Supplementary materials for:
Quantum interference between quasi-2D
Fermi surface sheets in UTe;

1 SAMPLE CHARACTERIZATION AND MEASUREMENT

We performed contactless resistivity measurements utilizing the tunnel diode oscillator (TDO) [1] and
proximity detector oscillator (PDO) [2, 3] techniques. For both TDO and PDO, the measurement con-
cerns the change in frequency f of an LC circuit connected to a coil that is coupled to a UTes sample
in such a manner as to achieve a high effective filling factor n. As the applied magnetic field is swept,
changes in the resistivity p and susceptibility x of the sample are manifested by the changing inductance
of the measurement coil. This in turn leads to a frequency shift of the LC' circuit, which may be captured
by the equation

Af ) Ap
— ~ —n- —+A 1
where d is the sample thickness, (i, = X5+ 1, and the skin depth § = ujfow, with excitation frequency

w [2, 3]. This sensitivity of A f to § generally leads to A f being dominated by changes in ) in insulating
materials (characterized by high p and long ¢§), whereas in good metals like UTe, it is dominated by the
change in p. Accordingly, the PDO and TDO techniques are often referred to as a contactless resistivity
measurement, for implicit cases of measurements on high conductivity materials.

While the operation of both is fundamentally premised on Eqn. 1, each of the TDO and PDO tech-
niques have their own subtle advantages and disadvantages. While TDO generally achieves greater
measurement fidelity than PDO, to operate it requires a low line impedance between the measurement
coil and the tunnel diode [1]. It is thereby complicated by the necessity to include some electronic com-
ponents in close proximity to the sample (i.e. inside the cryostat). By comparison, all PDO electronics
can be located outside the cryostat, making optimization of signal to noise easier to perform without
having to remove and subsequently re-load the sample. We deployed a TDO setup in steady (dc) magnet
systems, similar to the procedure of e.g. ref. [4], and PDO in pulsed magnets, similar to e.g. refs. [5, 6].

High quality UTe, samples grown in a molten salt flux (MSF) were selected for quantum oscillation
studies, each of which exhibited singular superconducting transitions in specific heat capacity measure-
ments indicative of high purity crystals (Figure S1). We identify the 7 as 2.1 K, measured by the onset
of diamgnetism in magnetization measurements. From the specific heat of this sample we calculate
its normal state Sommerfeld coefficient, vy, to be 123.23(10) mJK~?mol~! and the change in specific
heat at the onset of superconductivity, AC, to be 235.0 mJK2mol~!. From this we determine that
AC/yn =~ 1.91, well beyond the weak coupling BCS limit of 1.43. Previous studies have shown that
AC'/~vn increases with sample quality, where the highest AC'/~y for chemical vapor transport (CVT)



samples has been reported to be 1.8 [7]. This further evidences the high-quality of the MSF samples used

in this work.
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Figure S1: (a) Magnetisation versus temperature in a small applied field of 1 mT measured on the same

sample as that for which QIO data are presented in the main text. Diamagnetism onsets at 2.1 K, from
which we identify T.. (b) Specific heat capacity of the same sample showing a sharp, singular transition

at the onset of superconductivity.

In order to perform contactless resistivity measurements via either the TDO or PDO technique, sam-
ples were placed either inside cylindrical (tank) coils wound around the sample, or on top of planar coils
(Figure S2a). Consistent data were obtained from both choices of coils. However, the choice of which
type of coil to deploy in certain environments can considerably affect the resolved signal to noise for

quantum oscillations.
The use of planar coils provides two benefits:
1. Firstly, this allows for measurements of a single sample in both pulsed-field and dc-field mea-

surements, without having to change the coil. In pulsed fields a planar coil is desirable, as a
compensation loop is easily wound, in order to minimise dB/dt through the entire coil as the

field is rapidly increased and decreased thereby minimising the pick-up of the field itself (and thus

maximising the sensitivity to the sample) [8].
2. Secondly, using a planar coil allows a Lauegram of the sample to be taken after it has been

mounted, ensuring good knowledge of the sample alignment (Figure S2b).



Figure S2: (a) Sample of high quality UTe, mounted on a planar coil. The c-axis is into the page, with
the a-axis running left-right, b-axis up—down. (b) Lauegram of the sample in panel (a) taken once it
had been mounted on the coil. The measured spectrum is in good agreement with the expected c-axis
spectrum, with no extraneous peaks observed.
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Figure S3: (a) Background-subtracted contactless resistivity of UTe, as measured along the c-axis in the
field range 3741 T at incremental temperatures as indicated. (b) The associated FFTs showing all four
distinct frequencies at 2.4 kT, 3.9 kT, 7.9 kT, and 8.4 kT corresponding to the «, {3, v, and d frequencies,
respectively. Increasing temperature rapidly suppresses the o« and 3 frequencies, whereas the y and & are
more resilient to elevated temperatures due to their lighter apparent effective masses. (c-d) The Lifshitz-
Kosevich temperature dependence of 'y and d shows that these higher frequencies are lighter in apparent

effective mass whereas o and 3 are substantially heavier.



Observed oscillations for H || [001]

Quantum interference frequencies Quantum oscillation frequencies
Frequency (kT) | Effective mass (m.) | Frequency (kT) | Effective mass (m.)
24 23(6)
39 20(6)
3.5 41(2)
7.9 7.7(8)
8.4 5.60(7)

Table S1: Comparison between oscillatory components for H || [001] observed in the magnetoconduc-
tance measured using TDO and those in the magnetisation measured by torque magnetometry [9]. We
find that both the measured frequencies and masses are substantially different, demonstrating that these
frequency branches measured by TDO are therefore very likely to be QIOs rather than QOs.

3 VARIABLE-FIELD STUDY

For magnetic field applied along the c-axis, the similarity in frequency expected for the « frequency,
and the SdH signal expected for the actual cylindrical Fermi surface sheets [9], complicates the analysis
of the TDO signal. By our Fermi surface model of the possible QI orbits in UTes, the o frequency is
predicted to be at ~ 3.9 kT, whereas the cyclotron orbits around the (degenerate) hole and electron sheets
will produce a SdH frequency of ~ 3.4 kT.

Data was analysed with a variable field range in order to determine the evolution of the frequency
spectrum as a function of field, to delineate between oscillatory components that may be from conven-
tional SdH QOs, and those that can only be explained as being QIOs (Figure S4).

Close to the c-axis, in the lowest field window of 36.0-39.5 T, the high-frequency 7y and d frequencies
onset from ~ 36 T, whereas the o QIO at 3.9 kT only begins to be observable at ~ 38 T. In this field
range, the {3 frequency is not observed. Alongside these QIOs, in the lowest field window, an FFT peak
at 3.4 kT is clearly visible. This frequency is in good agreement with the dominant QO frequency branch
we previously observed in dHvA and SdH measurements [9].

For B Z 40 T, another QIO becomes observable at ~ 2.9 kT, corresponding to the predicted 3
frequency. In this range, the 3.4 kT QO peak is only observable as a broadening of the 3.9 kT QIO. For
increasingly higher field windows, the intensity of each peak in the QIO spectrum is enhanced whereas
the 3.4 kT peak intensity does not increase, and becomes swamped by the QIOs.

The simultaneous measurement of all four predicted QIOs, as well as a frequency component that
likely corresponds to a SdH QO orbit directly corresponding to the Fermi surface at lower fields, indi-
cates that by limiting our analysis to the highest field ranges, the resolved oscillatory frequency spectrum
corresponds to peaks from QIOs only. Therefore, this analysis provides good confidence that our discus-
sion presented in the main text is relevant to the QIO frequency spectrum of UTes, and thereby provides
valuable information pertaining to the Fermi surface geometry of this material.
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Figure S4: (a) Background-subtracted contactless resistivity signal over different field windows as
indicated, showing the onset of different oscillatory components of the waveform. (b) The associated
FFTs show that for 36.0 T < B < 39.5 T a high frequency component is present, whereas the lower
frequency oscillations only become well resolved for B > 39.5 T. In this lower field range there appears
to be two frequencies, one at ~ 3.9 kT corresponding to a QIO, whereas there is also a clear peak at
3.4 kT which would be in good agreement with the conventional SAH QO orbit. As the field window is
increased to around 41 T a new oscillatory frequency is observable at 2.9 kT, while the 3.9 kT frequency
is enhanced at higher field ranges. This 2.9 kT oscillation is in good agreement with a predicted QIO
frequency, and is also enhanced at increasing field ranges. Conversely, the 3.4 kT frequency component
does not increase in amplitude as rapidly at high field.

4 EXCLUSION OF AN ALIEN PHASE AS A POSSIBLE ORIGIN OF
THE OSCILLATORY SIGNAL

Given the notable differences between the oscillatory signals resolved in prior dHvA-effect experi-
ments [9, 10] with those detected here by the TDO and PDO techniques, an important possibility to
consider is whether this could be due to the inclusion of a small volume fraction of a metallic alien
phase yielding SdH oscillations. It has been reported that the highest quality UTe, samples grown by the
molten salt flux technique co-grow with the ferromagnetic semimetal U7 Teq2, with trace amounts of the
ferromagnetic semiconductor UsTes also possible [11]. As U;Te;o is hexagonal it tends to crystallize
separately from UTes, but it is possible that trace amounts of U;Tei2 or UsTe; may be present on the



surface of a UTe, single crystal. We note that a recent muon spin relaxation study of a mosaic of 24
molten salt flux-grown UTe, single crystals reported no signatures of alien phase inclusion [12]. How-
ever, it is of course important to rule out the possibility of quantum oscillations emanating from an alien
phase, given the stark differences in masses and frequencies observed from TDO/PDO measurements
compared to dHVA studies.

Firstly, any contribution from UzTes can be excluded as it is a semiconductor [13] and thus not ex-
pected to exhibit quantum oscillations as the Fermi surface will be gapped out at these low measurement
temperatures. In this study, to obtain a good surface for mounting on planar coils, samples were cleaved
to reveal a fresh (001) surface. This minimizes the possibility of any remnant impurity phase on an as-
grown surface contributing to the measured signal, as the measurement is sensitive only to the cleaved
surface section. While some oxidation of the cleaved surface is likely, the probability of an oxide layer
being (i) metallic, (ii) single-crystalline, and (iii) exhibiting quantum oscillations for field oriented both
parallel and perpendicular to the plane of the surface is remote. In Supplementary Section 7 we discuss
the mean free path required to exhibit high frequency QIOs, underscoring the necessity to study high
quality single crystals. Furthermore, we have observed QIOs in four separate samples in pulsed fields,
two of which were also measured in static fields along with three other samples that were exclusively
studied in static fields. All seven samples we have measured by TDO/PDO to high fields have exhibited
consistent angular dependencies of the frequency spectra and corresponding effective masses. Thus, to
be of an alien phase origin, the impurity phase would need to co-grow within the lattice of UTes — which
is highly unlikely for hexagonal U;Te;2, or indeed for any other compound given that UTeg possesses a
unique crystal structure [14].

Perhaps the strongest argument against an impurity origin comes from the dHvA studies of UTes [9,
10]. Both the field modulation and torque magnetometry techniques are bulk-sensitive thermodynamic
probes, which should capture the contribution of any impurity phases present. However, none have
been identified. Samples from the same batch studied in our torque magnetometry study [9] were also
measured in the present study, and give oscillatory magnetoconductance spectra consistent with samples
from another growth batch and also with the oscillatory spectra reported in ref. [15]. This points strongly
towards a quantum interference origin, due to the expectation of such frequencies only being observable
in kinetic properties such as the electrical transport [16, 17]. As we discussed in the main text, the angular
evolution of the oscillatory magnetoconductance of UTes matches very well with our Fermi surface
model (Fig. 4), and the oscillatory frequencies correspond very well with the expected areas enclosed by
low-order MB networks. For these multiple reasons, we argue that a quantum interference origin is by far
the most likely explanation for all of the oscillatory components of the magnetoconductance measured
in this study; thus, we find that an alien impurity phase origin is extremely unlikely.

S DETAILS OF QUANTUM INTERFERENCE ORBIT FREQUENCY
CALCULATIONS

The effective area for each QIO can be determined according to Fig. 1 of the main text; the areas are
effectively equal to the smallest loops enclosed by the outer surface of each cylinder. To model the QIOs
upon rotating away from the c-axis, we start from the Fermi surface model of our earlier dHvA-effect QO
study of UTes [9]. Using this model, we define slicing planes between each cylinder along the directions
of minimal k-space separation. Example bounding cylinders for the o« and § frequencies are shown in



Figure S5. Using this we obtain two new cylinders centered around the I" and T points of the BZ. With
these cylinders defined, we tessellate them in reciprocal space according to the periodicity of the BZ
and then extract the extremal frequencies as would be done for conventional (dHvA or SdH) QOs. The
I"-centred cylinder is a neck and belly cylinder, which along the c-axis will produce frequencies of 8.1 kT
and 7.2 kT, whereas the T-centered cylinder will generate frequencies of 3.9 kT and 2.7 kT.
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Figure S5: The quantum interference loops responsible for the & and 6 frequencies and the correspond-
ing bounding cylinders that were used to calculate their associated frequencies.

A similar analysis is much more difficult for the 220 T QIO and 4.5 kT breakdown orbit along the
a-axis. Instead, we used the analytical form of our Fermi surface model to extract the frequencies. The
220 T QIO results from the interference between quasiparticles moving in the &, direction on the electron
and hole sheets (Figure 5 in the main text). The area corresponding to these oscillations is defined by
the warping of the electron cylinder in the £, direction as it moves away from, and back towards, the
hole cylinder. The path of the hole cylinder in %, as seen from down the a-axis is simply a vertical line,
whereas the electron cylinder follows a sinusoidal path in %, as a function of k.. The amplitude of the
displacement away from the hole cylinder can be defined as:

dy =re(1 —cos(k.)) (2)

where 7. is the degree of warping, which we determine to be 0.006 a 1 (where ag is the Bohr radius)
from fitting our Fermi surface model [9]. Therefore the area of this loop can be determined as

™

A= / re(1 — cos(ky))dk, = 2mre, 3)
—T

which corresponds to a QIO frequency of 206 T, in good agreement with the measured oscillatory fre-

quency of 220 T.

The larger breakdown orbit can be modelled as an a ellipse in the k,—k. plane the with semi-major
axes from k, = 7/c = 0.120 aal tok, = Oand ky = 0 to k, = 0.087 a[}l (Figure S6). The area of
this orbit corresponds to a frequency of 4.9 kT, in reasonable agreement with the measured frequency of
4.5 kT.
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Figure S6: The semi-major axes of the ellipse used to calculate high frequency breakdown orbit 1 for
magnetic field oriented along the a-axis.

We note that from this model by summing a combination of QO frequencies and QIO frequencies
we can compare the addition of each area segment of the BZ with the actual area of the BZ itself, in the
k. = m/2c plane, and subsequently corroborate whether or not this model is a good fit.

The frequency of a hypothetical orbit around the edge of the BZ in the k, = m/2c plane would be
~ 16.5 kT. A full orbit around the BZ should be mathematically equivalent to

ftot%fh""_"fe—+fﬁ+(f’y+f5)/2' (4)

Here f;,+ and f.- are the c-axis frequencies of the electron and hole cylinders, measured to be approx-
imately 3.5 kT [9]. We have assumed that at k, = m/2¢ a hypothetical QIO frequency, which would
account for the area around the gamma point surrounded by the hole and electron cylinders, may be
approximated by the average of f., + f5, namely the QIO frequencies at the k. = 7/c and k. = 0 points
respectively. However, we note that this simple assumption introduces a level of uncertainty that is not
insignificant. Nonetheless, we find that f;,; evaluates to 17.6 kT, which is in good agreement with the
expected value of 16.5 kT to within the margin of error of this modelling.

6 DISAPPEARANCE OF A-AXIS QIOS

The disappearance of oscillations when the applied field was rotated away from the a-axis was seen in
multiple samples, and for all samples measured, demonstrating the reproducibility of these results. This
was found for the use of both planar coils and tank coils. In addition to the a — c rotation plane shown in
Fig. 5 of the main text, we find a similar effect in the a — b rotation plane as well (Figure S7). This rapid



suppression of oscillation amplitude is inconsistent with these oscillations stemming from a 3D Fermi
surface pocket.
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Figure S7: The angular dependence of QIOs when rotated away from the a-axis towards the b-axis. In
this instance the QIOs were measured using the TDO technique with a tank coil.

7 CONSIDERATION OF QIO-IMPLIED MEAN FREE PATH

The frequency f of a QO from the dHvA or SdH effect observed at a magnetic field strength B can be
directly related to the real space cyclotron radius r of the quasiparticle orbit giving rise to the QO. This

may be written as
2hf
r=y 2, 5)

where £ is the reduced Planck constant and e the elementary charge [18]. A simple estimate for the mean
free path [ = 2r, as in order for QOs to be manifested quasiparticles must be able to traverse a cyclotron
orbit of this diameter without scattering.

In the case of QIOs, we can make a similar comparison. However, as discussed at length in the
main text, QIO frequencies relate to the difference in reciprocal space area enclosed by the interfering
quasiparticle paths — therefore the above argument above for evaluating [ by considering QOs of fre-
quency f only yields a lower bound for the magnitude of [ that is necessary in order to observe QIOs
(of the same frequency at the same B). Recalling Eqn. 1 of the main text, ) AN expli (d))\ — qﬁ/\/)] =

Yo\ €xXp (%A N )\/) for phase ¢ and reciprocal space area A) enclosed by quasiparticle trajectory A,
HAy ﬁAA/

2me 2me |°

by the Onsager relation [19] the corresponding QIO will have a frequency given by f =

Therefore, it is the longest of A, N\ (i.e. the largest of A, A/\/) that is of relevance in considering [, as
this trajectory must be successfully traversed (without scattering) in order for this frequency component
to contribute to the conductivity.

10



In the case of the present study, of all the oscillatory frequency branches resolved by experiment
the 0 branch corresponds to the longest A and thus largest .A,. For H || [001] the observed frequency
is 8.4 kT (Table S1). However, following the above argument we need to account for the effective
subtraction of the component A,,. Thus, to make a simple estimate of [ in the spirit of Eqn. 5, the
appropriate value of f to be used is 8.4 kT + 2 x 3.5 kT = 15.4 kT. For B = 40 T this yields | =
2r = 230 nm. We note that Eqn. 5 gives only a crude means by which to estimate [ — a consideration
of the Dingle damping factor [20] would be preferable, however the dependency of QIO amplitude on
B, due to the exponentially enhanced probability of magnetic breakdown occurring with increasing B,
complicates such an analysis. However, the simple arguments presented here underline the importance
of studying high quality samples samples with long mean free paths when performing QIO studies.
Furthermore, if high quality samples with large [ values are available, the experimental study of QIOs
can in certain cases be more attainable than a more conventional study of QOs — for example, if the
effective masses are particularly large but can subtract to give much lighter QIOs that are observable to
elevated temperatures [21].
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