + δ. C1 and C2 are adjustable parameters, which do not
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FIG. 4. (a) The experimental and calculated dependence of the R
ratio on temperature (normalized by Bose-Einstein phonon popula-
tion distributions) for the denoted Ei’s. The R ratios at 1.96 eV from
room temperature up to 873 K are extracted from Elorrieta et al. [24].
The calculated fits for Iin, Iout and Iin + Iout are shown with dashed,
dotted, and solid lines, respectively; see text. The parameters used in
the calculations are summarized in Table S4 [12]).

differ significantly in their values within the calculated fits
(Table S4 [12]).

The points of interceptions, marked with gray circles in
Fig. 5(a), do not take into account the finite lifetime of
the electronic state, as manifested in Eqs. (3) and (4) by
the broadening parameter �a. Hence, we present in Figs.
S6(a) and S6(b) for Ei of 2.33 and 1.96 eV, respectively,
the temperature dependence of the denominator (squared)
for Iin and Iout for various �a’s. Although �a = 0.46 eV is
the value employed in the calculations, we present a se-
ries of three �a

′s : 0.16 (blue), 0.46 (black), and 0.76 eV
(red). The utmost importance of the adequate inclusion of
the lifetime effect is clearly demonstrated. As expected,
with increasing �a the resonant temperature (minimum in
the denominator) is shifted to low temperatures, as is in-
dicated by the black arrows in Fig. 5(a), which relate to
the �a = 0.46 eV case. For example, point 2 (Iout at Ei of
2.33 eV) is shifted in its position by ∼120 K toward ∼330 K.

Figures 5(b)–5(d) show the calculated R ratio as a function
of temperature up to 900 K at various Ei in the range of
1.5–3.1 eV for Iin, Iout, and Iin + Iout, respectively. The temper-
ature dependent excited electronic state energy is taken to be
similar to the temperature dependence of the band gap energy.

The calculated R ratios for the three Ei’s within the measured
temperature ranges discussed in this study are highlighted
with thick lines and are also replicated in Fig. 4, with dashed,
dotted, and solid lines, respectively. In Fig. 5(d) the calculated
room temperature Ei dependence of Iin + Iout in the 1.5–3.1 eV
range is also shown (black) and replicated in the calculated
blue dotted line of Fig. 2(a) that uses the room temperature
values of Eg = 2.07 eV and �a = 0.08 eV.

The correlations in Figs. 4 and 2(a) between the calculated
curves [Fig. 5(d)] and the experimental results are remarkable,
considering the complexity of the electronic structure of UO2

and the assumptions made under the approach taken [39]. Re-
turning to Fig. 4 for the 2.33 eV low temperature results in the
calculated “shift” between the dominant contribution of Iin to
that of Iout, seen slightly above room temperature, being nicely
reproduced in the experiment. The solid green line in Fig. 4
represents the sum of two contributions, i.e., Iin + Iout. For
1.96 eV some indicated minor scaling had to be introduced for
clarity of representation. Up to 600 K the general dependence
of the Iin and Iout profiles are practically similar. Beyond
this temperature the “flatness” of the temperature dependence
better matches the calculated temperature dependent profile of
Iout with �a of 0.46 eV (comparing to Iin + Iout). The need for
scaling and the general close correspondence with Iout may be
attributed to the fact that away from resonance and at higher
temperatures more intricate effects, that are not included in
the calculations, may play a role.

The fundamentally important result of this study is the
resonant optical transition being positioned at δ ∼ 0.19 eV
above the band gap energy. The correlation between optical
and electronic spectroscopies is dictated by the fundamental
physics of the transitions/processes involved. Optical mea-
surements are helpful in revealing the electronic structure
[1,2], but may only reveal unoccupied 6d states in the conduc-
tion band, because of the dipole selection rules. In contrary,
bremsstrahlung isochromat spectroscopy (BIS) and x-ray ab-
sorption spectroscopy (XAS) indicated that the bottom of
the conduction band is mainly composed of U 5f states [5],
which is also confirmed by theoretical studies [3]. The pro-
posed relation of the 2LO(�) resonant excitation profile to
the Brillouin zone � point electronic DOS, which deserves
a closer theoretical scrutiny, may be argued to be another ex-
ample of the beneficial combination of optical and electronic
spectroscopies in the exploration of the electronic structure
in UO2.

Temperature may simultaneously affect the resonance Ra-
man intensity by tuning the band gap and the lifetime
broadening of the excited electronic state [34]. Temperature-
induced lifetime effects are extensively affected by the role
played by nonradiative transitions, with the temperature de-
pendence of the mean lifetime of the excited electronic state
being related to the thermal relaxation time, which scales with
exp(EA/kT )—EA being the threshold energy required by the
excited state electrons to attain the channel of nonradiative
recombination [40].

The interplay between the temperature effects of band gap
tuning and lifetime broadening of excited electronic state
strongly depends on the excitation energy and its position with
respect to the maximal R ratio. Under off-resonant conditions,
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FIG. 5. (a) The extrapolated optical UO2 absorption edge for spectra measured at the temperature range of 85-985 K (black empty circles)
[21] and their calculated temperature dependence according to Eg(T ) = E 0

g + β(n(ωLO) + 1)- see text. Blue and orange lines present the
temperature dependence of Eg(T ) + δ and Eg(T ) + δ + 2h̄ωLO, respectively. The interceptions of 2.33 eV (green) and 1.96 eV (red) with those
two curves are marked with gray circles as 1 and 2 and 3 and 4, respectively. Black arrows represent the temperature shift in the resonant R
ratios by introducing broadening parameters of the �a = 0.46 eV into Eqs. (3) and (4). (b) The calculated R ratio as a function of temperature
up to 900 K at various Ei’s in the range of 1.5–3.1 eV for Iin. The calculated R ratios for the three measured Ei’s are highlighted with thick
green, red, and orange lines, respectively; (c) the same for Iout; (d) the same for Iin + Iout. The calculated room temperature Ei dependence of
Iin + Iout in the 1.5–3.1 eV range is also shown (black) and replicated as the calculated blue line in Fig. 2(a).

other than considering the phonon occupation effects for the
2LO(�) band, no significant effect of temperature is found on
its intensity, as indeed is expected. For Ei > Eg, lowering the
temperature from 300 to 77 K leads to a ∼2.5-fold increase in
the R ratio [as well as to the intensities of LO(�) and its third
and fourth overtones; see Fig. 3(a)]. Nevertheless, it is difficult
to exclusively relate such an extensive R ratio increase to the
corresponding ∼0.05 eV blueshift of the band gap [see Eg(T )
in Fig. 5(a)], and we therefore attribute the most significant
contribution to the R ratio increase to decreasing the lifetime
broadening of the intermediate electronic state. We are left
with the most intricate case of Ei ≈ Eg. At 77 K the excitation
energy is below the band gap and therefore lifetime effects do
not play a significant role. Increasing the temperature redshifts
the band gap, which turns the system more resonant, but also
enhances the lifetime broadening of the excited electronic
state and therefore decreases the R ratio. With a band gap
temperature coefficient of ∼0.6 meV/K [21] the temperature
at which the system should be resonantly peaked may reach
∼750 K, for which shortening the lifetime of the excited elec-
tronic state will result in an opposite effect to that of resonant

tuning and will lead to a minor overall effect on the R ratio.
Hence, the temperature dependence for the Ei ≈ Eg at 1.96 eV
shows a rather weak monotonic increase in the R ratio.

D. Pressure dependent 2LO(�) resonant Raman up to 29 GPa

In order to elucidate the nature of resonant Raman
scattering in UO2 we revisit our previously measured pressure
dependence of the 2LO(�) band intensity (at 300 K and up to
29 GPa) for Ei below (1.58 eV) and in proximity to (1.96 eV)
the ambient conditions band gap energy [6], and present the
R ratios in Fig. 6(a) with filled blue triangles and red squares,
respectively. The maximal R ratio for Ei of 1.96 eV is at
∼16 GPa, which correlates with V/V0 ∼ 0.93 [8], for which
the calculated effect of pressure on the 5f states DOS was
clearly demonstrated to be significant [8,35]. Furthermore,
even for the 1.58 eV excitation energy, far below the ambient
conditions band gap, the system turns out to be resonant
at high pressures (∼22 GPa), demonstrating that resonance
Raman can also be achieved by redshifting the band gap by
high pressure [6].
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FIG. 6. (a) The experimental [6] and model-fitted dependence of the R ratio on pressure for the denoted Ei’s. (b) The calculated dependence
of the 2LO(�) intensity on pressure for the excitation energies range of 1.55–1.96 eV. The parameters used in the calculations are summarized
in Table S4 [12].

The extension of the resonant Raman profile measurements
beyond 2.41 eV [6] calls for modeling the experimental re-
sults and particularly for reattributing to the physical origin
of the descending R ratio found for Ei of 1.96 eV beyond
∼16 GPa. Figure 6(b) presents the calculated pressure de-
pendent R ratio at various Ei’s in the range of 1.55–1.96
eV by employing Eqs. (3) and (4) when Eg(P) = Eg(0) +
αP with Eg(0) = 2.07 eV, α = ( ∂Eg

∂P )300K = 0.023 eV/GPa,
and �a(P) = (0.08 + 0.001P) eV, P being the pressure in

GPa. Increasing the pressure shifts the maximum R ratio to
lower Ei’s, but also decreases its intensity. Based on those
calculated profiles, a fit of the experimental [6] pressure de-
pendent R ratios for Ei = 1.96 eV (red line) and 1.58 eV (blue
line) is shown in Fig. 6(a) by employing Eqs. (3) and (4) and
calculating Iin + Iout with weighted contribution expressed
in Table S4 [12]. Considering the assumptions made, very

good agreement with experiments is obtained when using
a pressure coefficient, α, that reasonably agrees with that
recently reported [23]. The most important physical notion
is that the decrease in the R ratio beyond ∼16 GPa can be
attributed to detuning from resonance of the Raman process
while being consistent with the 2LO(�) resonant excitation
profile in Fig. 2(a).

E. Tuning the 2LO(�) resonant Raman with respect to Ei − Eg

Figure 7 presents the calculated high pressure [Fig. 7(a)]
and temperature [Fig. 7(b)] dependent R ratio on � = Ei–Eg,
by employing Eqs. (3) and (4) and calculating Iin + Iout with
the parameters used summarized in Table S4 [12]. For the
pressure dependent case increasing Ei results in upshifting the
“� window,” which mostly affects the weighted contribution
of Iin vs Iout, but only has a minor effect on the overall

FIG. 7. (a) The calculated pressure dependent 2LO(�) intensity for a ramp of �(P) = Ei–Eg(P). (b) The calculated temper-
ature dependent 2LO(�) intensity for a ramp of �(T ) = Ei–Eg(T ). The parameters used in the calculations are summarized in
Table S4 [12].
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FIG. 8. The excitation energy, pressure and temperature depen-
dent R ratio as a function of � = Ei–Eg and their fits according to
Eqs. (3) and (4).

resonant intensity; as manifested in the projection on the �–R
ratio plane, the span of � up to 30 GPa practically covers a
significant fraction (∼0.8 eV) of the full resonant profile. For
the temperature dependent case the significant effect on the
R ratio dependence, when Ei is slightly altered between the
Iin and Iout “dominant regions,” is clearly demonstrated. In
addition, increasing the temperature up to ∼900 K covers a �

window of ∼0.45 eV which is ∼60% of the window covered
in the high pressures case. Hence, fully exploring the energy
range of the temperature dependent resonant profile requires
multiple measurements of sequential Ei shifts.

The R ratios as a function of �(T ) = Ei–Eg(T ) and
�(P) = Ei–Eg(P) for the denoted Ei and their fits by em-
ploying Eqs. (3) and (4) and calculating Iin + Iout are shown
in Fig. 8 with empty and filled symbols, respectively. For
comparison the ambient conditions �(Ei ) in the range of

1.58–3.06 eV are shown with black cross symbols. Fitting the
experimental data is done by employing the parameters used
in the calculated profiles shown in Figs. 7(a) and 7(b).

The dominant role played by lifetime broadening effects in
“suppressing” the resonant R ratio at high temperatures can
be realized when noticing the decrease by a factor of ∼20
in the intensity of the R ratios at � ≈ 0.2 eV (� ≈ δ) for
the measured point at 2.33 eV (77 K) relative to that of 1.96
eV (∼750 K). In the absence of temperature-induced increase
of the excited-state lifetime broadening, the R ratios of both
measurements should have been about similar.

As a final note we emphasize that the most important
outcome from presenting the fitted R ratio data in the form of
� dependence is the demonstrated ability to jointly analyze,
within a single framework, the excitation energy, pressure and
temperature effects on the resonant Raman response.

IV. CONCLUSIONS

UO2 exhibits excitation energy (Ei = 1.58–3.06 eV), tem-
perature (77–873 K), and pressure (�29 GPa) dependent
Fröhlich interaction induced resonant multi-LO(�)-phonon
Raman scattering. For the first LO(�) overtone, the incoming
resonance of an optical transition positioned at δ ∼ 0.19 above
the ∼2.1 eV band gap and its respective outgoing resonance
are successfully analyzed under a single framework. The en-
ergy of this transition is proposedly related to the Brillouin
zone � point electronic density of states, positioned by recent
DFT calculations to be slightly above the band gap.

The interplay between the temperature dependent simul-
taneous effects of tuning the band gap and the lifetime
broadening of the excited electronic state is elucidated, and
demonstrated to strongly depend on the excitation energy and
its position with respect to the band gap.
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