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We present the systematic de Haas-van Alphen (dHvA) quantum oscillations studies on the recently dis-
covered topological Dirac semimetal pyrite PtBi, single crystals. Remarkable dHvA oscillations are
emerged at a low field about 1.5 T. From the analyses of the dHvA oscillations, we extract the high quan-
tum mobilities, light effective masses and phase shift factors for the Dirac fermions in pyrite PtBi,. From
the angular dependence of the dHvA oscillations, we map out the topology of the Fermi surface.
Furthermore, we identify two additional oscillation frequencies that are not probed by the SdH oscilla-
tions, which provides us with opportunities to further understand its Fermi surface topology.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Three-dimensional (3D) topological semimetals, including Dirac
and Weyl semimetals, have recently attracted huge interests
[1-12]. The relativistic fermions hosted by Dirac and Weyl cones
usually exhibit rich exotic transport phenomena such as the nega-
tive magnetoresistance (MR) induced by chiral anomaly, extremely
large and linear MR. These properties are mostly relative to their
non-trivial Berry’s phase [13,14], light effective electron mass
[13] and ultrahigh mobility [15]. Such characteristics of the rela-
tivistic fermions can be identified by measuring the Shubnikov-
de Haas (SdH) quantum oscillation due to the field-induced evolu-
tion of the Landau levels. The de Haas-van Alphen (dHvA) effect,
oscillatory variation of the diamagnetic susceptibility as a function
of magnetic field, is another powerful method of probing Fermi
surface topology. Compared to the SdH effect that results from
the scattering rate of charge carriers, the magnetization oscilla-
tions originate from the free energy in presence of the magnetic
field, so the dHVA effect is insensitive to the quantum interference
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effects and provides a more accurate picture of Fermi surface.
Recently, the dHVA effect has gained extensive attention in probing
the band topology of topological materials, such as the typical
Dirac semimetal CdsAs, [16], the nodal-line semimetal ZrSiX
(X=S5, Se, Te) [17-19] and the Weyl semimetal TalrTe, [20].

The recently discovered pyrite PtBi, has been proposed to be a
3D topological semimetal with extreme large MR [21] and unique
electronic structure [21,22]. Except for the flat electron pocket near
the I'-point, an electron pocket near the R-point and a hole pocket
near the M-point were identified by SdH quantum oscillations of
the MR measurements. In this work, we report the magnetization
study on pyrite PtBi, single crystals and observe the prominent
dHvVA quantum oscillations at a low field about B=1.5T. Signa-
tures of the relativistic fermions in pyrite PtBi, are observed,
including light effective masses and high quantum mobilities.
Interestingly, except for the two oscillation frequencies from o
and B -bands, we detect two additional frequencies, which provide
us with opportunities to further understand its Fermi surface
topology.

2095-9273/© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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Fig. 1. (Color online) X-ray diffraction (XRD) pattern of pyrite PtBi,. (a) XRD pattern of powdered pyrite PtBi, at room temperature. Inset: image of a single crystal (left) and
crystal structure (right). (b) XRD pattern of (11 1) plane of single crystal sample. Inset: the rocking curve of the (11 1) diffraction peak, showing the full width at half

maximum of 0.05°.

2. Methods

High-quality pyrite PtBi, single crystals (top left corner of
Fig. 1a, inset) were prepared by Bi-flux method. The raw materials
with mol ratio Pt:Bi = 1:16 were put in an alumina crucible, then
put and sealed it in a quartz tube under vacuum. The tube was
heated up to 600 °C and dwelled for 24 h, then slowly cooled to
300 °C with a rate of 2 °C per hour. At this temperature, the flux
was separated by a centrifuge. Structural characterization on
single-crystal samples was measured with the Rigaku-TTR3 X-ray
diffractometer using the high intensity graphite monochromatized
Cu Ka radiation. The angular dependent magnetization measure-
ments were carried out on a 7 T superconducting quantum inter-
ference device magnetometer (SQUID, Quantum Design, Inc.) by
using a standard sample holder with rotation stage. The angular
dependence of dHvA oscillation spectra was obtained by subtract-
ing the smooth background of magnetization.

The electronic structure of pyrite PtBi, was obtained by
performing an ab initio calculation. We employed the Vienna
ab-initio simulation package (VASP) [23-25] for first-principles
calculations. The generalized gradient approximation (GGA) of
Perdew-Burke-Ernzerhof (PBE) [26] type was used to treat the
exchange-correlation potential. Spin-orbit coupling (SOC) was
taken into account self-consistently. The crystal structures were
fully relaxed until the residual force on each atom was less
0.01eVA~'. To characterize the Fermi surface, we used the
Wannier90 softwave package to consider the maximally localized
Wannier function (MWLF) [27,28] for d orbitals of Pt and p orbitals
of Bi.

3. Results and discussions

The excellent crystallinity is demonstrated by the sharp X-ray
diffraction (XRD) peaks as shown in Fig. 1b, where the full width
at half maximum of the rocking curve reaches as low as 0.05°
(Fig. 1b, inset). Through the Rietveld refinement of the power XRD
spectrum, the lattice parameters are identified with
a=b=c=6.704(5) A and « = = y = 90° (top right corner of Fig. 1a,
inset), which is consistent with the previous reported results [29].
Fig. 2a shows the magnetization M as a function of the magnetic
field B at T=2 K when the field is applied perpendicular to (11 1)
plane. As we can see, strong magnetization oscillation arises at a
low field about B =1.5T. The oscillatory component M is striking
after removing the smooth magnetization background, as shown
in the inset of Fig. 2b. The fast Fourier transformation (FFT) spec-
trum of M reveals two major frequencies, F, =204T and

Fy =730T. According to the Onsager relation F = (h/2me)A¢, the
extreme cross sections of Fermi surface are determined to be
0.019(4) and 0.069(5) A2 for the « and f pockets, respectively. In
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Fig. 2. (Color online) Magnetization oscillation and FFT spectrum at 2 K. (a)
Magnetic field dependence of the magnetization at T=2 K with a magnetic field
aligned perpendicular to (11 1) plane. (b) The corresponding FFT spectrum of the
dHVA oscillation. Inset: the oscillatory component of the dHVA effect as a function
of B.
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Fig. 3. (Color online) (a) Magnetic field dependence of magnetization at different temperatures when the magnetic field is aligned perpendicular to (1 1 1) plane. Data have
been shifted for clarity. (b) Temperature dependence of the corresponding FFT amplitudes, the solid lines represent the fit for effective mass. (c) Dingle plot of the o and 8
pockets, and the red lines are the fitting result. (d) and (e) Lifshitz-Kosevich (LK) fit (red line) of dHVA oscillation pattern of a pocket (yellow circles) and g pocket (blue circles).

addition to these two major frequencies, we also notice two addi-
tional frequencies near the 2nd harmonic frequency of F,, marked
asF, and F inFig. 2b, which has not been observed in the previous
SdH oscillation studies [21]. As will be discussed latter, these addi-
tional frequencies result from the hole Fermi pockets near the M-
point in the first Brillouin zone, which enable us to further investi-
gate the electronic properties of pyrite PtBi,.

The magnetization measurements at various temperatures are
performed to obtain the effective mass of the « and p pockets.
Given the weak Fy oscillation component damps quickly with
rising temperature, the measurements focus on the relative lower
temperature range from 1.8 to 4K, as shown in Fig. 3a. The
amplitude of the oscillations decreases gradually with increasing
temperatures. The dHvA oscillations are often described using
the Lifshitz-Kosevich (LK) formula [30,31]:

AM o —B?R;Rp sin [Zn (g +y- o)} , (1)

where Ry = oT/sinhaT, Rp = exp(—aTpm*/B), Tp is the Dingle tem-
perature and o = 2m?kgm* /heB. kg is the Boltzmann constant, h is
the Planck’s constant, m* is the effective cyclotron mass at the Fermi
energy. Through fitting the temperature dependence of the FFT
amplitudes using the thermal damping term of the LK formula,
2m2kgTm* /heB
sinh [2r2kg T /heB]’
the best fittings yield the effective masses of m;, = 0.17(8)m, and
mj; = 0.43(5)mp (my is the free electron mass) for the o and f pock-
ets, respectively. Both the effective masses are lighter than the pre-
vious results obtained from the SdH oscillations [21], especially for
the o pocket where the effective mass is about four times smaller
than the transport result. Similar behaviors have been observed in
other reported topological semimetals, for examples, the effective
mass from the dHvA oscillations measurement in the nodal-line
semimetal ZrSiS (or in the Dirac semimetal LaBi) is about 3 (or 2)

we can get the value of m*. As shown in Fig. 3b,

times smaller than that from the SdH oscillations [32-34]. As we
know, the dHVA effect is an equilibrium state behavior, where the
oscillatory magnetization is related to the oscillations of the density
of states. The SdH effect is a nonequilibrium dynamics effect, except
for the density of states, it is also closely related to the electron scat-
tering rate, which has the same oscillation period with the density
of states. However, the electron scattering can be complicated by
some mechanisms, such as the lattice scattering, the impurity scat-
tering and the inter/inner-Landau level scattering [35]. Take them
into account, the amplitude of SAH oscillation is only an approxi-
mate expression, which will further affect the value of effective
mass.

Besides, by fitting the dHvA oscillation amplitudes with the
inverse  magnetic field to the Dingle damping
termsexp (—2n?kgTp/he.), we can obtain Dingle temperature of
both frequencies. To achieve more accurate fits, we separate the
oscillation components of o and B pockets through filtering out
the irrelevant oscillations, then we extract the oscillation ampli-
tude of 2 K as a function of 1/B. As shown in Fig. 3¢, the best linear
fittings based on the transformational LK formula yield Dingle tem-
peratures Ty = 3.26 +0.26 K and T}, = 3.87 + 0.31 K, respectively.
The quantum scattering lifetime tq, which is related to

Dingle temperature by tq = h/27ksTp, are 1§ =3.7(4) x 107" s
and 74 =3.1(5) x 10" 5. The quantum mobilities estimated by
Lo =52, are p% =3940.4 cm?V~'s™! and pf =1299.6 cm?>V~'s 1,

=
respectively. Such quantum mobilities are higher than the ones
obtained from the SdH oscillations.

In addition to the light effective mass and high mobility, the
Berry phase close to 7 is another important characteristic for the
topological non-trivial band. The Landau level (LL) index fan dia-
gram has been widely used to extract the Berry phase for topolog-
ical materials. However, for the oscillations containing multiple
frequencies, the phase factor for each frequency component is bet-
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Fig. 4. (Color online) Angular dependences of oscillation frequencies. (a) Magnetic field dependence of magnetization at different angles at T=2 K. Data at different field
orientations have been shifted for clarity. (b) The shifted dHvA oscillations as a function of 1/B at different angles. (c) The shifted FFT spectra for different angles. (d) The
angular dependences of the oscillation frequencies of both o and B pockets. Inset: the schematic configuration for angular dependent measurement of magnetization.

ter to be extracted by fitting the oscillation pattern to the LK for-
mula [14,21]. As shown in the Fig. 3d and e, we separate the oscil-
lation components of & and g pocket through filtrating frequencies.
With the effective mass, frequency and Dingle temperature of each
band extracted from the dHvA oscillations as the fixed parameters,
we expect to duplicate the oscillation pattern through adjusting
the phase factor. The LK formula reproduces each oscillation pat-
tern very well and yields a phase factor y — é of 0.038 and -0.61
for o and p pocket, respectively. The phase factor of g pocket is very
close to -5/8, which indicates a nontrivial Berry phase of the g
band [21].

To investigate the Fermi surfaces topology of pyrite PtBi,, we
perform the angular-dependence of dHvA effect measurements
with the magnetic field rotate from out of plane to in-plane direc-

@,, (®)

tion, as shown in Fig. 4a. In Fig. 4b we depict the oscillation com-
ponents with the magnetization background removed. Although
the dHVA oscillation patterns vary with the field orientations, the
oscillations remain to be strong when rotating the field direction,
indicating a 3D Fermi surface for pyrite PtBi,. From the FFT spectra
of the oscillation patterns (Fig. 4c), we extract the angular-

dependences (0° for [11 1] plane and 90° for [1 1 2] plane) of
the oscillation frequencies. As shown in Fig. 4d, with the angle
increasing, F, increasing gradually and then decreasing slowly,
the maximum value appears around 0 =45°. However, the F,
and F, display the opposite evolutionary trend relative to F,, the
minimum of them appear also around 0 =45° and nearly cross
the frequency F,. For Fy , the evolution with the angle is more com-
plex, indicating a more complicated Fermi surface of the g band.

()
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Fig. 5. (Color online) Band structure and Fermi surface. (a) The calculated band structure of pyrite-type PtBi,. (b)The calculated o hole pockets in the first Brillouin zone. (c)

The top view of electron pockets in the first Brillouin zone.
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Table 1

Several characteristic parameters derived from the dHvA and SdH oscillations of o and f pockets. F, the oscillation frequency; meg, the effective mass; v, the Fermi vector; Tp, the

Dingle temperature; pq, the quantum mobility.

Pockets o B

Quantities F(T) Megr (Mo) % (10° ms~1) Tp (K) Ho (cm? V- 1s™h F(T) Megr (Mo) % (10° ms™1) Tp (K) Uo (cm? Vs
dHVA 204 0.17(8) 5.3(5) 326 3940.4 730 0.43(5) 40(1) 3.87 1299.6

SdH 250 0.64(1) 1.58 7.4 453.4 850 0.68(1) 2.76 10.6 298.7

According to the calculated band structure, as shown in Fig. 5a,
there are three pockets, including two electron pockets located
around the I and R point and a hole pocket crossed by the I'-M
line. The B pockets alone I'- R are Dirac linear dispersion with topo-
logical protection. According to the previous SdH effect study [21],
the o and p pockets correspond to the hole and electron pockets
around the M and R points, respectively. To understand the division
of o frequencies in the dHvA effect, we plot the o pockets sepa-
rately from other pockets in the first Brillouin zone (Fig. 5b and
). As shown in Fig. 5b, the twelve ellipsoid-like hole Fermi surface
pockets (labeled by 1-12) are not equivalent with the principal
axes pointing different directions. By analyzing the experimental
setup (Fig. 4d, inset) and the angular dependences of frequencies,
we propose that the hole pockets give rise to the observed oscilla-
tion frequencies F,, F, and F, .. More specifically, for the strong
anisotropy of o pockets in pyrite PtBi,, when the magnetic field
is parallel to [1 1 0] direction, the inequivalence twelve o pockets
are divided into three groups in the first Brillouin zone. Each group
contributes a different extremal cross section when the magnetic
field is fixed along a specific direction, resulting in three different
oscillation frequencies. The F,, and F, result from the oscillations
of Fermi pockets in group 1 (Nos. 1, 3) and 2 (Nos. 2, 4) while the
main frequency F, is from the oscillation of Fermi pockets in group
3 (Nos. 5-12). As change the magnetic direction from [11 1] to

[112], the extremal cross-sections of group 1 and 2 decrease
firstly and then increase gradually, resulting in the same evolution
of the frequencies F,, and F .. The location of the pockets in group
3 are great different from that of group 1 and 2. When rotate the
field direction, the cross-sections increase firstly and then decrease
and so does the behavior of F,. Therefore, compared with the SdH
oscillations that only probed the F, frequency [21], the dHVA effect
provides opportunities to investigate the complete hole Fermi sur-
face pockets that is not accessible to the SdH oscillations. As for F,
i.e. the light electron (pink) Fermi surfaces located around the R
point of the first Brillouin zone are equivalent, so we detect only
one oscillation frequency.

To make a comparison of the results between the SdH oscilla-
tions and dHvA effect, we summarize the major characteristic
parameters in Table 1. Both the main dHvA oscillation frequencies
are slightly lower than those of the SdH results. The magnetization
measurements also reveal the lighter effective carrier masses and
higher quantum mobilities than those from the transport results.
As we know, the dHvA effect can be well interpreted by the
Lifshitz-Kosevich theory. Although the SdH effect is an analogous
effect on the electrical resistance and shares the same physics of
the quantized Landau level picture with the former, there is still
delicate difference between them. Take the scattering of electrons
into account, the original Lifshitz-Kosevich theory is more precise
to describe the dHVA effect originated from the oscillations of free
energy. As a result, the dHvA oscillations will give a lighter effec-
tive mass and a smaller Dingle temperature of both pockets, result-
ing in the high quantum mobilities in pyrite PtBi,. The dHvVA
oscillations also detect additional frequencies compared with the
SdH oscillations, which provide more accurate information of the
Fermi surface. Additionally, we note that the effective masses are
obtained in the field range of 1.5-7 T for the dHvVA oscillations

while 18-33 T for the SdH oscillations. The selected different field
range between dHvA and SdH oscillations may also affect the effec-
tive mass values for Dingle term. As we know, the effective mass is

obtained by fitting the LK formula with an average 1/ B, the differ-
ent field range may give an error due to the exponential decay of
the envelope function of oscillations. When we get the FFT spectra
and analyze the effective masses, we select the inverse field win-
dow contained the remarkable dHvVA oscillations that within the
influence of the Dingle factor.

4. Conclusion

In conclusion, we have performed the dHvA oscillation studies
on the Dirac semimetal pyrite PtBi, using magnetization measure-
ments. Strong dHVA quantum oscillations are observed at a low
field about B=1.5T. The analyses of oscillation patterns reveal
high quantum mobilities, light effective masses and nontrivial
Berry phase for the Dirac fermions in pyrite PtBi,. Compared to
the transport results, the effective masses obtained from the mag-
netization measurements are smaller and the quantum mobilities
are higher. The electron scattering may result in such differences
of two methods. The angular dependences of oscillation frequen-
cies help us to understand its anisotropic complex electronic struc-
ture more clearly. Furthermore, two additional frequencies F,
andF - are detected besides the two frequencies F, and F4, which
provide us with opportunities to further investigate the topology
of Fermi surface in pyrite PtBi,.
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