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Spin triplet superconductor UTe, is widely believed to host a quasi-two-dimensional Fermi surface,
revealed by first-principles calculations, photoemission, and quantum oscillation measurements. An
outstanding question still remains as to the existence of a three-dimensional Fermi surface pocket, which is
crucial for our understanding of the exotic superconducting and topological properties of UTe,. This 3D
Fermi surface pocket appears in various theoretical models with different physics origins, but has not been
unambiguously detected in experiment. Here for the first time we provide concrete evidence for a relatively
isotropic, small Fermi surface pocket of UTe, via quantum oscillation measurements. In addition, we
observed high frequency quantum oscillations corresponding to electron-hole tunneling between adjacent
electron and hole pockets. The coexistence of 2D and 3D Fermi surface pockets, as well as the breakdown
orbits, provide a test bed for theoretical models and aid the realization of a unified understanding of the
superconducting state of UTe, from the first-principles approach.
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Spin triplet superconductivity offers a promising route to
topologically protected quantum computing, with Majorana
fermions as surface state excitations [1,2]. The recent
discovery of spin triplet superconductivity in UTe, has
prompted intense research efforts [3,4]. Spin triplet pairing
is strongly suggested by the extremely large, anisotropic
upper critical field H ., [3] and the temperature independent
NMR Knight shift in the superconducting state [5—7]. Time
reversal symmetry breaking is indicated by the observation of
finite Kerr rotation [8] as well as the chiral in-gap bound
states shown by scanning tunneling spectroscopy [9]. Charge
density waves have been observed in the normal state of
UTe, from scanning tunneling spectroscopy measurements
[10], which develop into an unprecedented spin triplet pair
density wave in the superconducting state [11].

A knowledge of electronic band structure is essential in
the understanding of superconducting and topological
properties of UTe,. Despite extensive efforts [12—-17], a
unified picture has not been achieved. A quasi-2D Fermi
surface, oriented along k, and k,, was revealed by first-
principles calculations [12—14], and supported by angle-
resolved photoemission (ARPES) and de Haas van Alphen
(dHvA) oscillation measurements [18,19]. On the other
hand, this large 2D Fermi surface alone does not explain
various properties of UTe,, e.g., the nontrivial topology of
the superconductivity [12,13], the multiple superconduct-
ing states [20-22], the Fermi surface reconstruction at the
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metamagentic transition [23,24], and the nearly isotropic
electronic transport [25]. This spurred searches for addi-
tional Fermi-surface sections, likely with a 3D character.
A reexamination of the Kondo interaction within DFT +
DMEFT calculations predicted a 3D isotropic Fermi-surface
pocket surrounding the I" point [17]. The electron and hole
Fermi surfaces are also reconstructed to enclose the corners
of the Brillouin zone [17]. In contrast, a tight binding model
approach preserves the quasi-2D structure calculated from
DFT + U while introducing a new Fermi surface with 3D
character at the k, = z/2c¢ plane [15]. 3D Fermi-surface
sections may have been observed in ARPES measurements
[18,26]. However, the noise level of the data leaves the
conclusions ambiguous, e.g., a close examination reveals
that the soft x-ray ARPES data [26] could as well match
predictions of quasi-2D Fermi surface sections.

Here we report quantum oscillations of UTe, observed
on high quality single crystals grown using the molten salt
flux method [27]. Most importantly, we provide the first
concrete evidence for a relatively isotropic, small Fermi
surface pocket, in addition to the quasi-2D cylindrical
Fermi surface. We also observed quantum oscillations with
very high frequencies, consistent with breakdown orbits
due to the tunneling between electron and hole pockets.
The 3D Fermi surface holds the promise for the under-
standing of many exotic properties of UTe,, such as the
topology of the superconducting state [17], the nature of
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FIG. 1. (a)The FFT spectrum of the background subtracted signal, A f1pq, is plotted for multiple temperatures, with the magnetic field

oriented close to the ¢ axis. The inset shows the mid- and high-frequency peaks with better resolution. (b)—(d) The temperature
dependent dampening of the FFT peaks are fitted with Lifshitz-Kosevich formalism to calculate effective mass m*.

magnetic fluctuations [15], and the mechanism of the high
field induced superconductivity. Our observations apply
strong constraints on the theoretical understanding of UTe,.
Any successful model of UTe, needs to account for all
three salient features: the 2D cylindrical Fermi-surface
section, small isotropic Fermi-surface sections and adjacent
pockets allowing for tunneling.

The quantum oscillations of UTe, were measured using an
inductance coil as part of a tunnel diode oscillator (TDO)
circuit, where the resonant frequency, fpg, is coupled to the
sample magnetization and conductivity (see Supplemental
Material for details [28]). Figure 1(a) plots the fast Fourier
transform (FFT) of Afrpo with magnetic field oriented
close to the ¢ axis. There are three groups of well-resolved
frequencies, below 1 kT, around 4 kT, and 8 kT. As expected
for magnetic quantum oscillations, the amplitudes of all of
these frequencies decrease with increasing temperature, in
agreement with the expectations of Fermi-Dirac statistics.
The effective masses are calculated from the temperature
dependent dampening using the Lifshitz-Kosevich (L-K)
formalism [29]. The obtained values are large for all the
frequencies, in the range of 5 — 25m,, where my, is the mass
of the free electron, consistent with heavy electronic states.
Note that since the fitting is based on only three or four data
points, the error associated with the effective mass is
expected to be relatively large.

The mid-range frequencies around 4 kT are in a good
agreement with previous dHvVA oscillations seen in

magnetic fields of up to 14 T [19]. These frequencies
are consistent with those of the GGA + U calculations with
U =2 eV, which predicts quasi-2D electron and hole
Fermi surface with a cylindrical shape [13]. Based on
these calculations, Fs = 3.2 kT corresponds to a hole
pocket oriented along k,, and F, = 3.7 and F; = 4.1 kT
to an electron pocket oriented along k [12,13].

Further knowledge is gained on the topology of the
Fermi surface from the angle dependence of the quantum
oscillation frequencies. Here, two samples are measured:
sample S1, which rotates from H||c toward the b axis, and
sample S2, which rotates from H||c toward the a axis. To
further confirm the rotation angle, the critical field for the
metamagnetic transition was used for sample S1 and the
superconducting critical field was used for sample S2,
as shown in Fig. 2(d). The FFT peak positions for both
samples are collected in Fig. 2(c), with the ¢ —a axis
rotation plotted against recent dHvA oscillations [19]. The
¢ — a axis rotation provides good agreement, with the both
electron and hole orbits showing cylindrical angle depend-
ence. Similar cylindrical angle dependence is observed for
the ¢ — b axis rotation in the low angle range, while the FFT
peaks quickly drop to the noise level for angles above 30°.

Our key finding is the observation of quantum oscil-
lations with new frequencies in two frequency ranges,
below 1 and around 8 kT. First we investigate the
frequencies around 8 kT. Figure 2(a) shows 2 kT high
pass filtered A f1po from sample S1, with a 5° rotation from
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FIG. 2. (a) The background subtracted signal, Afrpg, with a

high pass filter of 2 kT, is plotted as a function of H~!, with
magnetic field oriented 5° from the ¢ axis toward b axis. There are
three distinct oscillations, which correspond to F, (green), F
(red), and Fy (blue). (b) Multiple spectra are plotted as the
magnetic field is rotated from the ¢ axis toward the b axis,
indicated by 6,. (c) The peak position of the mid and high
frequencies is plotted as the magnetic field is rotated from the ¢
axis toward the a axis (left), and from the ¢ axis toward the b axis
(right). The ¢ —a rotation is compared with literature [19],
plotted with dashed lines. (d) The ¢ — a rotation is traced with
H ., of the low field superconducting phase at 350 mK (solid),
compared with measurements at 70 mK from the literature (open)
[19]. The ¢ — b rotation is traced with the critical field of the
metamagnetic transition Hgp, along with the phase boundaries
from the literature (dashed lines) [4].

¢ toward the b axis (8, =5). Below 36 T, there is a
prevalent 7.7 kT oscillation, which is shrouded by a larger
magnitude 4 kT oscillation as H increases. The beating
phenomenon in the high field range is due to a collection of
frequencies around 4 kT. The FFT shows at least two well-
resolved frequencies around 8 kT. The peak position is
tracked until 8, = 20, depicting a similar angle dependence
to its mid-frequency counterparts.

A frequency of 7.7 kT would correspond to a Fermi
surface area of 0.74 A~2, which is 48% of the Brillouin
zone in the k.-k, plane. There is no experimental nor
theoretical indication of such a large Fermi-surface section
[12,13,18,26], coexisting with the electron and hole pock-
ets discussed above. There are a few other mechanisms that
can potentially give rise to high oscillation frequencies:
high order harmonics, magnetic breakdown, and quantum
interference [30]. The high-frequency peaks, F, and Fy, are
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FIG. 3. A cartoon diagram of the breakdown orbits due to the

electron-hole tunneling between the adjacent pockets of 2D
Fermi surface of UTe,, taken from Ref. [13]. The orbit depicted
in (a) is allowed by semiclassical theory and results in the
subtraction of frequency and sum of effective mass, f = f, — f}
and m = m, + m,,. (b) Stark quantum interference between the
orbits about the electron and hole pockets results in the sum of
frequency and subtraction of effective mass, f = f, + f, and
m = m, — my, consistent with our observation.

close to being second harmonics of the mid-frequency
peaks. However, the temperature dependence of the nth
harmonic should give an apparent effective mass that is n
times the mass of the fundamental (n = 1) frequency
[29,30]. The apparent effective masses for the high
frequencies are smaller than those of the 4 kT frequencies,
ruling out this possibility.

In high magnetic fields, electrons could tunnel between
adjacent pockets, giving rise to new quantum oscillations
in breakdown orbits [30]. The breakdown field B, o Ak?,
with Ak being the gap between adjacent pockets of the
Fermi surface, is typically too large for this effect to be
observed in most materials. In UTe,, adjacent pockets are
close to each other in k space, making it possible to observe
new oscillations in relatively low magnetic field (starting
from around 30 T). Our analysis indicates that the each of
the high frequencies is roughly the addition of two
frequencies in the 4 kT range, consistent with the break-
down orbits. There is an additional increase (~400 T) in
FFT frequency corresponding to the tunneling length in k
space. Note that in the case of UTe, the tunneling happens
between adjacent electron and hole pockets [31,32], in
which electrons move in opposite directions.

In Fig. 3 we present two scenarios for the tunneling. In
the first case, a figure of eight pattern, electrons keep the
same direction when tunneling between electron and hole
pockets. This tunneling is allowed by semiclassical theory.
The resulting oscillation frequency of the breakdown orbit
equals the difference of the involved frequencies f, — f,
(due to the opposite enclosed areas defined by electron and
hole paths, detailed in the Supplemental Material [28]) and
the effective mass equals the sum of the involved effective
masses m, + m,,. This is opposite to what we observed. As
a matter of fact, due to the large resulting effective mass, it
requires much lower temperatures to observe frequencies
due to this type of tunneling. The frequency we observed,
f = fa+ fp,seems to correspond to the second case, known
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FIG. 4. (a) The raw data of TDO measurements for sample S2,

with magnetic field oriented along the a axis. The inset displays
the background subtracted signal. (b) The Landau level fan
diagram is constructed for two angles near the a axis by assigning
n to maximums and 7 + 1/2 to minimums of the oscillations. The
phase shift, ®, is calculated by extrapolating the linear fit to
0 H~'. The background subtracted data, A frpg, with a low pass
filter of 2 KT, for sample S1 is plotted for magnetic field oriented
along (c) the ¢ axis and (d) along the b axis. (e) The peak position
of the low frequencies is plotted as the magnetic field is rotated
from the ¢ axis toward the a axis (left), and from the ¢ axis toward
the b axis (right).

as Stark quantum interference, which has been observed in
other materials [31,33,34]. This effect is due to interference
between alternative quasiparticle orbits around different
Fermi-surface sections that are weakly connected via tunnel-
ing [35,36]. The interference leads to an apparent effective
mass that is the difference between the effective masses of the
constituent orbits, m = m, — m,, in agreement with our
observations (see Supplemental Material [28]).

Now we turn to the other group of new frequencies. In
the low frequency regime, we observed oscillations with
F,=210T, Fy=680T, and F, = 1000 T. The signa-
ture of the lowest frequency oscillation, F,, is prominent
for both samples S1 and S2. Note that the low frequency
oscillations are readily visible even in the raw data of S2,
displayed in Fig. 4(a). Similar oscillations for S1 are plotted
in Figs. 4(b) and 4(c), with field oriented along the ¢ and b

axis, respectively. The low frequency peaks could as well
come from magnetic breakdown of 4 kT orbits in the form
of figure of eight. However, the effective mass would be
m, -+ my,, much higher than the observed values. Therefore
the low frequency oscillations must pertain to a real carrier
orbit on the Fermi surface.

The geometry of this small Fermi-surface pocket is
investigated using the field-angle dependence in Fig. 4(e).
There is a small dip in frequency at 8, = 60°, which is
consistent for multiple field sweeps. This angle range
coincides with the field induced superconducting state [4].
Other than that, F, does not have significant angle depend-
ence, indicating a relatively isotropic Fermi-surface section.
Note that for a large angle range, only a few cycles of
oscillations were observed, therefore the frequency deter-
mined from FFT may not be accurate. For comparison, we
also use sinusoidal fit to obtain the frequency, which shows
similar angle dependence of F, (see Supplemental Material
[28]). A sufficient number of cycles were observed near the a
axis, which allows us to construct Landau level fan diagrams
for two angles, 8, = 90° and 84°, shown in Fig. 4(b). The
linear extrapolation for both angles show a nonzero y
intercept, indicating a possible topologically nontrivial orbit.

Our observation of low frequency quantum oscillations
does not contradict other quantum oscillation studies on
UTe, [19,37,38], which have only reported frequencies
above 3 kT. In the dHvA study via field modulation
technique, there is a clear low frequency peak in the
FFT spectrum presented in the supplement and in their
follow-up study, with a temperature dependence consistent
with quantum oscillations [19,37]. However, the possibility
for a small Fermi-surface section was overlooked. The
other study that did not observe low frequency oscillations
is based on torque measurements [38]. It is well known that
the oscillatory torque signal is strong for anisotropic Fermi
surfaces, but very weak when the Fermi surface is almost
isotropic. Therefore the absence of low frequencies in
torque measurements is consistent with our observation of
relatively isotropic Fermi-surface section. The TDO tech-
nique that we utilized in the current study is sensitive to the
electric conductivity. The relatively isotropic Fermi-surface
pockets that we observe have much lighter effective
masses, and will therefore tend to dominate the electric
transport properties, even though they are small. This also
naturally reconciles the quite isotropic electrical conduc-
tivity of UTe, [25] with the large quasi-2D Fermi-surface
sections.

This relatively isotropic, small Fermi-surface section
provides a test bed for different theoretical models of
UTe,. First-principles calculations have predicted a wide
range of underlying band structures, largely due to the
modeling complexity associated with f-electron strong
correlations and Kondo lattice physics. Results of
DFT + U and GGA + U calculations are very sensitive
to the choice of U [13]. A quasi-2D Fermi surface is
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predicted by GGA+ U for U=2eV (DFT+U for
U =6¢V), which is in a fairly good agreement with
ARPES observation of rectangular pockets and dHvA
oscillations of 4 kT frequency [18,19]. When U is
decreased to 1.0 eV, GGA + U calculations predict a tiny
electron pocket around the X point and a tiny hole pocket
around the R point. However, the large cylindrical Fermi-
surface section no longer exists. Recent DFT + DMFT
calculations predict a Kondo interaction induced Fermi
surface reconstruction [17]. At low temperatures, the
original quasi-2D Fermi surface morphs into another
quasi-2D Fermi-surface section and a 3D small Fermi
pocket closing the I' point. The renormalized 2D Fermi-
surface section no longer has pockets close in the k space,
leaving the electron-hole tunneling impossible. It would
require an additional mechanism to explain the frequencies
we observed around 8 kT.

A promising route for the 3D Fermi-surface section
might be the tight binding model [15], based on the results
of DFT + U calculations with an intermediate U. The 2D
cylindrical Fermi-surface section is preserved in this model.
In the meantime, due to the contribution of itinerant f
electrons, the hole Fermi-surface section is bent and
encloses the X point. It is conceivable that when hybridi-
zation between the Te 5p-orbital of the hole pocket and the
U 5f-orbital is turned on, a gap will open and isolated small
pockets will form around the X point that are almost
spherical. In this scenario, all three groups of frequencies
we observed could be captured in one model. Further
theoretical investigation is required to verify this hypothesis.

The 3D Fermi-surface pocket is crucial for the under-
standing of the exotic properties of UTe,. Both GGA + U
and DFT + U calculations predict a topologically trivial
superconducting state for the 2D cylindrical Fermi surface
[12,13]. The addition of a 3D Fermi surface changes the
occupation number at time-reversal invariant momenta,
which in turn changes the winding number and could
potentially lead to topological superconductivity [39,40]. In
addition, new 3D Fermi surface might be responsible for
the magnetic fluctuations and multiple order parameters
observed in UTe,. In the tight binding model, the Fermi
surface at k, plane enhances ferromagnetic fluctuations,
rather than antiferromagnetic ones, and extends the odd-
parity symmetry from B;, to include the A, point group,
which transforms to the even-parity A, state under pressure
[15]. This makes the small Fermi-surface sections key to
the understanding of multiple superconducting states
under pressure and the overall P — 7T phase diagram
[20-22,41-43]. Another open question about UTe, is
the origin of the high-field superconducting phase existing
inside the field-polarized state. Upon the metamagnetic
transition into the field polarized state, a Fermi surface
reconstruction has been suggested by the thermopower
experiments [23,24], which likely involves a small, rather
than large, Fermi-surface section. It is crucial to investigate

how the small Fermi-surface pocket we observed here
changes upon the metamagnetic transition, which is an
ongoing project.

To summarize, we provide concrete evidence for a small
3D Fermi-surface section in UTe, via quantum oscillations
measurements. The 3D small Fermi-surface pocket is crucial
for our understanding of various exotic properties of UTe,:
nontrivial topological superconductivity, multiple order
parameters, and the extremely high-field-induced super-
conducting state. Together with the observation of elec-
tron-hole tunneling, this discovery applies strong constraints
to theoretical models, aiding the eventual realization of a
unified understanding of the superconducting states of UTe,.
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