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Optical investigation of the heavy-fermion normal state in superconducting UTe,
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The recently discovered superconductor, UTe,, has attracted immense scientific interest due to observations
that suggest odd-parity superconductivity. It is believed that the material is a heavy-fermion metal at low
temperatures although details of the normal state are unclear. Using Fourier transform infrared spectroscopy, we
investigated the normal state electronic structure of UTe, at zero applied magnetic field. Combining the measured
reflectivity with the dc resistivity, the complex optical conductivity was obtained over a large frequency range.
The frequency dependence of the real part of the optical conductivity exhibits a MIR peak around 4000 cm~! and
a narrow Drude peak that develops below 40 K. A combination of density functional and dynamic mean-field
theory gives spectra in close correspondence to the experiment. Via this comparison we attribute the prominent
MIR peak to interband transitions involving a narrow U 5f feature that develops near the Fermi level. In this
regard, this comparison along with data that shows the scale of the low-temperature mass renormalization gives
spectroscopic evidence for the existence of a low-energy Kondo resonance at temperatures just above the onset
of superconductivity and implicates heavy electrons in the formation of the superconducting state. We find that
the coherent Kondo resonance is primarily associated with a collapse of scattering and less with a transfer of

spectral weight.
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I. INTRODUCTION

Heavy-fermion compounds are comprised of a lattice of
strongly correlated f electrons coupled to a sea of conduc-
tion electrons. At high temperatures, these systems behave
as an ensemble of weakly interacting fermions with modest
masses and localized f electrons. At low temperatures, Kondo
hybridization between these subsystems can give a metallic
state with charge carriers whose masses can be a thousand
times the free electron mass [1]. The high-temperature state is
reminiscent of the situation for isolated magnetic impurities,
where the Kondo interaction causes spin scattering of conduc-
tion electrons. However, at low temperatures, this interaction
causes the conduction electrons to collectively and coher-
ently screen the local magnetic moments of the f electrons of
the lattice to form a Kondo singlet. This effect leads to the
formation of narrow resonance at the Fermi level, which is
often referred to as the Abrikosov-Suhl or Kondo resonance
[1-4]. Such systems frequently host other novel states of
matter including various magnetic orders and unconventional
superconductivity [1].

Uranium-based 5f heavy-fermion compounds such as
UPt3, UGe,, URhGe, and UCoGe [1,5-7] have been found to
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host unconventional superconductivity. The coexistence of (or
proximity to) ferromagnetism makes them strong candidates
to realize odd-parity superconductivity [8]. Odd-parity super-
conductors are of fundamental interest for use in quantum
computation due to their capacity to host topologically pro-
tected excitations [9—12]. UTe, with a transition temperature
(T,.) of 1.6 K, has attracted immense scientific interest due to
observations that suggests odd-parity pairing: its b-direction
critical field (H.,) exceeds the Pauli limit by more than an
order of magnitude [13,14]; two reentrant SC phases are ob-
served in high magnetic field [15]; there are strong nearly
critical ferromagnetic fluctuations [15—17]; the Knight shift is
anomalously constant through the superconducting transition
[13,16,18]. Additionally, thermal transport, heat capacity, and
magnetic penetration depth measurements suggest pointlike
nodal structures [19], scanning tunneling microscopy suggests
unconventional Cooper pairing [8], and microwave experi-
ments suggest a large normal fluid response [20].

In contrast to the extensive experiments in the super-
conducting state, there is less known about UTe,’s normal
state. Its resistivity is weakly increasing with decreasing
temperature until approximately 40 K [Fig. 1(a)], where it
then falls dramatically [13,21,22]. This is typical for many

©2022 American Physical Society


https://orcid.org/0000-0003-4733-3243
https://orcid.org/0000-0003-2895-4888
https://orcid.org/0000-0002-6032-4192
https://orcid.org/0000-0001-6564-7735
https://orcid.org/0000-0003-1557-267X
https://orcid.org/0000-0002-6083-8388
https://orcid.org/0000-0001-7568-2059
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.085125&domain=pdf&date_stamp=2022-08-16
https://doi.org/10.1103/PhysRevB.106.085125

SIRAK M. MEKONEN et al.

PHYSICAL REVIEW B 106, 085125 (2022)

1.0 200
(a)
. 0.8 I ) -
e
O 06 | % % g L
® 4100 &
£ 04 3,
a =
450
0.2
00 1 1 1 1 1

0
100 150 200 250 300

Temperature (K)

z
=
]
|9}
2
o=
(0]
[
— 5K 100 200 300 400 500 600
00 1 1
0 2000 4000 6000
-1
w (cm )
1.0
) FTIR Data (290 K)
) Nea_rlnfrared Data
08 —— ReFit (Model)

Reflectivity

0.0 i L n 1 I 1

0 4000 8000 12000 16000

W (cm_l)

FIG. 1. (a) Four-probe dc resistivity of UTe, single crystals with
(100) current, plotted alongside the extracted narrowest Drude scat-
tering rate. (b) Reflectivity of UTe, for the investigated temperatures.
The inset shows the low-frequency temperature-dependent reflectiv-
ity measurements. (c) Reflectivity data at 290 K along with fit from
RefFit.

heavy-fermion systems, where conduction electrons scatter
incoherently from localized moments at higher temperature,
but coherently hybridize with localized spins below a lattice
coherence scale Tg; [1,2]. In UTe,, a Curie-Weiss susceptibil-
ity is found above 150 K with an effective moment close to the
5f, or 5 f; free-ion value and a Weiss constant that is —80 to
—130 K (depending on the direction). Despite the large Weiss
constant, no magnetic order is found down to low tempera-
ture [23]. At low temperature the susceptibility is anisotropic
[23] with either a 40 K maxima for H||[010] or increasing
behavior for H||[100] or [001]. The maximum for H ||[010] at
40 K can be taken as a signature of heavy-fermion formation

and a low-temperature crossover to itinerant 5f electrons. A
Sommerfeld coefficient of y ~100-120 mJ/mol K? is likely
indicative of heavy fermions [14,19]. However, while the
formation of a heavy-fermion normal state seems reasonable,
details of the electronic structure remains unclear.

UTe, crystallizes in the orthorhombic, centrosymmetric
structure (space group 71 Immm). The U atoms compose
chains oriented along the [100]a axis. The Te(2) atoms form
a chain in the [010] direction. These quasi-one-dimensional
(quasi-1D) structures are expected to be reflected in the elec-
tronic structure. The most straightforward band calculations
predict that UTe, should be a narrow gap semiconductor [14].
To understand the actual electronic structure of UTe,, it is
illuminating to calculate the bands for ThTe, [24] as thorium
favors a unfilled quadrivalent thorium 5 f state and has no 5 f
electrons near the Fermi level. ThTe; is predicted to be a metal
with conduction bands of Th 6d and Te 5p character. There-
fore the predicted insulating character of UTe, originates in
mixing between the conduction and U 5f electrons [24].
UTe, can be made metallic in such calculations by adding
a local Coulomb U term for the 5f electrons or by ad hoc
shifting the 5f levels by 0.1-0.2 Ry [24]. In either case, it
indicates that band calculations treat the 5 f electrons improp-
erly. Soft x-ray photoemission measurements suggested that
U 51 states of UTe, have an itinerant but strongly correlated
nature with enhanced hybridization of the Te 5p states [25]. A
study with high-resolution ARPES reveal two light quasi-1D
bands at the Fermi level, which are attributed to U and Te(2)
chains. This study found good correspondence with density
functional calculations combined with density functional and
dynamic mean-field theory (DFT+DMFT) calculations [26].
However, signatures of the 5f bands at Er were only tenta-
tively attributed, and the related feature had little visibility.
Such experiments may be hampered by poor surface quality
that is inherent to cleaving reasonably isotropic materials.
Thus, there is a need for probes with bulk sensitivity.

II. METHODS

We have measured optical reflectance on the (100)
shiny as-grown surface (®2 mm x 2 mm X 2 mm)
of a high-quality UTe, crystal using FTIR spectroscopy
with unpolarized light. The reflectivity of single-crystal
UTe, was measured using a commercial FTIR spectrom-
eter (Bruker, Vertex 80V, Source: Hg Arc Lamp/Globar,
Detectors: Bolometer/DLaTGS/MCT) across the far and
midinfrared spectral ranges spanning from 40-7500 cm™!
(i.e., 1.2-225 THz) for temperatures between 5-300 K. To
extend the measurement across a broader spectral range, the
infrared spectra was supplemented by near-infrared spectrum
between 8500 cm~! and 16000 cm ™' measured at room tem-
perature, using the Bruker VIS I spectral range extension. The
reflected signals at each temperature were referenced to a gold
film that was deposited on the sample in sifu and then cor-
rected by the known reflection coefficient of gold over the full
spectral range [27]. In addition to the optical measurements,
conventional four-probe dc resistivity was measured. Single
crystal UTe, was grown by chemical transport using iodine as
a transport agent. For further details see Ref. [28].

085125-2



OPTICAL INVESTIGATION OF THE HEAVY-FERMION ...

PHYSICAL REVIEW B 106, 085125 (2022)

3000
.\ — 200K
| 200 K
. — 100K
2500 10 50 K
| 4 25K
—~ 1 1032 - oK
- 2000 R 4
e 2
) 10°
- 1500 H 0 100 200 300
C
O 1000k
500
ol 1 1
0 2000 4000 6000
-1
w (cm )

FIG. 2. Real part of conductivity. The square markers represent
the dc conductivity (w = 0) calculated from Fig. 1(a). In the inset the
dc point for 5 K is shown and has a value of 40500 Q~'cm~!. It is
too high a value to be displayed on the linear scale plot.

III. RESULTS

In Fig. 1(b) we show the measured reflectivity from 40—
7500 cm~!. Consistent with the metallic nature of these
systems, the reflectivity approaches unity at low frequencies
and has a sharp plasma edgelike feature around 2500 cm™'.
With decreasing temperature, the reflectivity first increases for
all frequencies until 50 K, and then decreases. A prominent
broad peak with a slightly temperature-dependent maxi-
mum is found in the reflectivity ~5500cm~'. These subtle
temperature-dependent changes can be contrasted to the dc re-
sistivity that shows a dramatic drop below 40 K. We extracted
the complex optical conductivity by fitting the reflectivity
and dc resistivity simultaneously to a complex multioscillator
model

w?,

G(a))zleow[zm_ew—i_l} (1)

where w),; is the plasma frequency of the ith component, wy;
is its oscillation frequency, and I'; is its scattering rate. This is
particularly useful procedure in dealing with data sets where
different quantities are obtained in different frequency ranges.
Here we fit with nine finite-frequency Lorentzian oscillators
and two zero-frequency Drude (e.g., wy; = 0) oscillators, a
narrow one and a wide one. The primary purpose of this
fitting and parametrization is the extraction of the complex
conductivity in a Kramers-Kronig consistent fashion and ex-
cept for the Drude components, the particular values of the fit
parameters do not necessarily have any physical significance.
Any Kramers-Kronig consistent set of complex functional
forms would suffice to generate the conductivity. In Fig. 1(c)
we show the 290 K reflectivity along with the output of com-
plex fitting. The fits to the reflectivity (constrained by the dc
measurement) is excellent over the entire frequency range.

In Fig. 2, we show the extracted real optical conductiv-
ity from the simultaneous complex fitting of the reflectivity
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FIG. 3. (a) Integrated spectral weight (in units of the plasma
frequency squared) as a function of temperature using different cutoff
frequencies. (b) Spectral weight of narrow Drude peak.

and dc resistivity for different temperatures. The conduc-
tivity is characterized by a strongly temperature-dependent
zero-frequency Drude-like peak and a weakly temperature-
dependent maximum at ~ 4000 cm~! (049 eV). As
temperature decreases from 290 K, the maximum first gains
spectral weight and shift to slightly higher frequency, then
looses spectral weight below 40 K.

The prominent zero frequency peak sharpens dramatically
at low temperatures (Fig. 2 inset). We captured its dependen-
cies via plotting the Drude parameters of the narrowest Drude.
The wider Drude had a width of ~2400cm~!, which gives
a weakly temperature-dependent feature with little frequency
dependence up to the range of the interband transitions. In
contrast, the narrow Drude has a very temperature-dependent
width and spectral weight. We plot its width and spectral
weight in Figs. 1(a) and 3(b). At low temperatures the nar-
row Drude peak becomes extremely narrow and loses some
spectral weight below 50 K. The former behavior can be
attributed to the formation of heavy quasiparticles due to the
formation of a 5 f Kondo resonance. Note that this behavior is
uncommon for other heavy fermions where the heavy-fermion
state usually manifests as the emergence of a narrow peak
out of a wider background [2,4,29]. Here, the principal effect
appears to be a dramatic sharpening of this peak. The origin of
the spectral weight decrease below 50 K is unclear, but could
be associated with a precursor to a hybridization gap [30].

The ratio of the total low-frequency intraband spectral

weight (w,z) Totar) (Which represents the uncorrelated band) to
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FIG. 4. Optical conductivities along xx, yy, and in-plane
(averaged) polarizations computed within DFT4+DMFT at different
temperatures. The solid black line indicates the peak position of the
interband optical transition.

the narrow Drude’s spectral weight (a)lz7 Narrow) €an be taken as
a rough measure of the heavy-fermion mass renormalization
[4]. In Fig. 3(a), we plot the total spectral weight (in units
of cm™2) as a function of temperature for different cutoff
frequencies. We somewhat arbitrarily take the maximum cut-
off frequency for the total intraband spectral weight to be
2000 cm~! as this is below the interband transitions, but well
above the narrow Drude regime. Using the value for the max-
imum total intraband spectral weight and the low-temperature
narrow Drude spectral weight, we find @ 1,.1/@7 yarow =
m*/my, ~ 25, where m;, is the band mass. If one takes as
measure of the uncorrelated spectral weight the computed
angular averaged spectral weight of ThTe, is 1.23 x 10°cm ™2
[31], and computes the same average one finds a mass renor-
malization (again with respect to the band mass) of 65. These
estimates are of order the mass renormalizations found in
the heat capacity [14,19], but note that even within our anal-
ysis they are lower bounds on the mass renormalization as
there could still be the formation of even narrower Drude-like
features with less spectral weight that would lead to larger
masses. To resolve these, careful microwave studies of the
normal state conductivity must be done. Finally, note that
the temperature dependence of the narrow Drude scattering
rate, I'p scales as the resistivity with a notable 40 K drop
[Fig. 1(a)]. The similarity in temperature dependence of resis-
tivity and I'p points to the coherent nature of the propagating
quasiparticles.
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FIG. 5. (a) Real part of the experimental optical conductivities
calculated and measured up to 16000 cm~!. (b) In-plane polarization
optical conductivity (averaged of xx and yy polarization) computed
within DFT+DMFT at different temperatures up to 16000 cm™".

IV. CALCULATIONS

To get further insight into this data, we performed fully
charge self-consistent DFT+DMFT calculations [32-35] im-
plemented in the WIEN2K package [36] with experimentally
determined lattice. Continuous-time quantum Monte Carlo
(CTQMC) [37,38] was implemented with a local impurity
solver. We choose a wide hybridization energy window from
—10eV to 10 eV with respect to the Fermi level Ex. The fully
rotationally invariant form was applied for a local Coulomb
interaction Hamiltonian with on-site Coulomb repulsion U =
6 eV and Hund’s coupling Jy = 0.57 eV, where the U and Jy
values reproduce aspects of the recent ARPES data [26]. The
maximum entropy method [39] was used for analytical con-
tinuation to obtain the self-energy on the real frequency axis.
Unfortunately in multi-orbital systems the CTQMC develops
increasing statistical noise in the calculation as temperature is
lowered, which prevents accurate numerical results below the
77 K displayed.

The DFT+DMFT optical conductivity is computed as
shown in Fig. 4. We compare even higher frequencies of the
real part of the experimental and computed conductivity up
to 16000 cm~! in Fig. 5, where the numerical data agrees
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well with the experimental results. Three different polariza-
tion configurations are presented. The optical conductivities
oy, and oy, and their average are shown in Figs. 4(a), 4(b)
and 4(c), respectively. xx and yy polarizations give peaks at
A 2000 and ~ 2500 cm~' respectively. These peaks increase
spectral weight and sharpen as temperature is lowered. In
addition, a sharp Drude peak develops upon cooling, which
is related to the formation of coherent U 5f bands near the
Fermi level at low temperature (see Fig. 6). There is a close
correspondence with the experiment. The averaged in-plane
optical conductivity, which is obtained from (oy, + 0y,)/2,
is provided in Fig. 4(c) for comparison with the experiment.
Since the optical spectral weight along yy is larger than along
xx, the interband optical peak of the in-plane optical conduc-
tivity mainly arises from the yy polarization. The origin of the
two optical transitions could be assigned from inspection of
the DFT+DMFT electronic structure in Fig. 6. The optical
peak realized with xx polarization originates from U 5f to U
6d transition as shown, whereas the peak in the yy channel
arises from the Te 5p to U 5f transition. The polarization
dichotomy arises from the presence of the U and Te chains
that run along x and y directions, respectively. This is strong
evidence that the Kondo hybridization yields coherent elec-
tronic bands 5f band near the Fermi energy. Note that the
recent ARPES experiments did not observe the U 5f bands
[26], however the present optical conductivity experiment
does.

Despite close correspondence of the experiment with the-
ory, there are still notable differences, e.g., the numerical
disagreement in the position of the MIR peak. Attempts to
change model parameters down to U =4 eV, resulted in
only modest increases of the peak position, but unacceptably
large disagreements with the photoemission. Increasing the
Coulomb repulsion to U = 8 eV resulted in decreases of the
MIR peak by approximately 0.2 eV, e.g., the wrong directions.
It may be that LDA calculation are not sufficiently accurate
to describe the underlying uncorrelated band structure and
going to a GW method + DMFT would improve agreement.

Alternatively, a better treatment of longer-range interactions
that are outside the DMFT could be important.

V. CONCLUSIONS

The presence of the sharp optical transition and the nar-
row Drude peak is evidence for formation of a 5f derived
Kondo resonance. At low temperature and low energies, the
narrow Drude becomes much sharper due to the formation
of heavy-fermion quasiparticles with contribution of 5f elec-
trons. There is a small decrease in the total Drude spectral
weight below 40 K. One other interesting and unexplained
aspect to the data (both experiment and numerical) is the
dichotomy between the relatively weaker temperature depen-
dence of the MIR peak than the narrow Drude peak. This
is presumably related to the fact that spectral weight of the
narrow Drude peak has only a comparatively weak temper-
ature dependence. Therefore the formation of the coherent
state below 40 K seems to be primarily associated with a
collapse of the scattering rate and not a redistribution of spec-
tral weight. This is different than many other heavy-fermion
compounds where there is a growth of very low-frequency
spectral feature with cooling. A comparison of the data to
DFT+DMFT calculations shows that the MIR peak arises
from interband transitions to or from the 5f states. Our data
gives spectroscopic evidence for the formation of a narrow
low-energy Kondo resonance at temperature just above the
onset of superconductivity. This data then indicates that the
superconductivity in this materials comes from well-formed
5f derived heavy-fermion quasiparticles.
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