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Abstract

CrossMark

PtGa is a topological semimetal with giant spin-split Fermi arcs. Here, we report on
angular-dependent de Haas—van Alphen (dHvA) measurements combined with band-structure
calculations to elucidate the details of the bulk Fermi surface of PtGa. The strong spin—orbit
coupling leads to eight bands crossing the Fermi energy that form a multitude of Fermi surfaces
with closed extremal orbits and results in very rich dHvA spectra. The large number of
experimentally observed dHVA frequencies make the assignment to the equally large number of
calculated dHVA orbits challenging. Nevertheless, we find consistency between experiment and
calculations verifying the topological character with maximal Chern number of the spin-split

Fermi surface.

Supplementary material for this article is available online

Keywords: topological semimetal, Fermi surface, quantum oscillation

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the field of topology in condensed-matter
physics has developed rapidly. Under certain circumstances,
topological properties evolve from the electronic band struc-
ture of solids and lead to topologically protected states
and quasiparticle excitations—opening a possible route to
future quantum technology [1-3]. First to mention here are
topological insulators with protected conducting edge and
surface states [1]. Furthermore, the discovery of Weyl and
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Dirac fermions in three-dimensional crystals spurred the field
[3-19]. Besides these quasiparticles, that possess analogous
fundamental particles in high-energy physics, new types of
excitations are possible that are unique to solid-state materi-
als [20-24]. Realizations of such excitations are multifold fer-
mions that were evidenced using different experimental tech-
niques very recently [25-31].

Multifold fermions are protected by chiral crystal sym-
metry and may have a topological charge with Chern num-
ber up to +4. This large Chern number leads to associ-
ated long Fermi arcs that are much larger and more robust
than those observed in Weyl semimetals with Chern number
+1. Materials that host multifold fermions with maximum
Chern number are found in compounds with space group P23
(No. 198) [25-31].

We have recently reported on a comprehensive invest-
igation of the chiral semimetal PtGa that demonstrates the

© 2022 The Author(s). Published by IOP Publishing Ltd
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strongest spin-orbit coupling (SOC) observed so far in above
class of materials [31]. Indeed, this material hosts a large
number of Weyl points and nontrivial Weyl nodal walls with
large net chiral charges [32]. We reported the first observa-
tion of the maximal Chern number 4, predominantly focus-
ing on our angle-resolved photoemission-spectroscopy results
together with preliminary magnetic quantum-oscillation data
and band-structure calculations [31]. However, in that study,
we measured de Haas—van Alphen (dHvA) data only for a few
selected magnetic-field orientations along high-symmetry dir-
ections up to 7 T and down to 1.8 K. Thus, we had access only
to those dHvA frequencies, which are below 700 T. Therefore,
we could assign only a few expected dHVA orbits to the meas-
ured oscillations.

In this work, we report on a detailed angular-dependent
quantum-oscillation study of PtGa up to 13 T and down to
0.5 K. By analyzing our experimental data thoroughly, we
resolve extremely rich dHvVA spectra in PtGa. Despite the
inherent complexity of the spectra arising from the large num-
ber of experimentally observed frequencies, our calculated
dHvA frequencies are consistent with the experimental ones
and provide as well a rich set of Fermi-surface orbits. Our
finding on the intricate details of the bulk Fermi surface of
PtGa is an important extension of the existing knowledge
on this chiral topological semimetal as it provides a broader
understanding of the electronic structure of such kind of
materials.

2. Methods

For the PtGa crystal-growth procedure from the melt, we used
the self-flux technique as described in [31] in detail. We invest-
igated the same PtGa single crystal as studied by magnetiza-
tion experiments at lower fields previously [31]. We performed
dHVA measurements over a broad angular range in a *He cryo-
stat using a capacitive torque magnetometer up to magnetic
fields of 13 T. The observation of clear quantum oscillations
in our torque signals, appearing already at about 1.3 Tat0.5 K,
reflects the very high quality of the investigated single crystal.
Compared to the dHvA data we obtained previously by use of a
SQUID (superconducting quantum interference device) mag-
netometer [31], the torque technique allows us to apply much
higher magnetic fields and to measure down to lower temperat-
ures. Further, the sensitivity of this technique grows with mag-
netic field, making torque magnetometry particularly advant-
ageous for dHVA studies at high magnetic fields. Combined
with the possibility to rotate the sample, we, therefore, were
able to perform a more comprehensive dHVA study of PtGa.
One should note, however, that a dHVA signal in torque meas-
urements appears only for anisotropic Fermi surfaces, i.e. the
signal is proportional to the derivative of the extremal area
with respect to angle and becomes zero for a spherical Fermi
surface.

We conducted density-functional-theory (DFT) calcula-
tions using the full-potential local orbit minimum basis code

(FPLO, version 15.02) [33] to calculate the band structure,
Fermi surfaces, effective masses, and to account for the exper-
imentally detected dHvVA frequencies. Due to the strong SOC
we applied a fully relativistic formalism [34] choosing the
local density approximation of Perdew and Wang for the
exchange-correlation potential [35]. We used a 40 x 40 x 40
regular k-point mesh for the calculation of the band structure.
For the calculation of the Fermi surfaces, we employed a finer
grid with 160 points per dimension.

3. Results and discussion

The inset of figure 1 shows a typical as-measured torque sig-
nal at 1.5 K with clearly resolved dHvA oscillations. In fact,
there is practically no change in the overall dHvA oscillation
patterns with temperature (7)) except the expected diminishing
of the oscillation amplitude with increasing 7. The negligible
field-dependent background contribution reflects a highly iso-
tropic background magnetization in PtGa. The fast Fourier
transform (FFT) of the data between 4 and 13 T reveals a very
rich dHVA frequency spectrum, displayed in the main panel.
Here, we labeled some of the peaks that we were able to assign
clearly to calculated orbits of extremal areas on the various
Fermi surfaces (described later).

We measured the dHvA signal at various angles by rotating
the crystal from field aligned along [001] to [110] and from
[110] to [111] in steps of about 10° at 1.5 K. For all invest-
igated field orientations, the oscillating torque signals and the
rich Fourier spectra remain similar to those shown in figure 1.
The symbols shown in figure 2 reflect the extracted dHVA fre-
quencies for all investigated angles. Thereby, we color-coded
those data that we could assign to extremal orbits of the calcu-
lated Fermi surfaces (see figure 3). The orbits labeled on the
right and left sides of figure 2 are the same as those indicated
in figure 1. Filled black circles denote spectral peaks that could
originate from different calculated orbits and open grey circles
are of very low amplitude, such as the small peaks between 800
and 1200 T shown in figure 1. Although some of these latter
peaks may arise from real extremal orbits, they may as well be
caused by higher harmonics, magnetic breakdown, magnetic
interaction, or torque interaction [36].

As mentioned, we conducted fully relativistic band-
structure calculations using the FPLO code. Four, with SOC
eight, bands cross the Fermi energy, sometimes even multiple
times (see also supplementary figure 4 in [31]). This leads
to a multitude of Fermi-surface sheets, as shown in figure 3.
We labeled the eight bands with Greek letters and up (down)
arrows according to the SOC-induced up (down) shift of the
bands. For these sheets, we determined the angular-dependent
extremal areas, calculated the dHvA frequencies, and plotted
them in figure 2 as color-coded solid lines. The extremal orbits
of the a bands are labeled by a7, for the 3 bands by b{, for the
~ bands by ¢, and for the ¢ bands by d7, with i running from
1 to the maximum orbit number and o being an up or down
arrow according to the band shift.
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Figure 1. Fourier transform of the magnetic-torque data between 4 and 13 T shown in the inset, measured at 1.5 K and at © 7, = 40°,

i.e. rotated by 40° from the [001] to the [110] axis.
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Figure 2. Angular dependence of experimentally observed (symbols) and calculated (lines) dHvA frequencies. The colors correspond to

those of the calculated Fermi surfaces (see figure 3). Colored circles are assigned to the calculated orbits, solid black circles could not be
unequivocally assigned, and small open grey circles represent FFT peaks with small amplitudes, i.e. with amplitudes less than about six

times the noise level.

In line with the rich experimental dHvA spectra, we obtain
a large number of calculated extremal orbits. This, however,
makes a definite assignment of experimental dHVA frequen-
cies to the calculated orbits challenging. For example, the
observed dHvA frequencies between about 200 and 500 T

might originate from some orbits of the « or /3 bands. Accord-
ingly, we used filled black circles for such not unequivocally
assigned Fourier peaks in figure 2.

On the other side, there are a number of clearly resolved
FFT peaks that fit well with predicted frequencies and their
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Figure 3. Calculated Fermi surfaces restricted to the first Brillouin zone. Each column shows the Fermi surfaces belonging to one of the
four spin-split bands, «, 3, y, and §, that cut the Fermi energy. The top row belongs to the spin-split bands shifted upward by SOC, the
bottom row to the down-shifted spin-split bands. The up (down)-shifted bands are labeled by a superscript 1 (J). The calculated extremal
orbits for field aligned along [001] are labeled by Roman letters and plotted next to the sheets where they occur (with up and down arrows

omitted for better readability).

angular dependences. These peaks are shown as filled colored
circles. The observed af , 5 orbits, that originate from the
small (magenta) ellipsoids’ near the center of the Brillouin zone
(figure 3) and that lead to up to four angular-dependent dHvA
orbits, are somewhat shifted to higher frequencies than cal-
culated (from about 40-73 T). Although this might appear as
a large discrepancy, especially in the semilogarithmic plot of
figure 2, one should note that relative to the Brillouin-zone
area perpendicular to the field, this is within the uncertainty of
the DFT calculations. Similar applies for the (blue) bT orbits.
The experimental dHVA frequencies of the higher-frequency
orbits, bI, bg, dT, cf, and CI, fit very well to the calculated
values.

In our torque data, the predicted dHVA frequency at about
40 T is not resolved. The corresponding ci orbit (labeled «
in [31]) originates from the small (green) sphere around the I"
point of the v+ band. This missing dHvVA signal, most prob-
ably, is related to the almost ideal spherical shape of this orbit,
with a calculated area change of less than 2.5% over the whole
angular range. As mentioned, a dHVA signal in torque is only
visible for an anisotropic Fermi surface. Consequently, the
nearly ideal spherical shape of the c% orbit leads to a vanish-
ingly small torque oscillation. In the SQUID data [31], how-
ever, this orbit is well resolved.

Summarizing the comparison of measured and calculated
dHvA frequencies, we can state that we find consistency
between experiment and calculation. Tables 1 and 2 show a
compilation of the measured and calculated dHVA frequencies
for fields aligned along [001] and [111], respectively.

As a next step, we determined the effective masses of all
strong dHVA signals for these two field orientations ([001] and

[111]). As known from the Lifshitz—Kosevich (LK) formula
[36, 37], the effective masses of the charge carriers are related
to the temperature-dependent change of the dHVA oscillation
amplitudes. The amplitude reduction for a fundamental dHVA
oscillation is proportional to X/sinhX, where X = oTm* /B,
with the effective cyclotron mass m*, given in multiples of the
free electron mass m,, and o = 2% kgm, /(eh) = 14.69 TK~!.
Thereby, kg is the Boltzmann constant, e the electron charge,
and £ the reduced Planck constant. When the oscillation amp-
litude is extracted by use of Fourier transformation, for B
the harmonic mean of the magnetic-field window needs to be
inserted. An overall error of about 5% could be assigned to our
estimated effective masses.

Figure 4 shows, as an example, Fourier spectra of our torque
data taken at some selected temperatures between 0.5 and
12 K for magnetic field parallel to [111]. The temperature-
driven reduction of the Fourier peaks is obvious. The inset
of figure 4 shows the temperature dependence of the labeled
Fourier peaks, i.e. of the peaks that we could clearly assign
to calculated orbits. The LK formula fits the data nicely
(solid lines) and allowed us to extract the effective masses
given in the legend. Here, we used data measured between
Bin =6 T and By, = 13 T, leading to a harmonic mean of
2/(B,} +B,))=821T. We find relatively light effective
masses, as expected for a semimetal without strong correla-
tions. Most of the found values, between 0.21 and 0.82m, are
slightly larger than the calculated masses (table 2).

Previous studies showed that effective masses determined
from Fourier analyses over extended field windows may be
heavily underestimated [38, 39]. Indeed, the effective masses
extracted from the Fourier spectra depend significantly on
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Table 1. Experimentally determined dHvA frequencies and
effective masses (m™) as well as calculated frequencies and band
masses (m;,) for magnetic field parallel to [001]. The effective
masses m” are determined for a field window between 6 and 13 T.

Experimental Calculated
Orbit F (T) m* (me) F (T) my (me)
ey 40 0.08
at,s 74 43 0.13
bl 97 0.17 57 0.16
2 146 0.20
by 193 197 0.24
al 264 206 0.15
al,at 284 303 0.19
al,ay 293 315 0.20
ag 343 0.21
ay 363 0.23
ay 372 0.24 366 0.23
bl 511 0.27 522 0.25
bl 528 534 0.28
by, by 543 578 0.26
by 618 0.29 612 0.47
b1, by 687 0.35 681 0.31
b} 710 0.37 699 0.34
by 795 0.48 835 0.41
by 898 852 0.42
b} 978 970 0.79
by 1218 1173 0.56
dl,dt 2147 0.49 1745 0.51
d] 2254 0.54 1815 0.51
s 2112 0.50 1971 0.59
et 2193 0.45 2073 0.55
) 2294 0.55 2228 0.61
b} 2320 0.54 2438 1.24
by 3466 1.36

the chosen window size w = 1/B,;; — 1/Byuqx- This is caused
by the strong non-linear field dependence of the magnetic
quantum oscillations, given mainly by the scattering rate
on each orbit, i.e. by the Dingle temperatures [36]. Ideally,
the window size w should be decreased to zero. This, how-
ever, reduces the dHvA frequency resolution by enlarging
the Fourier-peak widths and leads to overlapping spectral
peaks. We studied the window-size dependence of the extrac-
ted effective masses for some of the well-resolved FFT peaks
to find an optimized and realistic window size based on the
observed Fourier pattern in PtGa. We found that in PtGa, with
a large number of rather dense Fourier peaks, the minimum w
for a reliable analysis is limited to about 0.1-0.2 T~

Figure 5 shows, how m*, extracted by use of the LK for-
mula, apparently increases when reducing the FFT window
size. In order to estimate m™* for zero w, we used a smooth,
heuristic formula, namely m* = m§ + m} exp(—w/b), with the
three fit parameters myg, m], and b. Obviously, the formula is

Table 2. Experimentally determined dHVA frequencies and
effective masses (m™) for a field range from 6 to 13 T as well as
calculated frequencies and band masses (1) for magnetic field
aligned along [111]. Effective masses labeled as my;, are
extrapolated to zero Fourier-transformation window size.

Experimental Calculated
Orbit — F(T)  m" (me)  my, (me) F(T) my, (me)
ay 33 0.12
c 40 0.08
a3y, 92 0.21 50 0.15
b 163 0.30 0.42 100 0.29
2 189 0.33 164 0.23
b} 210 0.36 223 0.56
al;, 276 0.17 224 0.55
as s, 340 0.22 0.27 363 0.21
bY 382 382 0.61
b} 1o 754 0.43 0.49 728 0.37
b1 884 960 0.48
db 1373 0.38
d 1885 0.39 0.58 1623 0.40
by 1623 0.82 1635 1.13
e 2323 0.58 2043 0.58
el 2501 0.66 2359 0.62
by 4210 4238 1.18

a very good description of the experimental data. Extrapola-
tion to zero w gives us effective-mass values that, most prob-
ably, are closer to reality. Our analysis shows that even for our
smallest window size (6—13 T), we may underestimate m* by
up to 38%.

Still, even these larger, extrapolated masses are well below
Im, and only somewhat larger than the calculated ones
(table 2). When comparing the experimental with the calcu-
lated effective masses (tables 1 and 2), some of the experi-
mental values appear to be smaller than expected. This, most
probably, is caused by the relatively large FFT window size
necessary to obtain well-resolved Fourier peaks.

Concluding this part, we may state that the effective cyclo-
tron masses in PtGa are only slightly enhanced with respect to
the bare band masses m;,. This means that correlation effects
play only a very minor role. The mass enhancement presum-
ably may be well explained by some modest electron-phonon
coupling.

We finally want to remark on the phase factor of the dHvA
oscillations. In principle, the oscillating signal acquires an
additional Berry phase, ¢p, when the electron orbit encloses
a Weyl or Dirac point [40]. This Berry phase comes on top of
other phase-factor contributions that are discussed theoretic-
ally in [41, 42] and for real data of the Weyl semimetal NbP in
[43]. In the present case, we refrained from trying to determ-
ine the absolute phases, since, for a valid extraction, the dHVA
signal of one individual frequency must be separated. In view
of the extraordinarily rich frequency mix of the dHVA signal
such an extraction cannot be done reliably for PtGa.
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Figure 4. Fourier spectra of magnetic-torque data measured between 6 and 13 T with the magnetic field parallel to [111] for selected
temperatures. The inset shows the fits using the Lifshitz—Kosevich formula (solid lines) to the temperature-dependent amplitudes of the
dHVA frequencies labeled in the main panel. The resultant effective masses, m”*, are given in the legend.

0-6 T T T T I T L] L] L)

0.5

1 1 1 1 I 1 1 1

PtGa
B || [T’l 1]

F(MT) A

I 1 1 1 l 1 1 1 1 I 1 1

0

2 0.3

FFT window size (1/T)

Figure 5. Dependence of the extracted effective masses on the window size used for the FFT. The maximum field value used is 13 T for all
windows, the minimum ranges from 2 to 6 T. The lines are fits using the heuristic formula m* = mg + m{ exp(—w/b), with window size w
and fit parameters myg, m], and b. The dashed lines are extrapolations of the fits to zero.

4. Summary

In summary, we performed a comprehensive dHvA study
combined with DFT calculations in order to determine the
Fermi surface of the topological semimetal PtGa. We find a
rather evolved Fermi-surface topology with a large number
of extremal orbits caused by strong SOC that leads to eight

bands—instead of four without SOC—crossing the Fermi
energy. By carefully analyzing the very rich dHVA spectra, we
could reasonably well assign most of the various frequencies
to calculated orbits. The experimentally determined effective
cyclotron masses are slightly enhanced compared to the calcu-
lated band masses. In the process, we found a sizeable depend-
ence of the effective masses on the chosen FFT window size.
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Reducing this window size leads to apparent larger masses that
are presumably closer to the real values. Altogether, we find
that our experimental data are consistent with the DFT calcu-
lations. This further confirms the realization of a topological
Fermi surface with maximal Chern number in PtGa.
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