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Closure of the Mott Gap and formation of a superthermal metal in the
Frohlich-type, non-equilibrium, polaron Bose-Einstein condensate of UO,)

Steven D. Conradson,”* David A. Andersson,” Kevin S. Boland,” Joseph A. Bradley,” Darrin D.
Bylelr,b Tomasz Durakiewicz,bT Steven M. Gilbertson,b Stosh A. Kozimor,b Kristina O.
Kvashnina,® Dennis Nordlund,® George Rodriguez,b Gerald T. Seidler,” Paul S. Bagus,f Sergei M.
Butorin,® Dylan R. Conradson,b Francisco J. Espinosa—Fallelr,h Nancy J. Hess,' Joshua J. Kas,*
Juan S. Lezama-Pacheco, Philippe Martin,* Mary B. Martucci,' John J. Rehr,® James A. Valdez,”
Alan R. Bishop,” Gianguido Baldinozzi,™ David L. Clark,” Akhil Tayal"

Mixed valence O-doped UO,., and photoexcited UO, containing transitory U*" and U°”
host a coherent polaronic quantum phase (CPQP) that exhibits the characteristics of a
Frohlich-type, non-equilibrium, phonon-coupled Bose-Einstein condensate whose
stability and coherence are amplified by collective, anharmonic motions of atoms and
charges. Complementary to the available, detailed, real space information from
scattering and EXAFS, an outstanding question is the electronic structure. Mapping the
Mott gap in UO,, U0y, and U307 with O XAS and NIXS and U M5 RIXS shows that
O-doping raises the peak of the U 5f states of the valence band by ~0.4 eV relative to a
calculated value of 0.25 eV. However, it lowers the edge of the conduction band by 1.5
eV vs. the calculated 0.6 eV, a difference much larger than the experimental error. This
1.9 eV reduction in the gap width constitutes most of the 2-2.2 eV gap measured by
optical absorption. In addition, the XAS spectra show a tail that will intersect the
occupied U 5f'states and give a continuous density-of-states that increases rapidly above
its constricted intersection. Femtosecond-resolved photoemission measurements of UO;
coincident with the excitation pulse with 4.7 eV excitation show the unoccupied 5f
states of UO; and no hot electrons. 3.1 eV excitation, however, complements the O-
doping results by giving a continuous population of electrons for several eV above the
Fermi level. The CPQP in photoexcited UO; therefore fulfills the criteria prescribed for
a non-equilibrium condensate. The electron distributions resulting from both excitations
persist for 5-10 ps, indicating that they are the final state that therefore forms without
passing through the initial continuous distribution of nonthermal electrons observed for
other materials. Three exceptional findings are: 1) the direct formation of both of these
long lived (>3-10 ps) excited states without the short lived nonthermal intermediate; 2)
the superthermal metallic state is as or more stable than typical photoinduced metallic
phases; and 3) the absence of hot electrons accompanying the insulating UO, excited
state. This heterogeneous, non-equilibrium, Fréhlich BEC stabilized by a Fano-
Feshbach resonance therefore continues to exhibit unique properties.
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[. INTRODUCTION

Nine decades after their original prediction and six after superfludity was found in liquid “He
dilute atomic gas Bose-Einstein condensates were produced in the laboratory by cooling their
constituent particles into the nanoKelvin regime.l'3 An interesting alternative, and one possibly
more amenable to applications because of its wider range, may be non-equilibrium “Frohlich”
Bose-Einstein Condensates (BEC) of quasiparticles created by excitations in condensed matter.”
These were proposed fifty years ago for collective phonons in polarizable dielectrics. An excess
population of the excited state occurs because its relaxation is retarded when the energy of the
phonon is in proximity to the chemical potential, with the coherence a spontaneous product of
the Coulomb force-mediated interactions. The generality of this scheme — other long range forces
could be equally effective in synchronizing oscillating charge (and spin) — is demonstrated by the
assignment of unusual coherence and related properties in Bi to this type of mechanism.”” Is this
concept applicable to the other nonequlibrium BECs composed of magnons” '° and exciton-
polaritons?'''* Exciton-polaritons also accumulate in a narrow energy band because of an energy
resonance that retards relaxation.'* Similarities with conventional atomic gas and in particular
fermionic BECs and the significance of their associated chemical potentials to the condensate
phase diagram and pair formation have also been described."

A species missing from this quasiparticle menagerie is polarons, which are of great interest
because they possess mass, charge, spin, and much higher energies. Polarons are also important
because, coming from the other direction, exotic superconductivity and the associated Bardeen-
Cooper-Schrieffer (BCS) condensates, pseudogap, and possibly BEC states'® originate in the
polarons in partly filled Mott insulators."> Although three decades after the discovery of high
temperature superconductivity in cuprates consensus on the mechanism is still absent, over the
last several years there is nevertheless a convergence of several themes. One is the coupling with
atomic gas Bose-Einstein condensates via the condensate phase diagram. Another is the
stabilization afforded by exchange via, e.g., Fano-Feshbach and similar resonances.'”'* In
fermionic atomic gas BECs this is between atoms and the diatomic molecule, in contrast to
exotic BCS condensates where the postulated exchange occurs between two different electronic
bands at the Fermi level.'”?° A third common basis is the importance of the chemical potential
or related parameters in the properties of both ground state and non-equilibrium condensates.

With respect to the polaron, Fréhlich BEC problem, we have reported®!”** a large number of
unusual or unique results from structural and spectroscopic experiments on the U 5/ Mott
insulator UQO; that are best interpreted as demonstrating that polarons in UO; form non-
equilibrium condensates. The polarons created by O-doping of UO, give UO,. that retains the
fluorite structure up to x=0.33—0.5. The crystallographically single phase compounds in this
range are U409 and U;07. For intermediate stoichiometries clustering of the adventitious O
causes the material to exist as nanophase separated UO,:U4O9 and U4O9:U307 mixtures. Polarons
are also created by photoexcitation of UO, via the metal-to-metal charge transfer transition,
creating transient U>"-U*" pairs in which the U’" appears behave analogously to O-doping. The
instability of U,Os implies that the U*" may simply disperse. The combination of XAFS, x-ray
pair distribution function (pdf) analysis, and neutron pdf has shown that the polarons in UO,.
are tunneling polarons.”** The distances over which the atoms hop are, however, far too large
for conventional tunneling, exceeding those in cuprates® by at least an order of magnitude.
These polarons from both O-doping and photoexcitation aggregate and self-organize into CPQPs
possessing exceptional coherence, stability, and other collective effects persisting even up to
ambient temperature. Their non-equilibrium condensate-like properties would then be the
culmination of the phonon-coupled, synchronous charge transfer displayed by related systems.

Closing the Mott gap in UO,x) — 2

26,



*" These comprehensive structural results have been interpreted in terms of a real space
description in which the non-degenerate charge transfer and atom displacements of the tunneling
are synchronized over the entire domain to give the coherence within the CPQPs. This coherence
is enhanced by a Fano-Feshbach resonance'™ ' '® that connects the U(IV,V) ground state open
channel and U(IV,VI) excited state closed channel species that are preferred at the opposite ends
of the vibrational excursion of a special [111] phonon.*®

Time-domain optical pump-optical and THz probe experiments on UO, and electron
paramagnetic resonance (EPR) spectroscopy measurements on O-doped UO, have identified
multiple states accruing to the CPQP and shown that at least some possess extraordinary
coherence and collective properties. An outstanding question, however, is the electronic
structure. Herein we delineate the response of the Mott gap to O-doping by combining the O X-
ray Absorption Spectroscopy (XAS)*' and Non-resonant Inelastic X-ray Scattering (NIXS)*
with Resonant Inelastic X-ray Scattering (RIXS), and to photoexcitation via time resolved
photoemission.”” In addition to the analogies with atom gas Bose-Einstein condensates, the
identification of these states and their connections demonstrates the equivalence of this real
space scenario with two-band, coherent-exchange, superconductivity mechanisms.'”*?° These
experiments also continue the established pattern of identifying unique behavior in UO;y), in
this case the properties of the electronic states with doping and the relaxation and adoption of
stable states after photoexcitation.

II. RESULTS AND DISCUSSION

We will first examine the polarons caused by O-doping, beginning with the electronic states of
U-O standard compounds using O XAS and RIXS to identify any trends and patterns and
determine the accuracy of calculations. The calculations can then be used to predict the O-
addition mechanism and resulting types of structures and their electronic states. An important
constituent of the O-doped UO,. system is the UsO9 and U307 fluorite-based structures obtained
by neutron scattering that do not show tunneling polarons and will be referred to as “static”. The
spectra from these standards will be compared against those of U4sO9 and U3O5. If these show
electronic states outside the range of those expected empirically and predicted theoretically we
can infer that they are correlated with the other unique experimental results on this system, i.e.,
the tunneling polarons derived from x-ray measurements and collective aspects of the spin that
we have attributed to a CPQP whose constituent particles have undergone condensation. For
U409 and U307 this would be the CPQP composed of the fixed concentration of tunneling
polarons produced by O-doping. We will subsequently present time-resolved optical-pump
photoemission-probe results that will elucidate the density-of-states of the CPQP composed of
photoexcited polarons that has shown exceptional coherence, multiple phases, and greatly
extended lifetimes. Comparing the results of the two types of experiments on the two types of
polarons will identify commonalities between the condensed CPQPs that will help determine the
extent to which they are related. The spectra will also be discussed in the context of the various
resonances that could promote and stabilize condensation. The DOS of the CPQP will be
examined for consistency with and additional information on the synchronization-coherence
mechanism that we have postulated from the structure experiments. Finally, novel properties of
the CPQP obtained from the new data will be described.

A. O XAS and RIXS of relevant standard compounds

The electronic structure and associated x-ray spectra of uranium oxides and related compounds
have been extensively studied both experimentally and theoretically and are well understood. A

Closing the Mott gap in UO,.4) — 3



component of these studies has been XAS that contains information on the unoccupied electronic
states. In UQO; these are the states of the Upper Hubbard Band (UHB) above the Mott gap. Figure
1A shows the O XAS of: UO; that is cubic with U(IV); U3Os that is layered with two distinct
U(V) and (V1) sites; o. UOs that is layered and U(VI)*'**; and the molecular complex Cs,UO,Cly
that possesses the U(VI) trans dioxo moiety that is inherent to the higher U valences and defines
the oblate local geometry that is the basis for layering.* Because of the symmetry relationship
between the cubic U site of UO, and the quasi-octahedral site of the layered materials and uranyl
complexes these spectra for both geometries consist of two peaks. The lower energy peak is of
predominantly U 5f character, and is well separated and distinct from a higher energy peak that is
predominantly of U 6d character.’®>® The energies of these peaks are ~533.5 eV and ~538-540
eV, with those of U(IV) higher than U(VI) by, respectively, ~0.5 and ~1.5 eV. The valley
between these peaks decreases with increasing valence by ~1.5 eV, but in a more complicated
way because of variations in the peak widths and the presence of additional spectral features.
These two peaks exhibit comparable spectral weights throughout this series, although the
sensitivity of the U absorption to its environment is such that their relative amplitudes can vary
somewhat between different batches of material (Fig. S1°°). The heights of the peaks can be
suppressed by self-absorption when measured by fluorescence yield, with the correct amplitudes
given by NIXS (Fig. S2).>' The accuracy of NIXS is also potentially better because it was
performed with 10 keV x-rays that penetrate several microns into the sample and is insensitive to
modification or degradation of the surface.

The occupied O 2p and the U 5f states” of UO, and UsOg have been probed by valence-to-core
3d5f RIXS at the U M5 edge’* measured at 3552 eV (Fig. 1B). Complementary to the XAS, these
constitute the Lower Hubbard Band (LHB) below the Fermi level. For UO, the separation
between the broad O 2p band and the narrower U 5f one is 2-2.5 eV. Relative to UO, the peak
and leading edge of the O 2p states of U3Og are ~2eV higher. This value for the leading edge of
UQO; is, however, somewhat arbitrary because it is not smooth but exhibits significant structure at
or slightly above the noise level that makes it vary from 2.5 eV near its maximum amplitude to
1.5 eV near the baseline. The peak of the U 5f states is only ~ 0.5 eV higher for U;Og relative to
UO,. The overall separation between these is therefore substantially reduced and the O 2p and U
5f states in U3Og are close to overlapping. It is not clear, however, if the leading edges of the U
5f states share this behavior. It is somewhat ambiguous because the lower amplitude of the U3;Og
5f peak makes it appear narrower and the noise at the baseline prevents determining if it extends
to higher energy as the UO, peak does.

B. Calculations for relevant standard compounds and U409 and U304

Calculations with advanced treatments of the Hubbard U (the on site Coulomb repulsion) and
spin-orbit coupling have identified the crystallographic structures as the lowest energy ones for
the common uranium oxides and are in agreement with other parameters as well. As would
therefore be expected, the electronic structures found by the various calculations are also quite
accurate with respect to the O XAS spectra of the standard compounds (SI and Figs. S3-S6). The
calculated density of states (DOS) (Fig. 2A and S4) gives results for UO, very similar to those
already cited.’"***® The optical gap of ~2 to ~2.4 eV is slightly on the high side but within the
error of the measurements.”> ’® In addition to the assignment of the features, extended analyses
of UO; show that the width and complexity of the peaks of its spectrum are the result of a
combination of crystal field, Coulomb, and multiplet splitting effects (SI and Fig. S3). Increasing
valence should therefore cause them to become narrower,’"***® " a prediction that is confirmed
with this set of compounds. Because of this increase in width the lower edge of the Upper
Hubbard Band (UHB) does not track the shift of the peak. Instead, the front edges of the UHB

Closing the Mott gap in UO;) — 4



for UO, and UO; are at the same energy with U;Og a few tenths of an eV higher (Fig. 1A). This
effect as well as the complementary broadening on the high energy side of the unoccupied 5/
states is produced in the detailed treatment of the spin-orbit coupling (Table S1 and Fig. S3).

The calculations also match the experimental results for the occupied states of the two standards
where we have RIXS spectra, UO, and U3Os. The accuracy of the calculations for UsOy is better
for some functionals than others. Our LDA+U calculation and the one with the HSE (Heyd-
Scuseria-Emzerhof) functional show the wide gap between the occupied O 2p and U 5f'states in
UO; (Figs. 2A and S4). In U305 an extension of the O 2p states (Fig. S6) gives the reduction of
this O 2p—U 5f gap observed in the experiments. The LDA+U also matches the data in that the
UO, 5f'states are broader than in U3Os. In addition, the calculations show relatively steep slopes
on the edges of the DOS, suggesting that the broader DOS found in the RIXS may simply be an
experimental effect. If so, the peak energies will give the behavior of the states more accurately
than the edges of the spectral features.

The accuracy of the various calculations that were successful for the standards gives assurance
that the di- and quad-interstitial structures and DOS for the mixed valence fluorites UsO9 and
U307 obtained with LDA+U"® are valid. These defectstructures are very similar locally to the
long-standing cuboctahedron model derived from extensive analysis of neutron diffraction.”™*
In both descriptions adventitious O is added into the cubic hole sites accompanied by the
displacement one or two neighboring cube vertex O atoms into adjacent cubic holes. U305 uses
the same motif, differing from U4Oy in the longer range ordering of the cuboctahedron or
alternative less ordered defect structures. The U sublattices of UsO9 and U307 are mostly
conserved from that of UO,, and the lattice constants differ by almost negligible amounts. These
calculated structures are in excellent agreement with the static ones obtained from neutron
scattering® in which the charge inhomogeneities are small polarons. These structures are
relatively minor perturbations on UO; that maintain its basic cubic-radial site symmetry with no
U-O bonds below 2.2 A and thus no formation of U(VI)-oxo species or layers. The neutron
scattering data from U4O9 therefore does not find the tunneling polaron or other evidence of the
CPQP and its condensation, in contrast to the EXAFS and x-ray pdf measurements that do. In
addition to being unobserved by neutron scattering, the CPQP is not found in any of these
calculations. The calculations are therefore limited to reliably providing the electronic states for
this static description of the structure with small instead of tunneling polarons.

C. RIXS, O XAS, and NIXS measurements of U409 and U507

The corollary to the consistency of these results from the neutron scattering and electron
structure calculations is that if the experimental spectra do not agree with the calculations it will
be because they are measuring the CPQP as seen by the hard x-ray structure probes, either
because it is intrinsic or being excited by the probe beam. The calculations and experiments do
correspond well for the occupied states of the LHB (Figs. 1A, 2A, and 2B). The LDA+U
calculations for U409 and U307 give an ~0.7 eV increase in the edge of the O 2p states and ~0.25
eV increase in the U 5f'states for the former and slightly larger for the latter (Fig. 2A). The
increase in the U 5f'peak energy is ~0.5 eV, with some uncertainty because of the width of the
peak for UO,. These values are within the error of the 1.3 (O 2p band edge) and 0.4 eV (U 5f
peak) values (Figs. 1B and 2B) observed in the RIXS of U4O9. As with U30Og, it is difficult to
discern differences in the U 5f'band edge because of the noise level at the baseline. Empirically,
relative to UsOg the shift in the O 2p states of UsQOy is a few tenths of an eV less and the U 5/
states is the same (Fig. 1B), so they fall within the bounds set by this standard. Therefore the

Closing the Mott gap in UO,x) — 5



occupied states conform to the expectations for the static structure and do not display any
unusual or notable features.

In contrast, however, Figures 1A, 2A, and 2C (and ¢f. S2 for U307) show that the O XAS spectra
and by implication the unoccupied states of UsO9 and U307 decidedly fail to match the
calculations or fall within the empirical bounds. They do not even duplicate the basic two peak
structure common to all of the other spectra that originates in the separation of the U 5fand 64
states of the UHB. The highest amplitude peaks in the O XAS of U409 and U307 occur over the
same energy as the 64 final states for the higher U valence compounds (Fig. 1A), but this is in
part because they are much wider. Below this peak, the leading edges of the UHBs of U409 and
U307 are, respectively, 1.5-2 eV and 2-2.5 eV lower in energy than the edge of the U 5f peaks of
U30g, and UO; and 1.2 and 1.8 eV lower than the U 5f'edge of the NIXS of UO, (Fig. 2C). In
addition to these empirical comparisons, the calculations obtain only a 0.6 eV decrease in the
energy relative to the UHB edge of UO,. Furthermore, the shapes of the U409 and U307 spectra
differ substantially from those of the standards. The NIXS?' with its accurate amplitudes (Fig.
S3) shows that the U 5f peak that is at 533.2 eV for UO; but at 531.2 eV for U307 has transferred
most of its spectral weight to the higher energy one. For U4Oy this transfer of weight is so
extensive that the lower energy peak is only a shoulder on a very broad absorbance. The
absorbance minimum between the U 5/ and 6d spectra is also modified by these changes so that
it now occurs at the energy of the U 5f peak from the standards.

There are two more notable results. First, the U4O9 spectrum is distinct from that of U305 (Fig.
S7) and is not a sum of those of UO; and UsO5. This indicates that UsO9 and U307 possess
different states. Second, the UsO9 and U305 spectra differ radically from those of U;Og, UQOs,
and Cs,UO,Cly despite the EXAFS showing U-oxo neighbors with 1.7-1.8 A U-0 distances in
all of these compounds. In addition, these differences are specific to the UHB. These differences
for U409 and U307 are therefore caused neither by the trans dioxo structural moiety nor the core
hole (Fig. S8). They must therefore originate in some other factor that would be unique to the
mixed valence fluorite compounds. Small or unaggregated, localized polarons’”” as have been
proposed to be thermally activated in UO,” — or possibly promoted by pressure that lowers their
formation energy®® — contract the band gap by amounts close to those calculated for U4Oy and
U305. These amounts are, however, much less than the values found in the XAS. The structure
and speciation of the charge inhomogeneities must therefore be substantially more radical to give
these spectra. It is specifically the unoccupied states above the Fermi level that are affected while
the ones of the LHB match the calculations. This indicates that these results are not a small
polaron of the static cuboctahedron or di- and quad-interstitial structures but a novel state. Such a
state would originate in the observed CPQP.*'

D. Additional characteristics of XAS and DOS of the Coherent Quantum Phase of the polarons
created by O-doping

The large reductions in the energies of the features in the XAS of UsO9 and U307 demonstrate
that the band gap is much less in the CPQP than the measured or calculated ones for other U
oxides or the calculated ones corresponding to the static, neutron scattering derived structures of
U409 and U307. Obtaining an exact value is difficult because the Fermi level is not defined in the
XAS measurements and the extent of experimental broadening of the band edges is uncertain.
We can, however, align the U 5fpeaks of the RIXS and XAS spectra with the corresponding
maxima in the DOS and the midpoint of the XAS of UO, with the calculated band edge (Fig.
2B). Using points between the baseline and midpoints gives gaps close to the measured and
calculated ones to serve as a basis for evaluation. We start by comparing the shifts of the spectral
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features against those reported for UO, and U3;Og. The XAS shows that the edges of the
unoccupied U 5f states of UO, and U3Og are quite close or possibly even somewhat less for UO,
because of the width of its U 5/ XAS peak. The reduction of the gap from 2.2 eV for UO, to 1.8
eV gap of U3Os®’ must therefore result from the increase in energy of the occupied U 5f states of
U30s. This implies that the peak values are a better guide to the behavior of the LHB found by
RIXS than the band edges. We will then assume that the occupied U 5f states are wider than
found by the fit of the U3;Og RIXS and that the band edge of the LHB shifts by the same amount
as the peaks. This gives the correct gap and validates the posited alignment of the spectra. The
1.5-2 eV decreases in the leading edges of the XAS, even without the possible 0.25 eV increase
in the occupied U 5f state, therefore indicate that the band gap in the CPQP is at most only a few
tenths of an eV.

A caveat in this interpretation of the spectroscopy experiments is that bulk conductivity
measurements of U4;Oo have shown that it is an insulator.® The different types of experiments,
however, probe different effects and also possess different sensitivities to, e.g., the surface
structure. There is also the possibility that the CPQP is caused or triggered by a significant
photoinduced polaron density from the probe beam. Another crucial characteristic is that, after
normalization of the amplitudes of the different spectroscopies against the calculated DOS (Fig.
2A), the UO;, NIXS spectrum ends abruptly (Fig. 2B) but the XAS of UO, gradually tails off
over the same range. This tail intersects the RIXS at a few percent of the height of its U 5/ peak
(cf. Fig. 2E with Us0O5). The spectra of UsOy, and U307 display these tails as well. Although this
could be homogeneous spectral broadening, the convergence of these tails for all three UO,,
U409, and U307 spectra implies that it at least partly reflects actual electron states. This
difference between the NIXS and XAS suggests that the tail could be caused by a surface-
proximity phenomenon over the top few hundred nm (cf. Raman spectra in Fig. S9). The
alternative is a threshold effect in which the local density of the polarons with the more
penetrating 10 keV x-rays is below that required for formation of the CPQP. We observed a
similar threshold in our optical pump-THz probe measurements.** Supporting this second
possibility is that the U L3 EXAFS of UO, also showed no evidence of the CPQP. O-doping of
UO; to U409 and U307 therefore substantially reduces or possibly even bridges the Mott gap.
This is accomplished principally by creating excited states that fill in the Mott gap downwards
from the UHB. A tail off of the UHB gives a small but finite DOS at the intersection with the
LHB, following which the DOS increases rapidly with increasing energy after this node or
chokepoint (Fig. 2E).

The overlap of the UHB and LHB has probably been observed previously. In a previous
measurement of the XAS of U0233 the fluorescence yield O K edge XAS is that for UO, with the
high amplitude of the 532 eV peak characteristic of single crystal samples (Fig. S1, from the
same UQO; boule as in this reference). However, the total electron yield spectrum distinctly
resembles ours of U4Oy in terms of the number of features, their energies, their relative
amplitudes, and the shift of the leading edge of the UHB relative to UO,. This discrepancy would
be explained by the surface of the UO, having oxidized to U4Oy, with the oxidation not
penetrating deeply into the sample. The U 4ds,, spectrum where the final state is the U 5flevels
of the UHB consists of a single peak that is at least a factor of two wider than any of the peaks in
all of the other spectra. This was interpreted as Lorentzian broadening. However, the calculated
U 5fstates and optical response exhibit the same widths as the other states and the shape of the
lower 30% of the peak is more linear than curved. The clear extension of the tail of the
experimental data below the assigned Fermi level, in contrast to the calculation where the states
stop at the UHB edge, could therefore be the same result for excitations into the U 5f states that
we have described. This would corroborate our finding that the occupied/LHB and
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unoccupied/UHB U 5fstates in the doped systems overlap at a chokepoint or node in the DOS in
a semimetal configuration in an x-ray measurement.

These states that differ from the calculations and the behavior of the standards would result from
our proposed aggregation and self-organization of the polarons into a CPQP. Its electronic states
in this energy range are in the gaps of UO; and the neutron-scattering derived structures of U409
and U30O;. Probes and calculations limited to this static ground state structure therefore find
relatively small deviations from UQO, while probes sensitive to faster time scales®* ® — which
include the x-ray experiments reported here — find the CPQP.*"** The significance of dynamics
in the structure in the form of tunneling polarons®' is further corroborated by the changes in the
XAS between ambient and liquid N, temperatures (Fig. 3). These show a transfer of spectral
weight from the tail at the UHB edge to the U 64 and especially 5f states for UO; but increased
amplitude over the entire region below the U 6d peak for UsOg as well as other changes in
relative amplitudes. Much smaller differences in these spectra from normal and superconducting
cuprates were attributed to the redistribution of the mobile electrons between the available
sites.”® It would be consistent with the temperature dependence of the U L3 EXAFS of UsO9 (and
U;05) that showed continuous fluctuations of the U-O distribution over a wide temperature range
even in the absence of any crystallographic phase transitions.

E. DOS of the Coherent Quantum Phase of photoinduced polarons

Time-resolved photoemission measurements were ]performed3 0 at 1.6, 3.1, and 4.7 eV. These
would be transitions from the U 5f'state into, respectively, the gap, the unoccupied U 5f, and the
unoccupied U 6d states. The latter two, concomitant with the 40 fs wide excitation pulses, are
shown in Fig. 2D. The fluences of 0.13-0.51 mJ/cm? at 4.7 eV correspond to 0.002-0.006
excitations/U in the top 1 nm. This range is comparable to the 0.009 excitations/Ta for TaS, that
induce its insulator-metal transition®® and is therefore sufficient to give collective effects. As
with the other optical pump experiments we have performed on UOyy), these measurements also
gave highly unusual results. The prominent features in the 4.7 eV excitation spectra are the Mott
gap and the front edge of the unoccupied UHB 5f states of the static UO, DOS (Figs. 2A and
2D). This includes the lower fluences below the high-order relaxation threshold*® whose
relaxation therefore extrapolates to the slow component of the biexponential relaxation (5-7 ps
over the fluence range). The state that gave the fast relaxation (4-0.6 ps) therefore makes only a
minor contribution to these spectra. The areas of the 5/ spectral feature in the UHB after
subtracting the background are linear with fluence even over the range where the fast relaxation
is a large component of the total (Fig. S10). This fast relaxation must therefore represent
electrons distributed over the entire energy range, similar to what occurs with 3.1 eV excitation.
Close inspection of the spectra (Fig. 2D) shows that the flat backgrounds bracketing the UHB 5f°
feature do increase over their entire range with increasing fluence. Nevertheless, consistent with
the spectrum consisting primarily of the minimally modified gap and UHB of the UO, DOS, the
overlap of linear fits to the logarithm of the leading edge of the 5/ peak (Fig. 4A) demonstrates
an absence of the hot electrons. These would typically give either mid-gap states™®°"*? or the
photoinduced metallic state of thermalized hot electrons residing in states above the Fermi level®
26.27.93.9% 1 edge of the valence band even in filled insulators.*®

The t=0 spectra with 3.1 eV excitation, with fluences from 0.7-3.2 mJ/cm” = 0.015-0.07
excitations/U in the top nm, are the converse of those at 4.7eV. The DOS of these excited states
(Fig. 2D) are continuous and relatively flat over the full 3 eV monitored with no sign of features
in the UHB U 5fregion. This smooth, featureless DOS resulting from 3.1 eV excitation that
extends several eV above the Fermi level is distinctly similar to those for the UsO9 and U305
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DOS in this same energy range beyond the constricted intersection of the occupied states and
tails of the unoccupied ones. These parallels in the DOS between the photo- and O-doped
systems also extend to the 4.7 eV excitation that recapitulates the UO, DOS measured by NIXS
and the calculations of UO; and the neutron-scattering derived structures of UsO9 and U304
through the leading edge of the unoccupied U 5f states.

The observed spectra would result from the excited electrons instantaneously forming the UO,.
CPQP without atom displacements. A precedent would be the photoinduced formation of the
charge density wave in TaS, which also forms faster than atomic motions, although in that case
there is a delay for the relaxation of the initial nonthermal electrons.”® Increased fluence
increases the magnitude of this instantaneous, nonthermal DOS and also produces hot
thermalized electrons whose temperature parallels the fluence (Fig. 4B). Like 4.7 eV, excitation
at 3.1 eV was also shown to give biexponential relaxation, with an initial fast lifetime of ~4-0.22
ps for 0.71-3.2 mJ/cm?” and a slow lifetime of 8 ps.’° That the shapes of the spectra are retained
even at fluences below the value where the fast relaxation is minor therefore indicates that it
corresponds to the slow relaxation spectrum, which is the same result as with 4.7 eV excitation.
This is corroborated by the ratio between its integrated areas for 0-1.5 eV and 1.5-3.25 eV being
the same at all fluences (Fig. S10).”

Although this t=0 spectrum shows the expected metallic state®™*° typically observed in oxides,®
its extended energy, relatively flat DOS, and the stability implied by its extended fluence
independence and association with the slow lifetime resemble the behavior of graphene.”” This is
significant because, although this common response could be coincidental, we have now shown
that the DOS of U;O9 and U305 also resemble that of graphene. Both UO, and grapheme show
the shift of the UHB and consequent closing of the Mott gap that causes their DOS to descend to
a narrow constriction at or near the Fermi level followed by a rapid increase immediately
afterwards into the unoccupied states. Another similarity specific to the excited states of both is
that thermalized electrons fill in this chokepoint off of the leading edge of the valence band to
flatten the overall DOS to resemble a metal (Fig. 2C). We have already shown that the CPQP
forms rapidly; the coherence coupled to the CPQP in UO,.y) in time domain spectra is already at
a maximum after the initial %4 period of 250 fs, instead of the more typical half to one period
from other materials.”®*"*® Alternatively, the CPQP could form in domains where the transient
U (111) interplanar separation is large and mimics the CPQP structure at the instant of
excitation.”

The t=0 DOS produced by 3.1 and 4.7 eV excitation are opposites, as is the absence of a
response with 1.6 excitation.*® The former promotes electrons into the unoccupied states of the
CPQP that forms concomitantly, the latter into those of the static, neutron-scattering derived UO,
structure. That this is not an effect of the fluence is demonstrated by the lifetimes®” and the
absence of the 5/ UHB feature with 3.1 eV excitations. Energy dependence in the initial response
to intense fs optical pulses is antithetical to the current depiction of the photon impulse
promoting hot electrons into a continuous, nonthermal energy distribution.***> This result for
UQO; is, however, obligatory since excitation at these energies already has given different results
when probed by reflectivity. Reflectivity gave the CPQP when excited at 3.1 but not 4.7 eV,
just as it also gives the CPQP-type result here.”'

F. Spectroscopy results and the CPQP
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Recapitulating, introducing charge inhomogeneities into UO; that form polarons, either by the
addition of O to UO, to form U409 and U307 or by photoexcitation specifically into the U 5f
states of the UHB, results in:

e only minor modifications to the occupied U 5f'states of the LHB that easily conform to
the bounds set by the related standard compounds and calculations;

e when probed by XAS or optical pump-photoemission, a substantial reduction or possibly
even elimination of the Mott gap via novel states that do not conform to the patterns
established by standard compounds and calculations and which are extensions of or
connect with the UHB of UO,.

The behavior of the gap inferred from this combination of RIXS and XAS can be compared with
direct optical absorption measurements of UO, at high temperature’ or pressure.*® Such a
comparison demonstrates that these novel states are not the postulated small polarons that reside
in the slightly modified structures’® ** '®° found by neutron scattering " ** or the result of similar
small compressions of the U-O bonds. Instead, given the correlations with our previous
experiments, we conclude that these novel states are either the CPQP itself or its signature within
these measurements that show the electronic structure.

The rising absorption in the XAS implies that the DOS increases after the gap or chokepoint near
the Fermi level (Fig. 2C) whereas the DOS from photoexcitation at 3.1 eV is relatively flat (Fig.
2D). However, both the XAS of stationary UsOo/U307 and time-resolved photoemission of
transiently photoexcited UO, show that the number of states/electrons remains elevated through
the UO, gap region and across it into the original unoccupied states of UO,. The immediate,
unrelaxed, nonthermal photoelectron spectrum for all materials is relatively flat through the
photon energy, thermalizing within a few tens to at most a few hundred fs. In UO,, however, it
persists for multiple ps, demonstrating that this distribution of electrons that would normally
correspond to temperatures of tens of thousands of K already is the final state. It is therefore a
property of the CPQP, with the states occupied by the electrons being actual rather than virtual
ones. Insofar as this pattern of states is found for UsO9 and U307, these could be the same. In that
case the DOS of the CPQPs are the same or at least closely related regardless of whether the
CPQP originates in O-doping or photoexcitation. It follows that the CPQPs observed in x-ray
measurements of UsO0y/U307 and photoexcitation are also the same or closely related. Likewise,
the final state is attained immediately with 4.7 eV excitation, although in this case it is the
electron distribution of the original UO,. Assuming that the CPQP from photoexcitation is the
same as from O-doping, the absence of the constriction in the DOS just above the Fermi level
after 3.1 eV excitation would result from the continuous replenishment of the electrons in the
virtual states in the constriction from the reservoir of nonthermal ones. This process would also
give some thermalized electrons on the leading edge of the U 5f peak of the LHB.

Previously, using optical reflectivity and time domain THz probes we found greatly extended
lifetimes and coherence for states that we attributed to the CPQP. The time resolved
photoemission now shows electrons with energies 2-3 eV above the Fermi energy persisting for
an extraordinary 6-9 ps at ambient temperature™ (Fig. S10). (And possibly ps below 60 K if this
is the same state observed in the optical pump-reflectivity probe experiments.”') This can be
understood for the static UO, 5/ states obtained with 4.7 eV excitation because, as we have
posited,™ relaxation requires returning across the barrier of the full Mott gap (Fig. 2D). The
absence of a gap in the DOS with 3.1 eV excitation obviates this rationale for the CPQP. The
continuity in energy in the absence of a gap would be expected to accelerate the relaxation of the
photoinduced CPQP relative to the UHB states of UO,. Instead the relaxation times associated
Closing the Mott gap in UOyy — 10



with the two states are within <50% of each other.*® Exceptionally long lifetimes are, however, a
basis for nonequlibrium BECs because the condensate lifetime cannot be longer than that of its
constituent quasiparticles; extended lifetimes are required for condensation. Inversely, their
lifetime may be extended by their participation in the condensate. We consider the CPQP in O-
doped U409 and U307 with tunneling as static because the polaron concentration does not change
with time. However, it was found in cuprates that x-ray probes provide instantaneous snapshots
of the multisite structure associated with the upper vibrational states of the double well because
their fast interaction time causes their energy to be broadened.”* * The x-ray probes themselves
may therefore provide sufficient energy to populate levels coupled to the tunneling, which would
account for some of the differences between these spectroscopic and other types of
measurements.

G. Identification of condensate-stabilizing resonances

The non-equlibrium, exciton-polariton and phonon condensates form because their quasiparticle
relaxation is inhibited. The excited quasiparticles accumulate in the first state above the
relaxation bottleneck to give the nonthermal population distribution that subsequently attains
coherence. Underlying these extended lifetimes are specific resonances. For phonons it would be
the proximity of the excited phonon energy to the chemical potential.* > For exciton-polaritons it
is the proximity of the exciton and cavity photon energies around k=0 and their avoided crossing
that creates the minimum in the lower polariton band."* For the dilute atomic gas fermion-
diatomic molecule boson systems it is the matching of the continuum of the fermionic potential
with the energy of the molecule that activates their exchange via the Fano-Feshbach resonance.'
'” An analogous resonance has already been demonstrated in UO, by the excitation energy
dependence of the coherence, lifetimes, and the formation of the photoexcited CPQP.

The role of resonance and the microscopic themes in non-equilibrium Frohlich BECs and their
specific contributions to the UO,-system CPQP are elucidated by examination of the generic
potentials of two state systems. The polarons on the apical O in cuprates tunnel between the two
halves of a symmetric, degenerate, double well potential because the two structures involved are
identical®* #1192 (although it is possible that the polarons in the CuO, planes are more
complicated®” '”*). An asymmetric double well would have been superfluous because of the
assumption that the functionality originates in the ground state phase at all temperatures. In
contrast, the two species involved in a non-equlibrium condensate are non-degenerate by
definition, resulting in an asymmetric double well potential composed of the ground and excited
quasiparticle states (Fig. 5). In this diagram the configuration of the overlapping potentials
typically used for photoexcitation as well as to depict the fermionic atom gas condensate
Feshbach resonance'” is unfolded into a double well depiction. The energies are for the
constituent atoms or quasiparticles of the condensate, and the distance coordinate will be for a
pair of atoms that then also represents an order parameter giving the change in configuration.
This same diagram between the two local minima can, however, also be viewed as a reaction
coordinate. This is of interest because the fermionic diatomic molecule condensate undergoes
changes in its chemical speciation as part of its coherence mechanism, as we have also proposed
for the UO,-system CPQP. The important component of a double well potential is the barrier,
whose height and width determine the ease of exchange between the two halves. Phonon and
exciton-polariton condensates depend on a high barrier that is difficult to cross (Fig. SA),
resulting in the accumulation of particles in the excited state that subsequently condense.
However, since in the Feshbach resonance the continuum energy of the atoms equals the energy
of the molecule, the barrier for the diatomic molecule to split is zero (Fig. 5B) with a smooth
conic intersection of the two potentials instead of a peak or cusp.'® In the absence of continuous
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input from an external energy source the fermionic atom gas condensate must therefore retain the
excess energy of the excitation, AE, while remaining coherent in order to continuing exchanging
with the molecular one.

In the analogy between the UO,-system CPQP and the fermionic gas condensate isolated
polarons which would be the continuum state. The open channel is the weakly paired, spin
triplet, fermionic U(IV,V) polarons in the U4Oo-like domains that have been shown” 1% to be
more stable than isolated polarons. The bosonic U(IV,VI) excited singlet state is the strongly
paired closed channel. Relaxation is inhibited and the nonthermal population and condensation
are favored when the chemical potential is near the energy of an excited phonon,” although this
derivation is not specific and should apply equally well to any system with oscillating dipoles.
Because UO; is an insulator the chemical potential is close to the midpoint of the gap. Since the
states of the CPQP span the gap, or at least the measured DOS is large at the midpoint of the
calculated gap for U4O,, this condition is met. Insofar as polarons maximize the atom
displacements and polarizability they also fulfill this second criterion for strong coherence
enhancement. In addition, the energy of the UsO9-like U(IV,V) cluster has been calculated to be
2.2 eV below that of the separated U(V)-O defects that would be the continuum or free polaron
level.”® Remarkably, this is almost exactly the difference between the centers of the spectral
features that would be the occupied U 5/ (Fig. 2B) and the lowest energy unoccupied (Fig. 2C)
states in U4QO9 . This proximity of the excited U(IV,V]) state energy to that of the continuum is
the condition for the Fano-Feshbach resonance. The resonance for the CPQP of the UO, system
therefore also belongs to the Fig. 5B scenario. The U(V) fermions are in the deeper minimum on
the left and the U(IV/VI) bosons the one on the right at the longer U-U distance that
accommodates the terminal U(VI)-oxo moieties. Although it is an open question if the relaxation
from the excited state can still be retarded in the absence of a barrier, U409 and U505 fulfill the
criteria for non-equlibrium condensation.

H. Correlation of the DOS with the proposed coherence mechanism

These new results in combination with our previous ones provide details on the underlying
mechanism in energy-momentum space that complement the previously described real space
scenario. They indicate that it is direct and does not involve suppression of competing orders
such as the antiferromagnetism of UO,.”* ' The x-ray and neutron structure measurements®"" '
have identified the specific tunneling polarons that define the asymmetric double well. The
polarons tunnel between the open channel fermion and closed channel boson states via the
disproportionation reaction 2 U(V) <> U(IV) + U(VI),. The persistence of the condensate to high
temperature is therefore a natural consequence of its origin as an excitation. Coherence
throughout the entire domain is attained through synchronization of the electron transfer and
correlated rearrangement of the O ions that constitute this reaction via the relative stability of the
U(IV,V) species at the short U-U distances on the compressive and U(IV,VI) ones at the long
distances on the tensile side of the [111] phonon. This phonon is already known to be special,
also being implicated in stress relief caused by various defects.”® ' The long range force that
synchronizes and gives coherence to the polaron-containing domains for the UO,-system CPQP
is therefore at least partly elastic instead of solely Coulomb. Specific to UO; and its absence of
an insulator-to-metal transition; UO, differs from related materials in that the fluorite structure
does not have a preferred orientation for adding O so that the calculation and neutron scattering
structures of U4Og are three dimensional. The layered U(IV)-(VI) structure that is the excited
state displays the alternating valence that constitutes a charge-density wave, inverting the typical
energies of the insulating and metallic states. In addition, another possible reason for the
differences in the response to different excitation energies is that the excited state produced by
Closing the Mott gap in UOpy — 12



3.1 eV but not 4.7 eV excitation could be coupled to the U [111] phonon. This would be
analogous to phonon-driven enhancement of electron correlation in cuprates'® that has recently
also been postulated for Cg. 109

The electronic structure of the CPQP maps directly onto this real state model. The CPQP is not
the minor perturbation of UO; predicted by calculations and found by neutron scattering. Instead
it is a different species of UO; that originates in widespread collective behavior. Its wide
dispersion could result from combining the two strongly coupled parent states via the tunneling **
The tunneling is another signature of a condensate, since it is far too long a distance for
conventional tunneling but small within the superfluid® tunneling regime. In addition, the energy
overlap of the ground U(IV,V) and excited U(IV,VI) DOS indicates that the dynamic exchange
of their local atomic structures is also the coherent exchange between their electronic states that
are separated at the Fermi level. This exchange enhances condensation in two-band descriptions
of exotic superconductivity.'® ''° Thus, in the UO, system the phonon that impels the hopping of
the charges also promotes the coherence and resultant condensation, which is the opposite effect
of it disrupting competing orders '® "% " This coherent exchange, as a Fano-Feshbach
resonance that amplifies exotic BCS' ' and fermionic atom-molecule gas BEC condensates'”
12113 would be the origin of the coherence of the two states.

I. Additional properties of the CPQP and its condensate

The experimental results are thus best interpreted as demonstrating that the CPQP of the UO,
system is a non-equilibrium, Frohlich-type, polaron BEC. This poses the questions of whether it
will have the properties of other condensates and if it will exhibit novel ones resulting from its
constituent polarons having spin, charge, and mass. The extended lifetimes of the states after
photoexcitation relative to other materials are remarkable. Even more incredible are the
formations of the CPQP and the static UO, DOS from their respective excitation impulses within
the 40 fs width of the measurement without the normal, initial, very short lived state of a
continuous distribution of nonthermal electrons. The optical switching time is therefore
essentially zero — or at least << the 40 fs width of the excitation pulse. This is consistent with the
different outcomes with the different excitation energies in both the time resolved photoemission
and the earlier pump-probe reflectivity; if the immediate responses to the excitation were the
same at all excitation energies the system would have to evolve into the same intermediate states.
This behavior extends to low energy as well in that excitation at 1.6 eV gave no response,
although in other materials nonthermal electrons are created up to the excitation energy.

The partly filled bands above the chokepoint that form with 3.1 eV excitation and span the entire
range of energy (Fig. 2E) could be described as a “superthermal” metallic state. These
superheated electrons in other materials relax in a few tens to hundreds of fs into a normal
metallic state with thermalized electrons. In photoexcited UO; they persist for two to three orders
of magnitude longer and therefore are the stable state of the quasiparticles. Although the DOS of
the state formed from 3.1 eV excitation resembles this one that typical of other materials, its
lifetime demonstrates that the DOS it displays that is continuous for several eV consists of actual
and not virtual states. These would be the states found for O-doped UO,.«. Together with the
result from the 4.7 eV excitation where the nonthermal state is also not observed, these results
show that photoexcited UO, with its immediate switching does not give the prompt response to
photoexcitation characteristic of other materials.

As stated, this CPQP state of photoexcited UO, persists for close to 10 ps or longer. The
thermalized electrons (Fig. 4B) that may fill in and obscure the chokepoint in the CPQP DOS
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found with O-doping could originate either directly or via relaxation from the superthermal metal
population. That this pattern occurs with lower numbers but identical distribution even at low
fluence is additional evidence for the stability of the CPQP in that it demonstrates that it forms
spontaneously even from only a small quantity of O-doped or solely from photoinduced
polarons. Although suggesting that electrons 3 eV higher than the Fermi level are a signature of a
condensate would seem contradictory, this energy is an attribute of the electrons. It is not
necessarily the energy of the condensate nor even its constituent polaronic quasiparticles. Since
the atoms are tunneling through an anharmonic pair potential that traverses a 30% or wider range
of U-O bond lengths it is perhaps not unexpected that they display a comparably wide range of
electronic energies. In addition, there will be unusual constraints on the energy distribution
because of the need to conserve it during the exchange between the ground and excited states.

Equally notable in the context of energy flow is the absence of hot electrons with 4.7 eV (and 1.6
eV) excitation (Fig. 4A). The immediate formation of the static UO, excited state is concomitant
with the channeling of the excess electronic energy into other locations. As noted, since the hot
electrons on the leading edge of the LHB with 3.1 eV excitation could originate in relaxation
from the superthermal state it is possible that the energy of this photon impulse also does not
heat the electrons. The most likely location for absorbing and redistributing the excess energy is
the condensate itself. Its direct formation requires the conforming redistribution of the energy of
the photoexcited electrons on a time scale that is a minimum of one to two orders of magnitude
faster than normal relaxation via interaction with other electrons and lattice processes. Insofar as
the difference between UO,; and other materials is the presence of the real or incipient
condensate, it is the most logical candidate for this novel property. Immediate heat transfer is a
known consequence of superfluidity.

These results validate and extend our model for the CPQP and continue to highlight the
preeminence of UO; as a system encompassing many of the current ideas about dynamic
electron-phonon coupling as the origin of the polaron physics of Mott insulators and the
convergence of Bose-Einstein and BCS condensates. We also note the observation that the Fano-
Feshbach resonance that is not universal in non-equilibrium BECs is associated with a change in
chemical speciation. This differentiates homogeneous non-equilibrium BECs where the
quasiparticles are only perturbations of the ground state from heterogeneous ones that involve a
chemical reaction and coherent exchange between the ground and excited state species.
Additional novel properties may be found as this system is explored more thoroughly.

IV. MATERIALS AND METHODS
The materials and experimental procedures and modeling methods have been described
previously.zl’ 22.29.30.74.77. 78 The O K non-resonant inelastic x-ray scattering (NIXS) spectra of
UO; and U307 were measured at the same time as the O4 s NIXS spectra previously repor‘ced29
and therefore were from the same materials and used the same preparation and experimental
methods.'™* The UO,, U507, and U409 for the NIXS measurement were from the same materials
as those used for a combined neutron and x-ray pair distribution function and U L3 X-ray
Absorption Fine Structure spectroscopy study.”’ The single crystal of UO, was from the same
boule as used in previous ultrafast optical studies.'"” The sample of Cs,UO,Cly was also from the
same material used for in our O4 s NIXS report.”’ The O K fluorescence yield (FY) XAS
measurements were also performed as reported previously''* except that the UO»+,/U4Oy spectra
were measured on beamline 10-1 instead of 8-2. For the time resolved photoemission, the
number of excitations is calculated using the listed fluences, 1 nm thickness, optical densities of
12x10° cm ' at3.1 eV and 1.0 x 10° cm ' at 4.7 eV,''® density of 11.0 g/cm?’, and a formula
weight for UO; of 270 g. No scattering correction was made.
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Figure 1. O XAS and U M RIXS of UO;. and standards. (A) The energies for the UO,, U40,,
and U307 XAS were obtained from the NIXS measurements and the others adjusted from
literature values®” to this UO,. The broadening of the overall 5/-64 manifold of the mixed
valence compounds occurs on the low energy edge of the upper Hubbard band. In addition to
some variability in the relative amplitudes between different samples of the same compound
(Fig. S1), the NIXS that is not distorted by self-absorbance shows that the 531.5 eV peak in the
U307 spectrum is quite low relative to the others (Fig. S3). (B) The U Ms valence-to-core 3d5f
RIXS, consisting of the U 5/—~0 2p and intra-atomic U 5f—5f excitations at, respectively,
energy transfers of <-3.5 eV and -4-0 eV, and the elastic peak at 0 eV. The original spectra from
around -4 eV to 2 eV that contains the elastic peak at 0 eV that overlaps with the U 5fpeak on its
low energy side are plotted on a larger scale to facilitate inspection of the RIXS that are lower in
amplitude. The spectra over this range were then curve-fit with two Voigt functions and the one
for the elastic peak was subtracted from the spectra that are plotted over the entire range on a
smaller scale so that they are magnified relative to the elastic peak. The O 2p states are therefore
seen at <-3.5 eV and the U 5fstates at -4—0 eV. The dashed lines are the curve-fits for the U 5/
peak.
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Fig. 2. Tracking the Mott gap in O- and Photo-doped UO;+y). (A) LDA+U calculations of the
total densities of states (DOS) for UO,, U409, and U305 using the static, U(IV,V)-based
structures derived from neutron scattering and energy minimization. (B) U Ms RIXS of UO, and
U409 showing the measured spectra that are the overlapping elastic and occupied U 5fpeaks of
the LHB scaled to a peak height of one, the fits to two Voigt functions, the individual
components of the fits, and the separated U 5f contributions to the data and their fits. (C) O XAS
of UO,, U409, and U307 showing the transitions to the unoccupied states of the UHB of
predominantly U 5f character. The NIXS of UO, does not show the low energy tail displayed by
the more surface sensitive XAS measurement. (D) 40 fs resolution pump-probe angle-integrated
photoemission measurements coincident with the excitation pulse excited at the listed fluences
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with 3.1 and 4.7 eV pump energies. The solid lines at 0-5 eV are fits of the data to asymmetric
Gaussian functions. The vertical green band is the 2.4 eV wide band gap, aligned with the
calculation. The magenta bars show the shifts of the UsOo/U307 band edges or centroid relative
to UO,. The RIXS and tr-PES spectra with their different energy scales are aligned with respect
to the center of the UO, 5f states, with “0” energy = the elastic scattering for the RIXS and the
Fermi level for the PES. The absorption edge of the UO, NIXS is aligned with the front portion
of the DOS from the calculations and may exaggerate the actual width of the Mott gap. (E)
Combined U409 RIXS after subtraction of the elastic peak, U307 XAS, and tr-PES at the highest
fluence of both 3.1 and 4.7 eV excitation. Energy scales are the same as in the prior figures. The
DOS from all of the measurements overlap around -1.0 eV with a nodal point a few percent of
the maximum values, after adjusting the baselines to zero and scaling the maximum amplitudes
of the RIXS and PES to 10,000 and the XAS to 30,000 to correspond to the calculation.
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Fig. 3. O XAS of UO; and U409 at ambient and liquid N, temperature. The changes in the
spectra on cooling that are much larger in the region dominated by the 5f'states are indicative of
a redistribution of the mobile charges that, for UO,, should be more on the surface because bulk
structure measurements show no temperature dependence, in contrast to EPR of powders.
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Fig. 4. Fluence dependence on temperature at t=0. Linear fits to the logarithm of the intensity
over the leading edge of the photoemission peak nearest the Fermi level are indicative of the
temperature of the thermalized hot electrons after the photon impulse. Because UO; is an
insulator the linear portion of the In(DOS) provides qualitative information rather than a specific
temperature. (A) 4.7 eV excitation does not have a thermalized component, suggesting that it is
totally relaxed within the 40 fs time resolution. (B) The monotonic increase in the x intercept
with increasing fluence shows that the energy from 3.1 eV excitation relaxes sufficiently quickly
within the same time interval to give this thermalized component whose temperature increases
with increasing energy.
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Fig. 5. Potentials/reaction coordinates for asymmetric double well potentials for fermion
pairing. The pair potential is the curve across its entire range, the reaction coordinate is the
range between the arrows. (A) Athough energetically favored by AE, relaxation of the excited
state is inhibited by an activation energy with a barrier height of E,, promoting the accumulation
of particles to give an excess, non-equlibrium population in the closed channel that will become
the condensate. The inhibition is maximized when the energy of the excited state is in proximity
to the chemical potential that will be between the occupied ground state and lowest unoccupied
state. (B) Coherent transfer between the open and closed channels is promoted by a Fano-
Feshbach resonance that is maximized when the energy of the excited, S=0 state is in proximity
to the invididual particle energy of the S#0 state. The barrier height for the reverse reaction is
therefore zero. AE for UO,: =-2.2 eV, which is very close to the energy between the centers of
the UsO9 U 5/ highest occupied state and the and the lowest feature in the UO,.« spectra (Figs.
2B and C) that corresponds to the lowest energy excited state.
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