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Emergent Properties of the Bose-Einstein-Hubbard Condensate in UOgy)

Research Goals

Condensates, systems composed of bosons that “crystallize” on the basis of the weak interactions
between the wave functions of their constituent, ground state particles, are fundamental to the
modern physics of emergent phenomena. Their superlative properties are evident in the names,
superconductivity and superfluidity, in which, respectively, electrons and atoms or quasiparticles
move without friction or dissipation. We have recently performed an extensive set of experi-
ments on the strongly correlated Mott insulator UOxy) (Fig. 1) whose bizarre results are either
best or only explained by emergent Bose-Einstein condensate-like behavior. However, instead of
being composed of Cooper pairs in a lattice or several thousand highly separated ultracold atoms
or quasiparticles of light and electrons in a resonant cavity, the condensates in UO,(x) involve
both electrons and ions undergoing complete, dynamical changes in their bonding, and although
beginning at tens of K they also appear to extend to and through ambient temperature. Clearly
this is a most remarkable and totally un-
expected behavior never before seen in a
Mott insulator nor at high temperatures
and that, because of the coupling to charge
and spin, will result in unique correlated
and emergent properties. The goal of the
proposed work is to explore this phenome-
non to both more fully elucidate its origin
and characteristics and to evaluate its techno- Figure 1. (Left) UO,, showing (111) plane. (Right), o UO;, showing
logical potential that could be revolutionary. (001) plane derived from UO, (111) plane after oxidation.

Background & Significance

In fermionic matter the Pauli exclusion principle compels each atom or particle to occupy a dif-
ferent state so that they are all unique. Since bosons are not subject to this requirement a set of
them can all be in their ground state and their identical wave functions interact, albeit weakly, to
form a correspondingly sparse and totally coherent lattice." Because of the ground state require-
ment, BECs of atoms” require milli or uK temperatures, superfluidity in “He begins at 2.17 K,
and recently almost massless polaritons® condense in special cavities at room temperature.* °A
better known example is the condensation of Cooper pair quasiparticles resulting in supercon-
ductivity. There is, however, another possible mechanism for enhancing the attractive interac-
tions. The unusual isotope effects®’ in cuprates demonstrate that, whether their superconductivi-
ty is a homogeneous property of the spins or a local property of the charge inhomogeneities
(most likely a combination of the two), the anharmonicity in the mixed valence material caused
by these inhomogeneities and the on site Coulomb repulsion that make cuprates a poor and exot-
ic metal have a crucial role. Can these have the same effect on a BEC? We have found that, in
UQO,, the answer is most likely “yes.” Neutron and x-ray scattering (Fig. 2) and x-ray absorption
measurements on the three fluorite line compounds, UO,, U409, and U307, showed identical re-
sults for UO; but a 1.7 A U(VI)-oxo moiety in UO,. with both x-ray probes but only >2.15 A
U(V)-O bonds and narrower peaks with neutrons.® A difference between neutron and x-ray struc-
tures in cuprates’ ' and manganites, > '* was attributed to dynamical O polaron tunneling around
a Cu'* " that was activated by x-rays to give the dynamic/instantaneous structure factors S(Q,
o/t=0) that showed the two-site distribution of the polaron with AR=0.12 A. '*' This mecha-
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nism, however, is impossible in UO,.x where AR=0.65 A, many more atoms over a larger vol-
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Figure 2. Neutron and x-ray pdfs of
uo, (bottom), U,0Oq (center), U;0,
(top), and a portion of the calculated
neutron pdf of UO, (inverted across
upper margin). The data are scaled
arbitrarily to maximize their ampli-
tudes within this figure.

ume are 1nvolved and the electronic structure is completely rearranged between the two states.

In addition, the XAFS results of UO; at 35, 100, and 200K were
identical while those in UO, showed changes in the U-O near
neighbor contribution despite the absence of any phase transitions
or other phenomena that would alter their structures.® Finally,
spectral features in the O K NEXAFS (Fig. 3) that reflect primari-
ly the U states are wider than those for any other U-O compounds
and do not display the standard separation between the U 5f and
6d states, indicative of broadening of the DOS.*° Mixing of elec-
tronic states and their dressing with the excitation causing the tun-
neling were also predicted for dynamical polarons.'®

The issue of the properties of mobile charges has been ad-
dressed by optical pump-probe experiments, exciting into the up-
per Hubbard band and probing inside the gap where the excited
states would have relaxed to polaronic or excitonic
quasiparticles.”"-** These also give unique results (Fig. 4). 3.14 eV
excitation to the 5fstates and lower fluence 4.71 eV to the 6d give
peaks in the lifetimes at, respectively, 20 and 25 K, with the life-
time from 4.71 eV ten times larger. This peak may be associated
with the only known transition below >200°C, to the AFM state at
30.1 K. The 3.14 eV excitation, however, shows a plateau rising
to a cusp at 50-60 K in both the fast electronic and slow lattice

relaxation. This pattern is indicative of a gap-opening transition,
either superconducting or charge density wave, at the gap.” Its appearance with one of the exci-
tation energies, highly unusual and demonstrating non-thermal behavior, proves that these fea-
tures originate in the photoinduced quasiparticles and not within the lattice. The phonon spectra
obtained by Fourier transformation of the psec-resolved real time data show, in addition to the 35
GHz collective mode induced by the pump,** another phonon at a very low 12—15 GHz harden-
ing and splitting into multiple peaks with increasing temperature. This also indicates that the
quasiparticles aggregate and condense into their own coherent phase.*

Every experiment we have performed on UO,y) has given results that cannot be ex-
plained with known physics. They are, however, easily explained if, invoking the known chemis-
try of U-oxides, the charge inhomogeneities that are polaronic quasiparticles are forming a BEC,
or, in this Mott insulator, a Bose-Einstein/Hubbard Condensate where the quasiparticles repel
each other when occupying the same site.”**® The oxidation of UO, to layered UsOg and UOjs
occurs via a rearrangement of the O ions around the UO, (111) planes™*° (Fig. 1) whose separa-
tion controls the stability of bridging and terminal U-oxo moieties along the [111] vectors
through U sites. This same effect can occur dynamically and collectively. An acoustic phonon
propagating in the UO, [111] direction will cause a coherent conversion of the U(V) to U(VI)-
oxo sites within the extent of the displacement. The state will persist as long as the distance be-
tween the planes is within the range that stabilizes it, concomitantly reverting to the former when
the collective motion re-crosses the boundary of this range. This excitation is facilitated by the
uniquely flat U-O potential that causes U(VI) to exist continuously in all of the geometries from
highly oblate trans-dioxo to fully octahedral,’'>* but will also be stabilized by the energetics of
BE/HCs that favor holon-doublon states over fermionic ones. > The energy of the oblate U(VI)
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states that are highly mismatched with the cubic sites of fluorite is also reduced by the clustering
of O and perhaps charge inhomogeneities in UO»+. The flatness of the U-O potential over the
entire bond range may also cause the U(IV) ground and U(VI) excited state to intersect in a coni-
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Figure 4. Ultrafast pump-probe results.
(Upper) Electronic (lower - right scale) and
lattice (upper, left scale) lifetimes with tem-
perature, obtained with 1.6 eV probe. Main
panel is with 3.1 eV pump into the U 5fstates
of the upper Hubbard band, the inset is with
4.6 eV pump into the U 6d states. (Lower)
Phonon spectra from same experiments. The
inset plots the areas of the 35 GHz collective

cal section, which is also known have highly unusual dy-
namical effects on the structure®® and may be characteristic
of the BE/HC. The observed tunneling over 0.65 A is too
large to occur at a single site, but it is orders of magnitude
smaller than found for BECs where much larger gaps have
been used to create Josephson junctions.’’” In addition,
multiple phase transitions as observed in the optical exper-
iment were predicted for BE/HCs even before the first one
was created, with a stable Mott insulator below the super-
fluid state resulting from the opening of a gap and, even a
third Bose glass phase in the presence of disorder.*

Given the consistency of this model with BE/HC
physics and the lack of alternative mechanisms, we believe
that our proposed condensate is stabilized by the anhar-
monicity following from dynamical charge transfer so that
it occurs through ambient temperature. Its study will give
new insights into quantum phenomena by enabling exami-

mode and (with the line) and the 12—-15 GHz
peak that originates in a condensate of the
photoinduced quasiparticles.

nation of condensates formed of atoms at ambient temper-
ature as well as from this novel mechanism. In addition,
BECs have possible applications in motion sensing and
quantum computing. Furthermore, UOy) has unique at-
tributes that make it even more compelling. Its condensate
is directly coupled to charge and occurs concomitant with
magnetic ordering. In contrast to normal BECs, in UOy(x)
the coherence and subsequent condensation result from a
collective electronic excitation coupled to a phonon that
involves charge transfer. This indicates a much greater ca-
pability for modifying and controlling the BE/HC by alter-
ations to the structure, exemplified by its effects on the
electronic structure.”® The superfluidity involves charge
transport, so that up to whatever temperature it can be ren-
dered continuous through the material — and based on the tunneling at least droplets appear to
exist through 300 K — UO, with mobile charges could be a superconductor. Even if it is not,
however, there are many other properties and applications that follow from a charge-based con-
densate coupled to magnetism. The significance apart from the relevance to BE/HCs and the
coupling to emergent properties follows from the question about the emergent phenomena that
will originate in coherent charge and spin degrees of freedom.

T 1 L
e e 1 1%

=

Peak Area

EN
TTTTTT

o
T

Amplitude (x10%)

2]
TTTTT

ES 35 45
Frequency (Ghz)

R&D Approach

The objective of this proposal is to confirm and further elucidate the BE/HC-like properties of
UO»+x) with charge inhomogeneities and to develop additional materials that exhibit it, including
ones without defects that sustain and promote transport. Since this BE/HC-like behavior in
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UOs ) 1s a totally novel and unanticipated finding and the only pertinent results are ours, our
preliminary studies were already presented in the previous section.

Methods and Proposed Experiments

Direct measurements of superfluidity and the excitation. The best confirmation of BEC-like
properties would be a direct measurement. X-ray Photon Correlation Spectroscopy (XPCS) gives
information on the rates and directions of atomic motions. Although it is not clear what its re-
sponse would be to tunneling in a BEHC, the dynamics will nevertheless be expressed in the dis-
order of the sites that, on a time basis, are only fractionally filled. It should therefore be possible
to extract the highly correlated component of these motions in the proposed condensate. XPCS
requires a coherent source that must be the LCLS because of the small scattering factor of O
relative to U. Another less definitive probe is 'O NMR, expected to give an average signal for
the different sites instead of resolving them. Inelastic neutron pair distribution function analysis
could measure not only the atom positions in the excited state but also the energy required to
create it. Finally, optical pump-x-ray probe diffraction of UO, would give direct structural in-
formation on the photoinduced quasiparticle condensate including its domain size.

Analysis of UO,. One problem in this work is the absence of reliable data on the parent com-
pound UQO,. The structure analysis that we are using to interpret our optical results was published
in 1964-1966""** and the 1972 description of oc UO3 was only derived from U;Og>>. From mod-
ern experimental techniques we have found not only the anomalies resulting from the BE/HC but
also the unique mechanism to which it is coupled. The origin of this behavior must reside in UO,
itself, so we must repeat some of the original work. Synchrotron x-ray measurements of the
structure from below the AFM transition through ambient temperature will probe additional tran-
sitions and instabilities. Elastic softening anomalies were reported,*” ** but more recent inelastic
neutron scattering studies have focused on low energy magnetic excitations leaving gaps in the
50-150 meV energy range.”> *° From phonon dispersions at multiple temperatures we will iden-
tify soft modes associated with the U(IV) cubic- U(VI) layered excitation.

Creation of static, unpinned charges in UO,. The most urgent question is whether UO, can be a
superconductor and if so, does its T follow the BE/HC to and through room temperature. This
probably cannot be answered with optical excitation because of the short lifetime and spatial ex-
tent of the quasiparticle phase and because of the difficulty of controlling the nonthermal relaxa-
tion. An alternative is ionic liquid gating, in which charge is injected into the surface of a materi-
al by direct application of a potential on the surface.*’” This technique may produce static charges
whose density is partly controllable through the applied voltage. We will attempt to obtain the
requisitely smooth (<5-10 A) surface via oriented films grown by physical vapor deposition. The
other problem, inducing redox chemistry with the applied potential, will be obviated if the volt-
age required for charge injection is comparable to the low excitation energy we have found for
the system. Magnetic properties will be evaluated in addition to electrical ones.

Analysis of UO;+y. An obvious yet crucial set of experiments is to watch the development of the
pinned BE/HC as UQ; is progressively oxidized. Isolated O atoms at concentrations below the
clustering threshold should not trigger any of the BE/HC-like behaviors so that the dynamical
signatures in, e.g., NMR should not be observed. It is also important to determine the BE/HC
phase diagram even if at only a few values of x, which can be performed using NMR, XAFS, x-
ray pdf, and possibly inelastic neutron diffraction or pdf measurements that show the dynamics.
It is also possible that with relatively fine temperature intervals spectral/structural signatures can
be found in these data that could be used to track additional condensate phases. From the other
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direction, the signatures for the creation of the photoinduced quasiparticle condensate should
vanish with increasing x because the polarons should be pinned by the adventitious O. Confirma-
tion of this scenario can then be accomplished by performing the reflectivity experiments on
UOy;« samples. Single crystal samples can be prepared via the known oxidation of UO, crystals.

Photoemission and optical measurements. Probing the dy-
namics of the transient quasiparticle states in a Mott insula-
tor can be achieved by using a combination of ultrafast re-
flectivity, angle-resolved photoemission (ARPES), time-
resolved photoemission and time-resolved Terahertz spec-
troscopy. Our initial experimental results from ARPES im-
plying ultra-weak f-electron hybridization with valence
band electrons that is required for long range coherence
and reflectivity measurements indicative of bipolaron pair-
ing,”' suggest the importance of polaron dynamics in opti-
cally pumped UO,. Time-resolved photoemission and THz
transmission spectroscopy were therefore focused on the
polaronic and bi-polaronic response. The photoemission at
ambient temperature found that the Mott structure persisted

Intensiy [arb. u
T\

Intensity [arb. units]

Binding Energy [eV]

Figure. 5. Angle-resolved valence band
photoemission obtained from a synchrotron
light source (34 eV photons). a) the lattice-
commensurate dispersion of the first char-
acteristic 5f electron feature in the valence
band, measured in the single crystal UO,
cleaved in vacuum. A band dispersion on
the order of 80 meV is indicated by arrows;
b) the same feature as in (a), but measured
in the epitaxial UO, film grown on an
LaAlO; subtrate. The band dispersions and
binding energies of the epitaxial UO, film
are the same as those found in a single
crystal case; and c) the full valence band
spectra of epitaxial UO, film, including
dispersive peaks within the O2p band lo-
cated around binding energy of —5 eV. The
angle of (0° stands for normal emission.

even at relatively high pump fluencies and a quadratic de-
pendence on fluence of a fast response that indicates high-
er-order interactions and longer-range communication be-
tween the bipolaronic pairs in UO, (Fig. 5). Preliminary
THz measurements at ambient temperature show a very
long lived oscillatory response that is a predicted signature
of a coherent bipolaronic condensate. Continuation of these
experiments will map the coherent dynamical bipolaronic
excitations in UO,. The concentrated effort will provide
information about the specific phonon modes associated
with the generation of polarons and creation of conditions
for the local condensation of pairs. This is the only way to
directly link the low energy dynamics in UO, with high
energy measurements on systems with different stoichiom-
etry, which indicate instability towards increasing anisot-

ropy. This anisotropy, present already in UO,, together
with very low carrier densities allows the low-scattering conditions necessary for local of bipo-
laronic pairs already at room temperature.

Extension to other elements. The possible BE/HC in UQO; is understandable as a confluence of
several factors, with the most important being the ease of the collective transformation from a
cubic to a layered structure upon oxidation of the U. The neighboring light actinides, Np and Pu,
exhibit this same property. We already have strong evidence that Pu does behave analogously in
that PuO,., has been shown by XAFS to also possess Pu-oxo bonds* *’ despite Pu-oxides termi-
nating at PuO,,s with no layered compounds. In addition, the Pu-oxo distances are 0.10-0.20 A
longer and in the reaction with H,O oxidation competes with retention of H™ as OH ™ groups.
These differences from U originate in the decrease in the energy of the 5f states that are 2.5 eV
above the O 2p for U but overlap with them for Pu, with. Np between the two.”® Np-oxides ter-
minate at layered Np>Os. NpOz;« has not been reported, but it will undoubtedly be found. These
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compounds will be obtained via collaborators. For optical
measurements it may be possible to borrow the PuO; crys-
tal at the Radium Institute in St. Petersburg.

Synthesis of materials with unpinned BE/HCs. Best for
characterization and required for many applications would
be materials where, analogous to cuprates, iron pnictides,
etc., presumably mobile charges are injected into stoichi-
ometric UO; domains via the composition of the material.
The problem is that, although the proposed mechanism
involves layered U(VI)-oxo structures, cubic UO, that is a
three-dimen-sional structure is also required and it is not
amenable to forming layered compounds with separate
functional domains. The alternative is to fabricate such
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Figure 6. Fourier transforms of EXAFS of He**

materials by physjcal vapor deposition or molecular beam irradiated UO, samples. The reduction in amplitude

methods to form multilayers of UO, with another material.
One candidate is LaAlO; that has already been used as a
substrate for oriented UO, films. La(Sr)AlOs that would
inject holes into UO, in a multilayer could conceivably be
used when deposited under controlled O, pressure. Alt-
hough this is the favored approach, ideas for stable layered
compounds, perhaps by utilizing as a second material one with a strong two-dimensional compo-
nent to its structure, will also be pursued. We note that the Cu-Cu distance in cuprates is almost
identical to the U-U distance in UO,, suggesting interesting possibilities.

with increasing dose without the the appearance of
any new features indicate that the radiation causes
non-specific disorder. The exception, the region
around R=1.5 A that increases, is shown by curve-
fits to be an O with U-O around 1.7 A, a U(VI)-oxo
moiety. This result differs from oxidation in which
the appearance of this O occurs with many new O
shells above and below the original one.

Fabricating circuits and devices. Another remarkable result is our observation by XAFS of
U(VI)-oxo moieties in UO, crystals that have been irradiated with H™ and He*" ions since modi-
fications should be limited to the formation of interstitials. The structures determined by XAFS
are much cleaner than those resulting from oxidation with O, or H,O (Fig. 6), the only non-UO,
O neighbor shell identified is the oxo one in contrast to the a plethora of U-O distances in UOy.
This demonstrates the propensity of UO; to form the U(VI)-oxo group coupled to and most like-
ly stabilized by the BE/HC, even in situations where the average charge is only IV so that the
creation of U(VI) ions must be balanced by U(III) sites elsewhere. More importantly, this result
identifies a mechanism for patterning the BE/HC in UO,. Devices based on the BE/HC can be
fabricated by writing them into UO, with an ion beam.

Technical Challenges and Alternatives

Most of the proposed work is low risk. UO; is common, easily handled despite its mild radioac-
tivity, and is already available as single crystals up to relatively large sizes as the result of a bou-
le that was made at LANL 40 years ago. All of the experiments performed have either been re-
produced, been verified by complementary methods, or been consistent in terms of opposite be-
havior for UO, and UO,+, and similar behavior for U409 and U;O;. We also note that UO,:, and
PuO,.« both display An-oxo bonds. The challenge is the interpretation and our ability to devise
definitive experiments for both characterizing the phenomenon under study and its mechanism
and in elucidating its properties, particularly ones that will have applications. Another challenge
will be to develop materials and methods that maintain the BE/HC. This is, however, likely to
become easier as more data are obtained and the condensate is better understood.
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Expected Results

At the end of this project we expect to: 1) have a much deeper understanding of the behavior,
mechanism, properties, and potential applications of the BE/HC-like behavior in UO,x) and
possibly related materials; 2) have the capability to maintain the condensate either indefinitely or
for sufficiently long periods of time for its direct characterization; and 3) have made complete or
partial progress in developing stable or fabricated materials that exhibit the BE/HC as one of
their properties. These results will provide a basis for additional studies and theory development
and technologies based on this phenomenon.
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