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Abstract — Strong interactions in correlated electron systems may result in the formation of
heavy quasiparticles that exhibit kinks in their dispersion relation. Spectral weight is incoherently
shifted away from the Fermi energy, but Luttinger’s theorem requires the Fermi volume to remain
constant. Our angle-resolved photoemission study of USb, reveals a kink in a noncrossing 5 f band,
representing the first experimental observation of a kink structure in f-electron systems. The kink
energy scale of 21 meV and the ultra-small peak width of 3meV are observed. We propose the
novel mechanism of renormalization of a point-like Fermi surface, and that Luttinger’s theorem

remains applicable.

Copyright © EPLA, 2008

Introduction. — Since the remarkable discovery of
heavy-fermion superconductivity in CeCusSiy [1], the
properties of f-electron materials were linked to the
renormalization of electron effective masses due to strong
electronic correlations. At low temperatures, a typical
heavy-fermion system behaves as a Fermi liquid with
heavy quasiparticles, while, at higher temperatures, it
exhibits a local moment character. The cross-over between
these two types of behavior is driven by the high entropy
associated with the local moments that is removed at low
temperatures when the electrons delocalize leading to the
formation of the heavy Fermi liquid. Hence, the f-electrons
exhibit a dual nature, and the physical properties of
f-electron systems become sensitive to minute changes
in parameters like temperature, pressure, magnetic field
etc., exhibiting a plethora of exotic and often coexisting
states. Details of the quasiparticle mass renormalization
are central to understanding these properties.

In the low-temperature electronic structure of strongly
correlated d-electron systems, electron correlations may
lead to band renormalization. Narrow, dispersive quasi-
particle bands are formed in the vicinity of the Fermi
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energy, exhibiting long lifetimes and increased effective
masses. Numerous studies have been recently directed at
a detailed spectral analysis of the quasiparticle disper-
sion in strongly correlated systems, especially in the
high-temperature superconductors. This effort revealed
the existence of characteristic energy scales, or kinks, in
the quasiparticle excitation spectrum. The observed kink
energy scales range from 40meV [2] in high-temperature
superconductors up to 900meV [3] in graphene. The
nature of kink-like changes in the slope of band dispersion
is being vigorously debated. Kinks are taken as evidence
for the coupling of electrons to either phonons or spin
fluctuations [4-8]. Multiple coexisting energy scales were
reported for kink-like many-body interaction effects in
cuprates [9]. Recently it was also proposed that within a
coupling-free scenario [10], kinks emerge solely from elec-
tron correlations. Spectroscopic evidence for the first two
mechanisms is found in the d-electron high-temperature
superconductors, but no kink structures have been
observed in f-electron systems. Here we describe the first
observation of a kink in the 5f quasiparticle excitation
spectrum obtained by high-resolution angle-resolved
photoelectron spectroscopy (ARPES), linked to the
local spin density approximation (LSDA) band structure
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and many-body calculation. Contrary to the previously
reported observations, we find a kink in a band that does
not cross the Fermi level. Within the renormalized region
we find the 5f quasiparticle intrinsic peak width of less
than 3meV, the narrowest ever observed in the photo-
emission of f-electrons. We propose a novel mechanism
of renormalization of a point-like Fermi surface to explain
our findings.

Uranium dipnictides UX, (X=P, As, Sb and Bi)
are a family of correlated f-electron antiferromagnets
with tetragonal structure (P4/nmm) which have rela-
tively high Néel temperatures [11,12] and complex
transport properties [13]. The electronic specific heat of
USbs of 25mJK—2 mol™! is small in comparison with
Ce-based heavy fermions, but is typical for many uranium
compounds where strong hybridization between 5f and
conduction electrons leads to itinerant behavior. In
recent years, extensive de Haas - van Alphen (dHvA)
work revealed cylindrical sections of the Fermi surface
of quasi-two-dimensional character [14-16] with axes
parallel to the [001] direction. The itinerant nature of
5f-electrons is reflected in the large cyclotron masses
inferred from the dHvA oscillations which range from
1.84mg to 8.33myg, depending on the sheet of the Fermi
surface [17]. A 5f contribution to the conduction band
was derived from these observations. Early photoemission
studies [18] revealed the dispersive nature of the 5f
bands and confirmed the quasi-two-dimensional character
of USb,. More recently, high-resolution angle-resolved
photoemission was used to measure the dispersions of the
5f band near the Fermi level [19]. A dispersion of at least
14 meV was found along the I'-X direction, and less than
10meV in the I'-Z direction, with the line width less
than 10meV. In the present work we establish the line
width to be no larger than 3meV in some parts of the
band.

Experiment and theory. — The risk of radioactive
contamination of expensive high-resolution photoelectron
spectrometers and synchrotron storage rings is a limiting
factor in the arena of actinide research. Importantly for
photoemission techniques, f-electron materials are also
very susceptible to surface contamination by residual gases
which are always present in a vacuum measurement cham-
ber. High-quality single crystals and ultra-high vacuum
conditions are therefore essential. In our experiments, we
use high-quality, flux-grown single crystals cleaved in situ
in an ultra-high vacuum environment. The USbs sample
ordered antiferromagnetically below the Néel temperature
of 205 K, as indicated by our susceptibility measurements.
The ordered moment is about 1.8up/U. The crystal
orientation was determined by X-ray diffraction prior
to measurement. The base pressure in the measurement
chamber did not exceed 3 x 107! torr. Angle-resolved
photoemission was performed using the Plane Grating
Monochromator beamline at the synchrotron Radiation
Center in Stoughton, Wisconsin. We used 34 eV photons,

with an overall energy resolution better than 20meV
and an acceptance angle of +1 degree. In the tetragonal
layered CusSh-type structure, with ¢/a ratio equal to 2,
an easy-cleave plane exists parallel to the a direction.
Measurements were performed at a temperature of 15K
and the data were normalized to a Pt Fermi level reference.
Peak spectral properties were established by nonlinear
multiparameter regression fitting of the experimental data
for each k value with a convolution of Fermi function, a
Gaussian width representing the energy resolution and
an asymmetric Doniach-Sunjic (DS) width representing
the intrinsic lifetime (see the appendix for more details).
The DS picture is commonly used for valence band and
near-EF quasiparticle features as a tool for describing
asymmetry [20,21]. This is implemented here in terms of
the asymmetric variation in the Lorentzian component of
the fit. The real part of the self-energy function was found
self-consistently by a Kramers-Kronig transformation of
the measured spectrum.

The density functional theory (DFT) calculations
presented here for USby were performed using the full
potential local orbitals (FPLO) method [22], adopting
the local spin density approximation (LSDA). In our fully
relativistic, full-potential calculations, the f-electrons
were treated as itinerant and included in the set of valence
states. The antiferromagnetic superstructure of USby, was
assumed in the calculations, adopting the experimental
lattice parameters a = 4.27 A and ¢=8.748 A. The follow-
ing basis sets were assumed for U and Sb: 6s6p6d; 7s7p
and 5f; and 4s4p4d; 5s5p, respectively. The Perdew-Wang
parametrization [23] of the LSDA exchange correlation
energy was adopted in our calculations.

In order to test our LSDA calculation the optimized
theoretical volume (at minimum total energy) was calcu-
lated to be 1.2 percent smaller than the experimental
volume.

Finally, many-body calculations were performed which
incorporated the coupling between the electronic bands
and the spin fluctuations of the antiferromagnetic state.
The real part of the self-energy yields a renormalization
of the quasiparticle dispersion relation due to the mass
enhancement, while the imaginary part is responsible for
the peak width. These calculations only take into account
two bands which are split due to the antiferromagnetic
order; one of which is completely filled and a second band
which crosses the Fermi energy. Due to the difference
in the LSDA band dispersion relations of these two
bands, electrons in these bands have different self-energies
even when interband scattering processes are taken
into account. The shift in the Fermi energy due to the
many-body interactions is obtained directly from the
self-energy of the band which crosses the Fermi energy.
The angle-resolved spectrum was calculated from the
imaginary part of the one-electron Green’s function. The
Green’s function was calculated using the LSDA bands
and a k-dependent self-energy which incorporated boson
emission and absorption processes. The bosons were
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Fig. 1: (Colour on-line) Electronic structure of USby along
the T' to X direction. Angular scans between I' (top of the
picture) and X points in the Brillouin zone of USb, are shown,
with photoemission intensity normalized only to mesh current,
i.e. photon beam intensity. Data were taken at a photon
energy of 34eV. Red markers indicate the quasiparticle peak
binding energy obtained from nonlinear fitting (see text for
explanation) for the band discussed here.

modeled by a Debye spectrum, and the vertex corrections
were ignored, in accordance with Migdal’s theorem [24,25].

Results. — A detailed view of the ARPES spectra
along the I'-X direction of the Brillouin zone is presented
in fig. 1. The Fermi level is marked “0”, and the binding
energy scale is 200meV. The spectra presented in fig. 1
reveal that the dominant feature is a single band “A”,
indicated with red markers, which disperses towards
higher binding energies. Several crossing bands corre-
sponding to cylindrical Fermi sheets found in dHvA
appear around and above the mid-zone area, but are
of much weaker spectral weight than band A. Both our
previous Fano resonance measurements [19] and our
current DFT band structure calculation indicate that
the narrow near-Fermi energy (Ef) features are predom-
inantly of 5f character. These features are strongly
renormalized, which leads to the extremely narrow
natural line width. A direct comparison of the LSDA
band structure calculations and measurements is shown in
fig. 2. Both the LSDA calculation and the high-resolution
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Fig. 2: (Colour on-line) Details of the electronic structure of
USbz and comparison with LSDA calculation. Panel A) shows
the energy distribution curve (EDC) in the vicinity of the T’
point, with intensity enhanced to show the B and C bands
clearly. Bands A, B and C are marked with arrows. The contour
plot of the EDCs between I' and X points is shown in panel B),
with the characteristic features A, B and C marked the same
as in panel A). The calculated LSDA band structure is also
shown in panel B) in black lines. Relatively good agreement is
obtained between LSDA band positions A, B and C along the
high symmetry point (I'). However, when moving towards the
X point, one can clearly notice discrepancies: the measured
band dispersion is flattened in comparison to LSDA. The
flattening of bands appears within the first 20-50 meV below
the Fermi level. Panel C) shows the focus of our attention in
this paper, namely the expanded view of the quasiparticle band
A dispersing from the zone center, with a clearly visible kink
in the middle part of this panel.
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Fig. 3: (Colour on-line) Dispersion and spectral function properties of band A. Two distinct renormalization regions may be seen
here, separated by a kink. The LSDA band is plotted in black, whereas the two renormalization regions Z; and Zy are in red
and blue, respectively. Each black dot corresponds to the peak position found by the nonlinear multiparameter regression fitting
of a single EDC scan for a given momentum value. If we denote the measured band dispersion as egx p, and use the LSDA band
dispersion e,spa as a bare band analogue, then a renormalization factor Z may be found by comparing the slope of egxp =2
erLspA. In order to match the experimental dispersions, we have renormalized the original LSDA band by the factor Z; =0.19
in the binding energy (Ep) - momentum (k) space of (—20 < Ep <0, 0 < k, < 0.18), and factor Z> =0.39 in (—60 < Ep < —20,
0.18 < k» < 0.35) space, where the energy is in —meV and the momentum in 7/a units, respectively. The kink appears near
Ep=-20meV and k, =0.18, as the separation of two different regions of renormalization. Interestingly the directions of the
Z1 and Z, shifts are opposite, and band A seems to align with the LSDA band at energies below 150-200 meV, but the spectral
intensity in this region is too low to clearly identify such alignment. The real and imaginary parts of the self-energy are shown

in the right-hand panels (black lines), together with measured values (red lines).

ARPES measurements show features corresponding to the
bands A, B and C, shown in fig. 2 for k=0 in panel A).
We will now focus on the properties of the strongest band
A, shown in panel B) and enhanced in panel C), where
owing to high intensity we can determine spectral prop-
erties accurately. Interesting differences in the dispersion
of band A are found between the LSDA calculation and
the experiment. Particularly, the abrupt changes in the
band dispersion brought in by renormalization are not
reproduced in the LSDA calculation, which lacks strong
electron correlations and coupling to bosonic fields. We
have therefore performed the many-body calculations
where the electronic correlations are introduced in the
form of low-energy bosonic excitations. The renormal-
ization of band A is shown in detail in fig. 3, where
the binding energy of band A is shown as a function of
momentum. Two distinct regions of k-space may be seen
here, separated by a kink in the dispersion relation. Our
many-body calculation result is also shown in fig. 3, as well

as a comparison of the measured and calculated real and
imaginary parts of the spectral function. Both real and
imaginary parts are in good agreement with calculations.
The limits of the angular resolution might contribute
to a smooth transition towards increasing peak width,
if the analysis were performed on a strongly dispersive
band. Band A is only slightly dispersive, and the observed
changes in the peak width are rapid and associated with
the kink energy scale, therefore may not be explained
by resolution effects. We conclude that the observed kink
structure, as manifested in binding energy, peak width and
peak asymmetry, is not an artefact of data reduction.
The spectroscopic details of the kink: dispersion, asym-
metry, lifetime and peak width are shown in fig. 4. The
asymmetry parameter, fitted in the sense of Doniach-
Sunjic asymmetry, indicates a clear boundary between the
two regions. We find the corresponding increase in asym-
metry for small k in our many-body calculations. For the
completely filled band, a final-state hole with Bloch wave

37003-p4



Observation of a kink in the dispersion of f-electrons

a)
=y
Q
=
by
>
o
@
[ =4
[0}
[
£
o
£
o
b) 0.25 :
i
;
avg=017 |
g 0207 l
(i}
£ OO i s s
)
© 0.15 e ¢ '
[=% L]
e
E i
@ 1
E 0.10 1 %
g 7 i
> 1
0 i
© 1
|
19
L 0.05 |
;‘ avg<0.01
0.00 | ! 2 e
T T ';‘ T T F L4
C) 35 : }L
; ]
30 | }
'
| t
— 254 !
% ' i
|
' °
E 2 '
E 1
= i
=2 '
Z 154 :
©
& ] :
104 '
i
avg=28meV | °
3 [ T
..—0—'—‘—.—0—:
'
01 . . . . . . .
0.0 0.1 02 03 0.4

Fig. 4: (Colour on-line) Spectroscopic details of the kink. Red
and blue dots represent experimental values. The band disper-
sion in two renormalization regions indicated in red and in blue,
respectively, is shown in panel a). The corresponding disper-
sion fits are e = —17.13meV — 162.38%2 and ¢ = —12.77 meV —
331.03k2 for red (Z1) and blue (Z») parabola, respectively.
Hence, the effective quasiparticle masses mi and m3 for Z; and
Zo regions, respectively, are calculated from curvatures, and
the ratio mi/ms3 is found to be close to 2. The Doniach-Sunjic
asymmetry parameter and peak width are shown in panels b)
and c), respectively. In each plot a distinct boundary between
two renormalization regions may be noted.

vector k can decay to states with wave vector k—q by
the emission of a low-energy bosons with wave vector q.
This intraband decay process contributes to the low bind-
ing energy tail of the ARPES peak when e_q > €y.
However, because of the inverted nature of band A, there
is limited phase space available for this process when e
is close to the top of the band and so the peak becomes
asymmetric.

Ikink Igap
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Fig. 5: (Colour on-line) Renormalization of the point-like Fermi
surface. S1 and S2 represent the Fermi volume before and after
renormalization, respectively, and EF is the Fermi level. LSDA
bands (left panel) are renormalized in a way that induces as
flattening of the band and a shift in the Fermi energy. Two
combined effects result in the formation of a kink structure
at an energy scale of 21 meV and a gap of 17meV, while
Luttinger’s condition of S; = .S2 is maintained.

A dramatic transition may also be seen in fig. 4 in the
peak width and corresponding lifetime. The peak width of
less than 3meV in the Z; region is an order of magnitude
smaller than the binding energy and corresponds to a
quasiparticle lifetime of over 200 fs. The ultra-small width
shows up in our many-body calculations for small k, where
the quasiparticle peak breaks off from the continuum
spectra and becomes a delta function, similar to the situ-
ation found by Engelsberg and Schrieffer [26] for a band
which crosses the Fermi energy. However, on extending
their analysis to noncrossing bands, one finds a zero-
width quasiparticle peak without a kink. This finding is
in accordance with measurements on semiconductors [27],
but insufficient in explaining the kink structure in USbs.

Discussion. — We propose that the maximum of the
LSDA band in USby has a single common point with the
Fermi energy, but the measured band A is renormalized
and shifted 17meV below the Fermi energy. This presents
a novel and exciting situation in which the Fermi liquid
theory is pushed to the extreme for the point-like Fermi
surface, as shown in fig. 5. The Fermi surface is usually
defined in terms of a discontinuity of the momentum
distribution of electrons ny. Luttinger [28] proved that
the volume enclosed by the Fermi surface is independent
of the strength of the interactions. In the normal state of
the quasi-two-dimensional high-T,. superconductors, the
Fermi liquid concept prevails even when the discontinuity
in ng becomes small due to the vanishing of the quasi-
particle weight [29]. In our case, the discontinuity occurs
at an isolated point so Luttinger’s theorem may be called
into question. Furthermore, renormalized quasiparticle
masses and enhanced lifetimes are not expected in
noncrossing bands, so the applicability of the quasi-
particle concept may also be questioned. However, when
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interband transitions involving a band which crosses Er
are taken into account, then our many-body calculations
indicate that a kink is induced into the dispersion relation
of the noncrossing band. Due to the difference in the
self-energies of the crossing band and the noncrossing
band, the Fermi energy is renormalized upward by the
electron-boson scattering. The band forming a point-like
Fermi surface is pushed down, thereby removing any
cause for a violation of Luttinger’s theorem.

Even though band A in USby starts at 17 meV below
the Fermi energy, the spectrum associated with this band
still shows properties of a renormalized Fermi liquid,
such as the kink in the dispersion relation and ultra-
sharp quasiparticle peaks. These features may be assigned
to interband electron-boson scattering processes, with
asymmetry being controlled by intraband scattering. We
show, for the first time, the existence of a kink structure
in f-electron materials. Our findings extend the kink
physics from d-electron to f-electron arena, where the
high-resolution spectroscopy methods of analyzing the
spectral function still have to play their role, hopefully
leading to breakthroughs similar to those observed in
unconventional superconductors within the last decade.
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APPENDIX

High fit quality is achieved through the use of a numerical
procedure based on minimizing the sum of the squares of
M nonlinear functions in N variables by a modification
of the Levenberg-Marquardt algorithm. We have obtained
convergence with the average chi-square value of 0.03
for about 1000 to 4000 iterations depending on k, which
corresponds to a very good fit. The core of the solver was
developed at the Sandia National Laboratory in 1981-1986
on the basis of earlier codes from the Argonne National
Laboratory. This core was used as engine for our own code
written about 20 years ago by one of us [30], where the
Doniach-Sunjic lineshape in the valence band context is
modelled by a convolution of Gaussian, Lorentzian, Fermi
function at temperature, DS asymmetry, background and
branching ratio with spin-orbit splitting for shallow core-
levels fitting (not used here). We start the fitting with the
k =0 curve, where the initial binding energy of the three
peaks A, B and C shown in panel A) in fig. 2 is taken from
the LSDA band structure; then the solver converges to
peak A being below the Fermi level, while peaks B and C

converge in good agreement with LSDA. Subsequently, the
values for all parameters obtained for the converged k =n
fit are used as starting values for the next k =n + 1 fit. The
error of the mean is decreasing with a square root of the
number of samples. In other words, it is very well known
in spectroscopy that a peak position can be determined
with an accuracy better than the experimental resolution
if a sufficient number of points is available per peak. Here,
the problem of error propagation is more complex due to
nonlinear fitting, but the error values may be obtained
for a diagonal of the covariance matrix or from a Monte
Carlo error propagation analysis. Our analysis is based on
approximately 150 experimental points per scan. As may
be seen in fig. 1 the binding energy of the quasiparticle
peak does not always correspond exactly to the maximum
intensity. The quasiparticle peak binding energy is in fact
convoluted, hence the de-convolution process through the
above-described fitting must be performed for each k.
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