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Crystal growth15

High quality crystals of WP2 were grown via the chemical vapor transport method using iodine as transport agent, with the16

following starting materials: red phosphorous (Alfa-Aesar, 99.999%) and tungsten trioxide (Alfa-Aesar, 99.998%). The starting17

materials were sealed in an evacuated fused silica ampoule. A two-zone-furnace with a temperature gradient of 1000 ◦C to18

900 ◦C was used for the CVD method. After several weeks, the ampoule was removed from the furnace and quenched in water.19

The crystals were characterized by X-ray diffraction.20

Fabrication of the staircase device21

In Fig. 2 of the main text, we have shown the so-called staircase device which was especially designed for the measurement22

of Sondheimer oscillations (SO). Here, we describe its fabrication in detail, beginning from a bulk crystal. Firstly, the23

crystallographic orientation of the bulk crystal is determined through XRD measurements, and it is glued in the desired24

orientation onto an SEM stub. It is then introduced into a Helios G4 PFIB UXe DualBeam FIB/SEM using Xe ions, hence25

avoiding issues associated with surface implantation as in the more common Ga-based sources. This focused beam of Xe ions26

is used to cut a rectangular slab we call a lamella from that crystal in three steps. The first is using a high 2.5 µA current to cut27

two gaps into the crystal, separated by an approximately 15 µm thick and 150 µm long section of crystal. A smaller current of28

0.2 µm is then used to smoothen this crystal section in order to produce moderately flat sidewalls, after which the wall is cut29

near the bottom and on the sides such that we have a lamella attached to the parent crystal through two beams at its top.30

At this stage, a 15 nA current is used to fine-cut both sides of the lamella, leaving it with parallel sidewalls and a high level31

of smoothness. The thickness of the lamella is now that of what will be thickest section of the staircase device. The lamella is32



then divided into five sections; the three middle sections are of equal length, while the sections on either end are longer for33

further contacts. Starting from one side, we leave the first section untouched and polish and mill the other sections to their34

respective target thickness using cleaning-cross-sections as the milling strategy. This is the stage shown in the top left insert of35

main Fig. 2b. After this, we cut through the beam on one side and thin down the other side.36

An ex-situ micromanipulator is used to break the thinned beam and pick up the stepped lamella. On a sapphire substrate37

with lithographically prepatterned gold contact pads, we place a small droplet of Araldite epoxy. While the epoxy is still liquid,38

we place our lamella, flat side down, onto the droplet. Capillary forces then create a profile of epoxy around the lamella that39

extends smoothly up to each of its top surfaces, without covering any. After curing the epoxy for one hour at 150 ◦C, we take40

the substrate to a sputtering machine, where it is briefly RF etched and 3 nm of Ti plus 200 nm of Au are sputtered onto the41

lamella, glue and prepatterned gold contacts through a shadow mask. The lamella after this step is shown in the bottom right of42

main Fig. 2b.43

In order to pattern the device, we again make use of the Helios G4 PFIB. The Ti/Au layer that covers what will be the active44

part of the device is first removed with an acceleration voltage of 5 kV and an ion current of 2 nA. The overall shape of the45

device with the position of the contacts is then cut out at 0.3 nA and 30 kV and the central bar of the device is gently polished46

in order to create smooth sidewalls. Finally, the Ti/Au layer away from the device is cut through in order to separate the contact47

pads and make sure that current can only flow through the device, which is then ready for measurement.48

In order to check that the crystallographic orientation of the final device is as expected based on the initial XRD measure-49

ments, we perform measurements of the magnetoresistance (MR). The MR has a characteristic shape with a minimum for B ‖ c50

and a maximum for B ‖ b1, allowing an identification of these axes. In Fig. S1, we show an angle-dependent measurement of51

MR for one of our devices, which is indeed aligned 45◦ away from the b and c axes.52

Calculation of A(k) and dA
dk53

The calculations of the k-dependent cross-sectional area of the Fermi Surface (FS) shown in main Fig. 3 and Fig. S3 were54

performed with a slightly modified version of SKEAF2, a commonly used software designed to numerically extract quantum55

oscillation frequencies from calculated band structures. Quantum oscillations (QO) take place at extremal areas of the FS (i.e.56

when dA
dk = 0) and their frequency relates to the extremal area as given by the Onsager relation3: F = }

2πe A. This correspondence57

allows us to display A(k) in units of kT rather than 1/Å2. As QO are more known than Sondheimer oscillations, this choice of58

unit facilitates their comparison.59

The SKEAF algorithm, written in the Fortran 90 language, reads electronic structures calculated by DFT in the Band-60

XCrySDen-Structure-File (BXSF) format. It constructs a cubic super cell much larger than the original reciprocal unit cell and61

aligned with the magnetic field direction. This super cell is then divided into slices perpendicular to the magnetic field, and the62

software records the cross-sectional area for each slice. During regular use, SKEAF then matches the orbits over the different63

slices and finds the extremal ones. We, however, need the area for each slice, and hence we have added a short section of code64

to create a new file containing the k-values and areas (in both 1/Å2 and kT) for all orbits.65

This file contains many copies of each FS sheet. Rather than averaging each orbit, as is done by SKEAF for the extremal66

orbits, we simply select one copy and plot this as in main Fig. 3e. This is reasonable, as the differences between the areas of the67

copies are consistently less than 0.1%. Finally, we take a numerical derivative of A(k) and find dA
dk , from which we can identify68
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possible Sondheimer orbits.69

Other Sondheimer orbits in WP270

As seen in Fig. S2, WP2 has a Fermi surface (FS) with two spin-split electron and hole pockets. In the main text, we focus our71

attention on the larger of the dogbone-shaped electron pockets as the most likely origin of the observed Sondheimer oscillations72

(SO). In principle, however, each of the four pockets may contribute to SO and therefore should be investigated.73

In Fig. S3, we show the results of our investigation of each of the three FS pockets not discussed in the main text. In74

Fig. S3a, b and e, we focus on the smaller dogbone pocket. Similarly to the larger pocket, this pocket exhibits an extended75

region of near-constant dA
dk which may lead to SO. The average dA

dk in this region is somewhat smaller, leading to a calculated76

thickness-dependence which makes a less accurate prediction of the experimental data. Nevertheless, we cannot exclude that77

this pocket also contributes to the observed SO. We do not feed back any experimental data into the calculation. Given the78

similarity in slope, we could not differentiate between these orbits and expect that in reality, both of them contribute.79

Fig. S3c, d, f and g concern the hole cylinders. Here, there are several (periodically repeated) sections of the FS with80

extremal values of dA
dk . Using these values of dA

dk to calculate the thickness dependences of the associated frequencies, we see81

that most of these orbits do not fit our experimental data. There is only one theoretically possible orbit on the smaller hole82

cylinder (Fig. S3f) which predicts frequencies in agreement with our experiment. However, it is clear that it cannot be this orbit83

which we observe. Firstly, because only a narrow slice of the FS can contribute to this orbit, due to the relatively sharp peak in84

dA
dk . The amplitude of any oscillation arising from this FS slice should therefore be approximately 40 times smaller than those85

arising from the dogbone pockets. Secondly, there is no sign in our data of any of the extremal orbits on the larger hole cylinder86

(Fig. S3g). If the extremal orbit on the smaller cylinder was observed, then the ones on the larger cylinder should be too. Based87

on this, it is clear that the hole cylinders play no role in the observed Sondheimer oscillations.88

Quantum oscillations89

Here, we discuss the quantum oscillations (SdH) observed in our samples (see Fig. S4.) and extract a quantum lifetime τq as90

well as effective masses for several orbits.91

These QO can be observed as weak 1/B-periodic oscillations of the longitudinal resistivity above 14 T, shown in Fig. S4a.92

In order to separate the oscillatory part of the signal from the large background, we take the second derivative of the data and93

plot it against 1/B. From the resulting signal, we then extract the Fast Fourier Transform shown in Fig. S4b. The effective94

masses listed in this figure were extracted through a fitting of the peak amplitudes as a function of temperature, using the95

Lifshitz-Kosevich (LK) formula.96

In Fig. S4c, we show a Dingle plot for a QO orbit with a frequency of 2.6 kT at a temperature of 1.5 K. This plot is97

made by taking the amplitudes of the peaks in the oscillatory component of the resistivity acquired after subtraction of a98

smooth background, ∆ρxx, and dividing by the thermal damping term from the LK formula, RT . Plotting the logarithm of this99

against the inverse of the magnetic field yields a linear relation with slope 14.69 m∗
me

TD, where TD = }
2πkBτq

. From this, we find100

τq = (3±1)×10−13 s. This is a typical value for τq, which in our measurements ranges from 10−13 s to 10−12 s for different101

QO frequencies, temperatures and devices.102

We have also studied the QO as a function of the angle between the magnetic field and the device. The results of this study103

are shown in Fig. S4d and are in good agreement with previously published theoretical calculations as well as data4.104
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Extraction of lMR from the SO amplitude105

We follow a step-by-step procedure in order to extract the lMR as a function of temperature. In the first step, the measured106

longitudinal or Hall resistivity is smoothed and differentiated twice. The required level of smoothing is adjusted for each107

dataset to the extent that no oscillatory component of the data is removed, while the noise is suppressed. Importantly, the same108

procedure is performed consistently for each temperature. After taking the second derivative, we perform an FFT of the data109

using a Hanning window. The relevant amplitude A(T ) is found from the peak in the FFT and plotted against the temperature110

(see main Fig. 4). In order to extract A(0), we then need to extrapolate to T = 0 K. In order to do this, we use a fit of the form111

A(T ) = A1/
(
1+ exp

(T−c1
c2

))
, which provides an excellent empirical description of the data and allows us to determine A(0).112

As the SO amplitude saturates at low temperatures, the exact extrapolation procedure has little effect on the value of A(0) and113

the extrapolation is robust.114

Finally, we use Eq. 2 from the main text to calculate lMR(T ), which we plot in main Fig. 4b. In Fig. S5, we show lMR(T )115

for several different devices, showing consistency between the values extracted for any thickness, from ρxx or ρxy and from116

measurements along different crystallographic axes.117

Ab initio calculations118

The ab initio calculations were performed with the open source density functional theory (DFT) code JDFTx5. We used fully119

relativistic Perdew-Burke-Ernzerhof pseudopotentials6–8 and included the spin-orbit coupling effect in all calculations. A120

kinetic energy cutoff of 28 Ha was used along with a 6×6×8 Γ-centered k-mesh and a Fermi-Dirac smearing of 0.01 Ha for121

the Brillouin zone integration. Both the lattice constants and the ion positions were relaxed until the energy differences were122

less than 10−9 Ha. To compute the electron-phonon scattering time, we performed frozen phonon calculations in a 3×3×2123

supercell, and obtained 44 maximally localized Wannier functions (MLWFs) by projecting the plane-wave bandstructure to W124

d and P p orbitals, which allowed us to converge the electron scattering calculation on a much finer 66×66×88 k′ and q grid125

for T = 10 K.126
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Figure S1. Angle-dependent magnetoresistance of a WP2 device. Here, 90◦ is perpendicular to the plane of the sample

and high symmetry directions are indicated.
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Figure S2. Fermi surface of WP2 a and b, Spin-split electron pockets. c and d, Spin-split hole pockets. Figure made with

XCrySDen9.
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Figure S3. Overview of all possible Sondheimer orbits in WP2 with a magnetic field along the [011] direction. a and c,

cross-sectional area as a function of k‖ (top) and its derivative (bottom). In a, both dogbone-shaped electron pockets, with the

possibly Sondheimer-active region indicated for the smaller pocket (blue); in c, the two hole pockets, with locations of possible

Sondheimer orbits indicated. b and d, calculated slopes of the SO frequency against the sample thickness for the orbits

indicated in a and c respectively. All plots include the experimental data (the same as in main Fig. 3) and b also includes the

calculation for the larger dogbone (red), for comparison. e, f and g, the approximate orbits drawn onto the FS pockets. The

directions of the crystallographic axes as well as the magnetic field are indicated in e.
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Figure S4. Quantum oscillations in WP2 microdevices. a, Resistivity of one of the WP2 microdevices, focused on the

region of 14 to 18 T. Inset: Second derivative to B of the data with respect to the magnetic field, plotted against 1/B in order to

highlight the quantum oscillations. b, FFT of the data in a, with the effective mass indicated for certain frequencies. c, Dingle

plot for the QO with frequency of 2.6 kT. d, Dependence of the oscillation frequencies between the sample and magnetic field.

Here, 90◦ is perpendicular to the plane of the sample. High symmetry directions are indicated.
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Figure S5. Reproducibility of the extracted lifetimes. Momentum relaxing scattering lifetime extracted from the

Sondheimer oscillation amplitude for several different device configurations, showing the reproducibility and robustness of the

method. Device thickness, channel (Hall or longitudinal) and current direction (along the crystallographic a-axis, or between

the b and c-axes.
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