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We use angle-resolved photoemission spectroscopy to image the emergence of substantial dispersion
and spectral-weight anomalies in the electronic renormalization of the actinide compound UCoGas that
was presumed to belong to a conventional Fermi-liquid family. Kinks or abrupt breaks in the slope of the
quasiparticle dispersion are detected both at low (approximately 130 meV) and high (approximately 1 eV)
binding energies below the Fermi energy, ruling out any significant contribution of phonons. We perform
numerical calculations to demonstrate that the anomalies are adequately described by coupling between
itinerant fermions and spin fluctuations arising from the particle-hole continuum of the spin-orbit-split 5f
states of uranium. These anomalies resemble the ‘“‘waterfall” phenomenon of the high-temperature
copper-oxide superconductors, suggesting that spin fluctuations are a generic route toward multiform
electronic phases in correlated materials as different as high-temperature superconductors and actinides.
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I. INTRODUCTION

The coupling between electrons and elementary excita-
tions, originating from lattice or electronic degrees of free-
dom, can drive the formation of new emergent phases, such
as magnetism and superconductivity. For rare-earth and
actinide f-electron systems, the development of low-
energy fermionic excitations with heavy electron mass is
complicated by the interactions between f-electron spins
and those of itinerant electrons. They often exhibit an
interplay between Kondo physics, magnetism, and super-
conductivity [1]. So far, it has been thought that this
physics is not at play in UCoGas with a tetragonal crystal
structure and metallic ground state [2]. In fact, it has been
dubbed a vegetable, because of its lack of heavy mass [3,4],
other competing orders [2,5-7], and showing of a spin-
lattice relaxation rate that obeys the Korringa law of a
conventional Fermi liquid at low temperatures [8].
However, at approximately 75 K, it violates the Korringa
law by exhibiting a quadratic-temperature dependence
without any sign of magnetic ordering. The simple lack
of ordering is often contrasted with the rich properties
of the isostructural PuMGas; and PuColns; compounds
(M = Co, Rh) [9]. Here, we show that UCoGas is not a
typical Fermi liquid. It is rather anomalous as evidenced by
the drastic renormalization of the electronic dispersion at
low and high binding energies when compared with ab-
initio electronic bands. These kinks resemble the “water-
fall” phenomenon of cuprates [10—12] and point toward a
common mechanism of spin fluctuations in both d-and
f-electron systems.
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The actinide systems remain poised between the
strong- and weak-coupling limit of Coulomb interaction.
Therefore, they offer significant tunability across several
correlated states of matter. The effective Coulomb repul-
sion U of the 5f electrons is not strong enough to
localize all of them, yet it is sufficient to slow them
down so they acquire a moderately increased mass near
the Fermi level. The central puzzle is how this common
low-lying heavy electronic state transforms into stable
ground states that differ dramatically within the family
[7,13,14]. An understanding of these differences hinges
on knowing the nature of the exchanged bosons that dress
the bare electrons to become heavy quasiparticles and
ultimately drive the system into a particular stable ground
state. The choice of UCoGas for this study allows us to
rule out any possible intervention of competing orders.
Thus, it offers a clean approach to unravel the nature of
the exchanged boson in the actinide family and related
heavy-fermion systems.

II. EXPERIMENT

We use angle-resolved photoemission spectroscopy
(ARPES) to image the momentum and energy dependence
of the electronic dispersions and thereby reveal the renor-
malization of itinerant bands. Details of the ARPES experi-
ments and calculations are described in the Supplementarl
Material ([15], also see Refs. [16-25]). Figure 1 reports our
main experimental result of UCoGas. A quick visual in-
spection of the spectral function in Figs. 1(a) and 1(b) (3D
and 2D rendering of the same data, respectively) shows
extensive spectral-weight redistribution both in momentum
and energy space. The dispersion (traces of the intensity
peaks) in Fig. 1(b) reveals a drastic departure of the qua-
siparticle states from the ab-initio electronic structure cal-
culations (black dashed lines). More important, the
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Dispersion and measured ARPES spectral-function anomaly. (a) 3D intensity map of UCoGas along the M — I" direction

(h, b, 0) in the Brillouin zone. (b) Same data plotted as the 2D contour map and compared to the corresponding ab-initio GGA
electronic band-structure dispersions (black dashed lines). Arrows indicate two quasi-non-dispersive energy scales of higher
intensities. All the ARPES data are collected at the photon energy of 46 eV, with energy resolution better than 20 meV. (c) The
EDCs are plotted for fixed momenta. The curves from bottom to top are chosen for equally spaced momentum points from M to I'. The
arrows have the same meaning as in panel (b). (d) MDCs for fixed binding energy. The bottom to top curves are chosen from £ = —2.1
to E = 0 eV. The dashed lines are guide to the eyes for two extracted low-lying dispersions of anomalous character, analyzed in
Fig. 2. (e) PES of UCoGajs at photon energies hv = 108 eV (red line) and v = 102 eV (blue line). Their difference curve (green line)
reveals the dominant 5f character [26]. (f) Partial PES of UCoGas (momentum integrated between I' and M) compared with two
related actinides. UNiGas and PuCoGas exhibit antiferromagnetic [13] and superconducting [29] ground states, respectively. All data

are normalized arbitrarily for ease of comparison.

associated quasiparticle width at the peak positions is
significantly momentum and energy dependent. Unlike
the renormalized quasiparticle-dispersion relation, which
is a genuine manifestation of many-body correlation ef-
fects, the anomaly in the lifetime may have many intrinsic
and extrinsic origins and is more difficult to assign to a
particular mechanism [26] [see [15] on the extrinsic back-
ground]. We notice that while bare bands, computed within
density functional theory based on a generalized gradient
approximation (GGA), are present in the entire energy and
momentum region, the spectral intensity is accumulated
mainly at two energy scales. Such a connection between
low- and high-energy scales is analogous to the so-called
“waterfall” or high-energy-kink feature observed in
single-band cuprates [10-12], where the band bottom lies
at I', while here it is shifted to the M point.

The anomaly is markedly different in the energy and
momentum space, which is a hallmark feature of correlated
electron states. To expose this distinction, we present
several energy-distribution curves (EDCs) of the ARPES
intensity at several representative fixed momenta in
Fig. 1(c), and momentum-distribution curves (MDCs) at
several fixed energy points in Fig. 1(d). The peaks in the

EDCs display prominent dispersionless features at two
energy scales. The lowest energy peak persists at all mo-
menta around —80 meV and gradually becomes sharper
close to the I" point. This low-energy feature reveals the
formation of the long-lived renormalized quasiparticle. We
will show below that the renormalization phenomena can
be quantified to originate from the interaction of electrons
with spin fluctuations, even without invoking the more
traditional Kondo physics of heavy fermions. The high-
energy feature around —1 eV is considerably broad in both
energy and momentum space. In momentum space it at-
tains a large width, demonstrating that these states are
significantly incoherent. By comparing the experimental
dispersion with its ab-initio counterpart, we can convinc-
ingly draw the conclusion that these incoherent states are
created by spectral-weight depletion near —500 meV due
to coupling to spin fluctuations. To gain further confidence
about the correlation origin of these band anomalies, we
note that such a redistribution of the spectral weight does
not occur uniformly for the noninteracting bands; for in-
stance, the spectral weight is strongly suppressed between
—2 and —1.5 eV near the M point, albeit several bands are
present in this part of the Brillouin zone. By comparing the
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MDCs and EDCs, we immediately see that the spectrum is
less dispersive as a function of momentum, while it dis-
perses strongly with energy.

Figure 1(e) shows the quasiparticle peak pushed below
the Fermi level by approximately 290 meV in the integrated
photoemission spectrum (PES). The difference curve
(green line) between measurements at 108 and 102 eV
photon energies reveals that the quasiparticle states in the
vicinity of the Fermi level are predominantly of a 5f char-
acter [26]. The partial PES that comes from the I' = M
momentum direction is obtained by integrating the spec-
trum in Fig. 1(b) and shown by the red line in Fig. 1(f).
Interestingly, it displays a characteristic peak-dip-hump
feature, which is generic for other isostructural actinides
[6,27] (also shown here), as well as for 6-Pu [28] and
copper-oxide superconductors [10-12] (not shown).
Unlike UCoGas, the actinides UNiGas and PuCoGas ex-
hibit antiferromagnetic [13] and superconducting [29]
ground states, respectively.

ITI. ANALYSIS

In order to explain the correlation aspects of the disper-
sion anomalies, we extract two quasiparticle-dispersion
branches by tracing the locii of the MDC peaks as shown
in Fig. 2(a). To disentangle subtle features in the disper-
sion, the common practice is to observe the departure of the
dispersion with respect to a featureless one £, (shown by
dashed lines of the same color). A visual comparison
reveals a sharp kink in the metallic actinide UCoGas,
that is, a change in the slope of the dispersion. The low-
energy kink lies around —130 meV (indicated by green
arrow), which is higher than that in cuprates (— 70 meV)
[30]. On the other hand, the kink observed in the actinide
USb, is at a much lower energy, and thus is most likely
caused by electron-phonon coupling [31]. Furthermore, the
high-energy kink of the waterfall (— 1 eV) poses a ubiq-
uitous anomaly as in cuprates [10-12]. On the basis of
these comparisons, we deduce that the present kink lies
well above the phonon energy scale of approximately
30 meV for metallic UCoGas [32], and hitherto provides
a novel platform to study the evolution of spin fluctuations
in f-electron systems. It is known that the role of phonons
vanishes in the high-energy scales of present interest in
conventional metals, unlike, for example, in quasi-one-
dimensional blue and red bronzes where the Peierls insta-
bility can shift the phonon energy scale by 10-15 times.
[33,34].

In standard quantum field theory notation, the coupling
between bosonic excitations and fermionic quasiparticles
is defined by a complex fermionic self-energy 2, (k, ®)
function. The real and imaginary parts of the self-energy
cause dispersion renormalization and quasiparticle-
lifetime broadening, respectively. This information can
be derived from the ARPES spectra by tracing the peak
positions of the nth band k,, as
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FIG. 2. The real and imaginary parts of the experimental self-
energy. (a) Two low-lying dispersions derived from the peak
positions of the MDCs [Fig. 1(d)] along M — I". The momentum
axis is offset by kr for band B1. Dashed lines of same color give
the ab-initio dispersion (offset from their corresponding Fermi-
momenta values) which help expose the degree of anomaly for
each dispersion with respect to their linear dispersion features.
(b) The real part of the self-energy measures the deviation of
each dispersion curve in panel (a) from its corresponding GGA
value. The green arrow marks the location of the low-energy
kink. (c) The inverse of the MDCs width obtained with the help
of Fig. 1(c), which is proportional to the imaginary part of the
self-energy, when the extrinsic background contribution is neg-
ligible. Different color fillings in all three curves (corresponding
to band B1) separate the characteristic energy scale (marked by
red arrows). The imaginary part attains a peak at the energy
where the real part of the self-energy changes sign. To demon-
strate this behavior we calculate Im2, from Re2, in panel (b) and
plot it as a black dashed line in panel (c).

Re2, (k, w) = w — &, (D

Im3,(k, ) = 1/FWHMypc. 2)

Here ¢, is the GGA dispersion with respect to its corre-
sponding Fermi energy. The obtained results for Re2, and
the inverse full width at half maximum (FWHM) of MDC
are given in Figs. 2(b) and 2(c), respectively, for the two
extracted bands shown in Fig. 2(a). Taking advantage of
our high-precision data, we expose two energy scales in
ReZ (marked by arrows) that are intrinsically linked to the
quasiparticle lifetime 7 = #/(2ImY,). In addition to the
peak at the kink energy, Re3 possesses a sign reversal
around 260 meV. This is an important feature that imposes
the constraint that the corresponding Im2, should yield a
peak exactly at the same energy due to the Kramers-Kronig
relationship. This is indeed in agreement with our findings
for UCoGajs in Fig. 2(c), which exhibits a sharp peak in the
extracted broadening, exactly where Re2 changes sign
(marked by a red arrow). It is worthwhile to mention that
in ARPES measurements, the extrinsic source of quasipar-
ticle broadening is typically known to be quasilinear in
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FIG. 3. Theoretical study of the spin-fluctuation-dressed dispersion anomaly. (a) Spectral-function intensity map versus energy and
momentum along M — I'. The black lines are the corresponding ab-initio bands. The arrows mark the two energy scales of highest
intensity, as in Fig. 1(a). (b) The real part of the momentum and orbital averaged self-energy (blue line) compared with the
experimental data (red dashed line). The experimental curve is multiplied by a factor of 5 for better visualization, because it is derived
from a linear slope. The green dashed line marks the zero-energy axis. (c) The imaginary part of the self-energy shows a peak at the
same energy where the experimental linewidth also has a peak. The inset shows the spin-fluctuation interaction potential responsible
for the structures seen in the self-energy. (d) Computed partial PES (integrated over momentum between I" and M) shows multiple
peaks, as in the experimental curve [red dashed lines, taken from Fig. 1(e)]. The black line is the corresponding (normalized) GGA
density of states. The red arrows mark the depletion of states, originating from the spin-fluctuation interaction.

energy [35], while the presence of a peak is a definitive
signature of the intrinsic origin of broadening.

IV. NUMERICAL CALCULATIONS

Encouraged by the aforementioned analysis, we proceed
with an ab-initio calculation to delineate the nature of the
elementary excitations responsible for this anomaly. As
mentioned before, both the energy scales and the strength
of electron-phonon interaction [36,37] is insufficient to
capture our observed dispersion anomalies. We demon-
strate that the electron-electron interaction due to the dy-
namical spin fluctuations of exchanged bosons can
describe the data. In UCoGas, strong spin-orbit coupling
from relativistic effects enables substantial spin fluctua-
tions whose feedback results in an increase of the electron
mass and a shortening of the quasiparticle lifetime. We
perform numerical calculations of the spin-fluctuation in-
teraction potential (defined here as V) and resulting self-
energy 2,,(k, w) within spin-fluctuation coupling theory.
Our intermediate coupling approach constrains the value of
the Coulomb potential U to be of the order of the ab-inito
band width ~1 eV; for details see [15].

The computed results are presented in Figs. 3(b) and 3(c).
A close examination of all these spectra reveals essentially
two energy scales tied to the electronic structure of
UCoGas. In this system, the spin-orbit coupling of U atoms
splits the degeneracy in the 5f states by approximately
500 meV [9], which stipulates a strong peak in V. and
Im3, (correspondingly Re3, changes sign at this energy
owing to the Kramers-Kronig relation). The second peak
develops at a higher energy from the transition between

unfilled 5f states and occupied 3d states of the Co atoms.
Note that both energy scales are clearly discernible in Vg
(red arrows in the insert) and shift to higher energy in Im3
due to the effects of dispersive bands. The peaks (dips) in
Im2, correspond to electronic spectral-weight dips (peaks)
in ARPES as shown in Fig. 3(a). Importantly, the spin
fluctuations also adequately explain the quasidispersionless
renormalized feature around —80 meV and the spectral-
weight peak-dip-hump features (marked by arrows), as
observed in the ARPES spectra in Fig. 1(b), although
some discrepancies exist. The momentum-integrated spec-
trum in Fig. 3(d) further demonstrates the presence of both
dips in the experimental and theoretical spectra. We note
that the calculated self-energy corrections only shift the
GGA Fermi surface (FS) maps in the k, = O plane. The
computed FS maps are in accord with de Haas-van Alphen
measurements, except for the tubelike FS around
(7/2, 7/2,0) [38]. Furthermore, our GGA calculation
agrees with previous electronic structure calculations
[36,37], except for the detailed shape of the tubelike FS.
By turning on the self-energy, the disconnected tubelike
FSs become connected along the k, direction, as shown in
the Supplemental Material [15], signaling a topological
transition between a closed and open FS due to a small shift
in Fermi energy.

Next we turn to estimating the degree of correlations in
this material. The electron-phonon and spin-fluctuation
coupling strength A can be extracted from the slope of the
self-energy in the low-energy region as Re3,, [k, &,(kp)] =
— A&, (kp). Our theoretical estimate of the spin-fluctuation
coupling constantis Agg = 1.0. Experimentally, an estimate
of A at the Fermi level is obtained by comparing the
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measured Sommerfeld coefficient with respect to its non-
interacting value y = (1 + A)vy,. The reported measured
values of y are between y = 10 and 21 mJ/mol K? [5,7].
Our GGA calculated value of y, = 5.8 mJ/mol K? agrees
well with the literature [36,37] and thus gives an experi-
mental estimate of A, = 0.7-2.6. Therefore, the combi-
nation of spin fluctuations, Agz = 1.0, and low-energy
electron-phonon  coupling, A, ~0.7 for PuCoGas
[32,39], adequately describes the observed electronic
mass renormalization in UCoGas.

V. CONCLUSIONS

Our intermediate Coulomb-coupling approach offers an
opportunity to address the complex nature of the dynamic
band renormalization in actinides. This is not unexpected
for materials with itinerant electrons, since similar theories
based on the coupling between spin fluctuations and fer-
mionic quasiparticles are among the leading contenders for
explaining the origin of high-temperature superconductiv-
ity [40] and other emergent states of matter in d- and
f-electron systems [41,42]. In addition, spin fluctuations
in 5f-electron systems are a manifestation of relativistic
effects due to spin-orbit-split states of an order of approxi-
mately 500 meV in UCoGas. The emergence of a disper-
sionless band around —80 meV may be related to the
breakdown of the Korringa law for the spin-lattice relaxa-
tion rate observed above approximately 75 K [8]. In fact,
spin-orbit coupling may provide a novel electronic tuna-
bility for the interaction strength and characteristic
frequency of the mediating boson. The results for the
self-energy will motivate efforts to identify generic disper-
sion anomalies, waterfall physics, as well as their role on
various mysterious spin-orbit-ordered emergent phases
[14] in a larger class of actinide and heavy-fermion
compounds.
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