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Fermi surface and Berry phase analysis for Dirac nodal line semimetals:
Cautionary tale from SrGa, and BaGa,
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A Berry phase of odd multiples of 7 inferred from quantum oscillations (QOs) has often been treated as
evidence for nontrivial reciprocal space topology. However, disentangling the Berry phase values from the
Zeeman effect and the orbital magnetic moment is often challenging. In centrosymmetric compounds, the
case is simpler as the orbital magnetic moment contribution is negligible. Although the Zeeman effect can be
significant, it is usually overlooked in most studies of QOs in centrosymmetric compounds. Here, we present a
detailed study on the nonmagnetic centrosymmetric SrGa, and BaGa,, which are predicted to be Dirac nodal
line semimetals based on density functional theory (DFT) calculations. Evidence of the nontrivial topology is
found in magnetotransport measurements. The Fermi surface topology and band structure are carefully studied
through a combination of angle-dependent QOs, angle-resolved photoemission spectroscopy (ARPES), and DFT
calculations, where the nodal line is observed in the vicinity of the Fermi level. Strong de Haas—van Alphen
fundamental oscillations associated with higher harmonics are observed in both compounds, which are well
fitted by the Lifshitz-Kosevich (LK) formula. However, even with the inclusion of higher harmonics in the fitting,
we found that the Berry phases cannot be unambiguously determined when the Zeeman effect is included. We
revisit the LK formula and analyze the phenomena and outcomes that were associated with the Zeeman effect
in previous studies. Our experimental results confirm that SrGa, and BaGa, are Dirac nodal line semimetals.
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Additionally, we highlight the often overlooked role of spin-damping terms in Berry phase analysis.

DOI: 10.1103/6tq6-srow

I. INTRODUCTION

Topological semimetals are gapless solid state phases
with band touchings near the Fermi level, harboring non-
trivial topological invariants, often with linear low-energy
dispersions [1-5]. These materials can be further classified
according to the dimension and degeneracies of the band
crossings [2-9]. Dirac nodal line semimetals, which display
fourfold degenerate nodal lines, have recently garnered sig-
nificant interest [5,7], since they are predicted to be the parent
phase of many topological phases. Breaking specific symme-
tries or turning on spin-orbit coupling (SOC) provides routes
to tune Dirac nodal lines into Weyl nodal lines, Dirac points
(DPs), Weyl points, and Kramers nodal lines [5,7,10-12].
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The topologically nontrivial Dirac nodal lines bring about
various exotic magnetotransport and spectroscopic signatures
[13-19], such as large nonsaturating magnetoresistance (MR)
and drumhead surface states (SS) observed in ARPES.

The nontrivial w Berry phase in quantum oscillations
(QOs) has been esteemed as smoking gun evidence for non-
trivial reciprocal space topology [5,14,16,20-25]. Such a
Berry phase originates from the band-touching point (line)
and is accumulated in the cyclotron motion of Dirac or Weyl
fermions if the cyclotron orbit encloses the band crossing. The
nontrivial = Berry phase seems to be the most prevalent trans-
port evidence compared to other phenomena: The anomalous
Hall effect is not observed in most nonmagnetic topological
materials; large nonsaturating magnetoresistance and chiral
anomaly might have other origins (electron-hole compensa-
tion and current jetting effect, respectively) [26-30]. It is
important to note that the Berry phase in three-dimensional
(3D) topological materials may deviate from the exact 7 value
due to the following reasons: (1) detailed Fermi surface geom-
etry and magnetic field orientation [20,31,32], (2) deviation
from perfect linear dispersion [33], and (3) a gap opening at
the band crossing [34-36].

However, the Berry phase extracted by QO analysis may
consist of additional contributions and should instead be
written as a phase shift A, with the Berry phase being

Published by the American Physical Society
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one of the contributions. In recent studies, the analysis has
been performed mainly by fitting the simplified Lifshitz-
Kosevich (LK) formula or using a Landau-level (LL) fan plot
[37,38]. The former method fits the QOs while discarding
the higher harmonics and the spin-damping term. The latter
method assigns half-integer/integer values (LL indices n) to
the peaks/valleys of the fundamental oscillations. The Berry
phase is reflected in the intercept of the linear plot of the
inverse external magnetic field 1/puoH versus the LL index n,
which also neglects higher harmonics and the spin-damping
term. In both methods, one only accurately determines the
phase shift A and not the Berry phase, with A = ¢ + ¢r +
¢z, where ¢p, ¢r, and ¢, are Berry phase, orbital magnetism,
and Zeeman coupling terms, respectively [39]. Therefore, a
measured 7 phase shift does not necessarily represent the
Berry phase, and further analysis or probes to tackle each
contribution separately are required to unambiguously deter-
mine the Berry phase. In recognition of this need in the Berry
phase analysis, the inclusion of higher harmonics in the QOs
has been proposed as a way to separate different contribu-
tions, which paves a more rigorous approach [39]. In addition,
de Haas—van Alphen (dHvA) oscillations are preferred to
Shubnikov-de Haas (SdH) oscillations: Magnetization is a
thermodynamic variable given by an exact expression known
as the LK formula [37]. Conversely, because resistivity
or conductivity is not a thermodynamic variable, the SdH
oscillations are often complicated by different scattering
mechanisms [37,40]. Therefore, a topological semimetal that
manifests strong dHvA oscillations with higher harmonics is
paramount to establishing a careful study of the Berry phase.

In this work, we present magnetotransport, angle- and
temperature-dependent dHvA oscillations, and ARPES results
on both SrGa, and BaGa,. The electrical transport measure-
ments confirm the good crystal quality of both materials
and provide evidence of nontrivial topology. We comprehen-
sively establish the Fermi surface of both compounds using
angle-dependent dHvA and ARPES measurements, as well
as density functional theory (DFT) calculations. Via careful
analysis of the temperature-dependent QOs with the inclu-
sion of higher harmonics and Zeeman effect through LK
fitting, we find that it is not possible to unambiguously deter-
mine the Berry phase and Landé€ g-factor through QOs alone.
Although previous works showed ways to estimate Landé
g-factor through peak splitting in QOs [41-47], our theoret-
ical deduction suggests that those peak splittings might have
different origins. Nonetheless, we demonstrate that SrGa, and
BaGa, are Dirac nodal line semimetal materials through a
combination of experimental and theoretical techniques and
highlight the importance of the Zeeman effect in the Berry
phase analysis through QOs, which makes the precise estima-
tion of the Berry phase challenging.

II. METHODS

The single crystals of SrGa, and BaGa, were grown by
the flux method. The starting elements with compositions
Sr:Ga = 50:50/Ba:Ga = 40:60 were placed in tantalum cru-
cibles and sealed in evacuated quartz ampoules. Then, the
ampoules were heated between 1050 and 950 °C, held at the
maximum temperature for 4 h, before cooling down to tem-

peratures between 750 and 610 °C at ~2 °C/h. The SrGa; and
BaGa, crystals were obtained after decanting excess flux in a
centrifuge. The atomic composition was checked by energy-
dispersive x-ray spectroscopy (EDS). The crystal structures
were determined by powder x-ray diffraction in a Bruker D8
Advance x-ray diffractometer with Cu Ko radiation. Rietveld
refinements were done using topas software.

The electrical transport measurements were conducted in
a Quantum Design (QD) Dynacool physical property mea-
surement system (PPMS)-14T system using a four-contact
method. The magnetization up to 9 T was measured in a QD
Dynacool PPMS using the vibrating sample magnetometer
option. High-field magnetic torque measurements were mea-
sured in a 65 T pulsed magnet at the National High Magnetic
Field Laboratory, Los Alamos.

ARPES measurements for SrGa, were taken at the Beam-
line 4.0.3 (MERLIN) of the Advanced Light Source, equipped
with a SCIENTA R8000 analyzer with vertical slit relative
to the ground. The temperature and vacuum during measure-
ments were kept at 22 K and below 5x10~!! Torr. Photon
energies between 30 and 120 eV in linear horizontal polar-
ization were scanned on the in situ cleaved SrGa,. ARPES
experiments on BaGa, were conducted at the Quantum Ma-
terials Spectroscopy Centre beamline of the Canadian Light
Source, equipped with a R4000 electron analyzer, where the
slit of the analyzer is horizontal relative to the ground. The
BaGa, samples were cleaved in situ and measured under a
vacuum condition better than 6x 10~!! Torr and temperature
stabilized at 15 K. Photon energy scan on BaGa, covers a
range from 56 to 120 eV using linear vertical polarization per-
pendicular to the analyzer slit direction. Energy and angular
resolution for all the measurements were set to be better than
25 meV and 0.1°, respectively.

The electronic band structures of SrGa, and BaGa, were
calculated based on DFT using the code of Vienna ab initio
simulation package (VASP) [48] with a projected augmented
wave potential. The exchange and correlation energies were
considered at the level of generalized gradient approximation
(GGA), following the Perdew-Burke-Ernzerhof parametriza-
tion scheme [49]. All the calculations were performed based
on experimental lattice constants.

The temperature-dependent dHVA oscillations were fitted
using the LK formula with the inclusion of higher harmonics
[37]:

o0
1 .
AM o — BY Z Z 5 RrRoRs sin
p r=1

. <2n|:r(%—)/+,3>+5:|>, M)

where Ry = raT p/sinh(raT n), Rp = exp(—ralpu/B), and
Ry = cos(rmgu/2) terms are the temperature, field, and
spin-damping terms. p and r are the pocket and harmonic
indices, u = meg/myg is the ratio of the effective mass m.s to
the free electron mass g, a = (2w 2kgmyg)/ (fie) ~ 14.69 T/K,
Tp is the Dingle temperature, and F is the frequency. y =
0,8 = 0 for a two-dimensional (2D) pocket, and y = 1/2,
8 = £1/8 for a minimum/maximum cross section of a 3D
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FIG. 1. Calculated band structures and Fermi surfaces of SrGa, and BaGa,. Left: Band structure calculations with SOC (solid lines) and
without SOC (dashed lines) of SrGa, (a) and BaGa, (c) along high-symmetry paths. The bands that cross the Fermi energy are highlighted in
different colors. The inset of panel (c) shows the Brillouin zone with labels of high-symmetry points. The magenta boxes highlight the Dirac
nodal lines along the K-H direction. Right: Enlarged view of the Dirac nodal lines along the K-H direction. A small gap develops between the
two bands that form the Dirac nodal lines because of SOC. Calculated Fermi surfaces for SrGa, (b) and BaGa, (d) with SOC included. The
colors of the Fermi pockets are consistent with those in panels (a) and (c). The labels represent the QO frequencies as shown in Figs. 4 and 6.

electron/hole pocket, respectively. 8 = ¢p/2m and ¢p is the
Berry phase [5].

III. RESULTS
A. DFT calculations

We identify SrGa, and BaGa, as good material platforms
for this study based on electronic band structure calculations.
The electronic structures along the high-symmetry paths, with
or without the SOC, are shown in Figs. 1(a) and 1(c). The
band dispersions of SrGa, and BaGa, are similar. In both
compounds, three bands (depicted in red, green, and blue
colors) cross the Fermi energy and form four Fermi pockets,
as shown in Figs. 1(b) and 1(d): o/y (red), B (green), n
(green), and & (blue). According to DFT calculations, the only
topological band crossing the Fermi energy is a Dirac nodal
line along K-H, highlighted in the magenta box in Figs. 1(a)
and 1(c). These Dirac nodal lines will open a small gap when
SOC is included. The gap is much smaller in SrGa; than in
BaGa,, due to the stronger SOC of Ba. Although the gap
in BaGa, is relatively large along K-H, the gap at the K
point is small (~10 meV), and the low-energy excitation can
still be described by the Dirac equation and possesses the

characteristic of Dirac fermions [50]. Therefore, it is more
suitable to classify BaGa, as a Dirac semimetal. Nonethe-
less, only the QOs from the 8 pocket, elongated along the
K-H direction [green in Fig. 1(d)], are expected to manifest a
nontrivial w Berry phase, while the QOs from other pockets
should yield a trivial zero Berry phase.

B. Structural characterization

SrGa, and BaGa, crystallize in the P6/mmm space group
(AlB,-type), which consists of Ga honeycomb layers sand-
wiched between triangle layers of alkaline atoms [Fig. 2(a)].
The lattice parameters were determined from the Rietveld re-
finements on powder x-ray diffraction, yielding a = 4.341 A,
¢ = 4.734 A for SrGa, and a = 4.440 A, ¢ = 5.082 A for
BaGa,. The refined lattice parameters imply that the c/a ratio
of BaGaj; is 5% larger than that of SrGa,, which suggests that
BaGa, is more two-dimensional than SrGa,.

C. Magnetotransport measurements

Previously, magnetotransport measurements [50] showed
evidence of nontrivial topology in BaGa,, where a
large nonsaturating transverse magnetoresistance, negative
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FIG. 2. Powder x-ray diffraction pattern of SrGa,. The upper
inset is the crystal structure projection along the ¢ axis showing
honeycomb layers of Ga atoms and triangular layers of alkalines. The
lower inset shows one piece of single crystal, with each grid equal to
1 mm.

longitudinal MR (interpreted as interlayer quantum tunnel-
ing), and nonzero Berry phases in QOs were observed [50].
The hole carrier nature, as indicated by Hall measurements,
ruled out an electron-hole compensation being responsible for
the large nonsaturating MR [50].

Similar behavior is found in SrGa,. The in-plane resistiv-
ity shows a metallic behavior, with residual resistivity ratio
RRR = p(300 K)/p(1.8 K) = 55 as shown in Fig. 3(a).
The Hall resistivity p,, shown in Fig. 3(c) suggests that the
dominant carrier is holelike, which can be further fit by a
two-band model with two hole carriers of different mobilities
[Figs. 9(b)-9(d)]. The MR of SrGa, shown in Fig. 3(b) is
nonsaturating and reaches 50% at 14 T and 1.8 K, with no
signature of SdH oscillations. The behaviors of MR and Hall
in SrGa, are therefore similar to BaGa, [50]. Planar Hall
effect (PHE) is observed in SrGa,, indicated by the sin(2vy)
behavior in Fig. 9(a). The PHE, large nonsaturating MR,
and noncompensated carrier nature indicate that SrGa, likely
hosts nontrivial topology, similar to BaGa, [5,50].

D. Angle-dependent dHvVA oscillations

Angle-dependent quantum oscillations were used to de-
termine the Fermi surface and its underlying topology. The

Onsager relationship illustrates the connection between the
QO frequency F and the extremal Fermi surface cross sec-
tion Sext: F = hSext/2me, where h is the reduced Planck
constant and Se iS the extremal Fermi surface cross sec-
tion perpendicular to the magnetic field. We determine F from
dHvA oscillations. The experimental geometry is shown in the
inset of Fig. 4(a). Strong dHVA oscillations can be found in the
isothermal magnetization of SrGa, and BaGa, after a smooth
background subtraction, as shown in Figs. 4(a) and 4(d), and
they persist for all magnetic field orientations from 6 = 0°
(out-of-plane magnetic field) to 8 = 90° (in-plane magnetic
field). The oscillation amplitude decreases monotonically in
BaGa, from 6 = 0° to 90°, while in SrGa, it decreases from
0 = 0° to 45° and is nearly constant in the range of 6 = 45°
to 90°. Such angular dependence of the QO amplitude under-
scores the picture of BaGa, being more two-dimensional than
SrGaj;. Such a difference in the electronic dimensionality can
be inferred from the band dispersion along the k, direction,
which is best illustrated in the K-H direction, as shown in the
right panel of Figs. 1(a) and 1(c).

The QO frequencies at different field orientations are ob-
tained from the fast Fourier transform (FFT) in Figs. 4(a)
and 4(d), and are shown in Figs. 4(b) and 4(e). These fre-
quencies are further compared with the values of cylindrical
Fermi pockets to estimate the shape of the corresponding
Fermi pockets in QOs. For a cylindrical Fermi surface elon-
gated along the ¢ axis and field oriented at an angle 6 away
from the ¢ axis, the cross-sectional area is S/cos(6), where
S is the basal area of the cylinder. The comparison can be
found in Figs. 4(c) and 4(f). We found that « in SrGa, and
BaGa; corresponds to necks [F(6) > F(0)/cos(6)], while
the frequencies y in SrGa,, and B and y in BaGa, are
bellies [F(0) < F(0)/ cos(8)], as demonstrated in Figs. 4(c)
and 4(f).

We further compared the frequencies from the FFT spec-
tra with cross sections from DFT calculations. Based on the
shape and size of the Fermi pockets as in Figs. 4(b) and 4(d),
we linked the extremal cross sections of the Fermi pockets
and the QO frequencies in the following way: In SrGa,,
the o and y frequencies are the minimum and maximum
cross sections of the Fermi pocket shown in red in Fig. 1(b);
in BaGa,, the o and y frequencies are the minimum and
maximum cross sections of the Fermi pocket shown in red,
the B frequency is the spindlelike Fermi pocket at K point

60 T T T T T 50 1 100
@ (b) (c)
I]]ab 40l Vllab ogl Mlab 40
H=0 Hllc Hllc 2
’E\ 407 SrGa2 ’g SrGa2
5 30t S 06 16
c S o 5
= < = 123
% S 20t x0.4f
<207 < 8
10 0.2 7 5
0 - : ’ : : 0 . R 0'— ‘ 1.8
0 50 100 150 200 250 300 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

T (K) HoH (M gt (M)

FIG. 3. In-plane resistivity and Hall resistivity of SrGa, and BaGa,. (a) In-plane zero field resistivity p,, of SrGa, and BaGa,. (b), (c)
In-plane MR and Hall resistivity of SrGa, at different temperatures.
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FIG. 4. Angle-dependent dHVA oscillations of SrGa, and BaGa,. Angle-dependent dHVA oscillations of SrGa, (a) and BaGa, (d). The
inset of panel (a) is a sketch of the measurement. FFT spectra of AM of SrGa, (b) and BaGa, (e). The FFT spectra at 6 = 79° and 90° for
BaGa, are amplified by 40 and 60 times, respectively. An offset to the FFT amplitude has been applied for better visualization. Dashed lines
are guides to the eye for the frequency changes. QO frequencies from fundamental oscillations as a function of angle for SrGa, (c) and BaGa,
(f). Symbols are extracted values from FFTs in panels (b) and (e), dotted lines are values from DFT, and dashed lines are estimated values of a

cylindrical Fermi surface.

shown in green, and the n frequency is the maximum cross
section of the Fermi pocket along the I' — A direction shown
in green in Fig. 1(d). The correspondence is further sup-
ported by a perfect match between cross sections estimated
from calculations and frequencies from experimental results
as shown in Figs. 4(c) and 4(f). Furthermore, under the same
measurement geometry, we performed magnetic torque mea-
surements under pulsed magnetic fields up to 65 T for both
SrGa, and BaGa,. The same correspondence is established
(Fig. 10). Lastly, we trace the n frequency in SrGa, back to the
maximum cross section of the Fermi pocket along the ' — A
direction shown in green [ in Fig. 1(b)]. In the previous work
from Ref. [50], a different correspondence is built on BaGa,
albeit without direct comparison between calculations and
experiments [50].

In particular, the Fermi pocket & shown in blue in Fig. 1(d)
is substantively different from other pockets in red and green:
It spans the entire k,—k, plane, while the rest of the pockets are
elongated along the ¢ axis. According to DFT calculations, if
the field is close to the ¢ direction, the QOs from this pocket
are forbidden, since the cross section perpendicular to the
magnetic field is open. Instead, if an in-plane magnetic field
is applied, the QO frequencies that originate from this pocket
are sensitive to the field orientation and should be observed
in corresponding measurements. Based on the understanding
of the Fermi surface topology from DFT and SOC, only the
B pocket in BaGa, is related to the Dirac nodal line and has
nontrivial topology.

We also measured dHvA oscillations with an in-plane mag-
netic field on SrGa,. The results can be found in Fig. 11, with
the measurement geometry shown in panel (a). The shape of
the background-subtracted results [Fig. 11(a)] and its FFT
spectrum [Fig. 11(b)] shows an orientation dependence, as
expected. Furthermore, a good match is shown in Fig. 11(c),
confirming the observation of QOs from the blue pocket in
SrGaj;. Note that in SrGa,, QOs of similar frequencies are ob-
served at 0 > 45°. We suspect that those oscillations originate
from the Fermi pocket &.

E. ARPES measurements

The electronic band structure can be directly visualized by
ARPES measurements. In Fig. 5, we present a direct com-
parison of electronic band dispersions between SrGa, and
BaGa,. First, the measured Fermi surfaces at k, = 0 and 7
are shown in Figs. 5(a) and 5(b) for SrGa,, and Fig. 5(g) for
BaGa,, overlaid with their corresponding DFT calculations
following the color code defined in Fig. 1. The observed
Fermi surfaces account for all the pockets that cross the
Fermi energy Er predicted by DFT. In addition, a hexag-
onal Fermi pocket, persistent at both k, = 0 and 7 and
absent in bulk DFT calculations, can be observed in SrGa,,
which we identify as a surface state. The measured in-plane
band dispersions along high-symmetry directions are shown
in Figs. 5(c) and 5(d) for SrGa; and in Figs. 5(h) and 5(i)
for BaGa,, where polarization-dependent ARPES has been
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FIG. 5. ARPES measurements of the electronic structure of (a)—(f) SrGa, and (g)-(k) BaGas,. (a), (b) Fermi surface of SrGa, near k, =
0 (102 eV) and 7 (81 eV) measured by linear horizontal (LH) photons. Fermi pockets calculated from density functional theory are overlaid
on top, the colors of which correspond to those assigned in Fig. 1(b). (c), (d) High-symmetry band dispersions along I'-K-M and A-H-L with
DFT bands superimposed for comparison. The Dirac point at K is circled in red. (e) Constant energy contour at E — Er = —0.85 eV in the
k.—k, plane through varying the photon energy, where the photon energies used in panels (a) and (b) are marked by the dashed blue curves. (f)
Band dispersions along the out-of-plane H-K-H direction showing SOC-split nodal lines of SrGa,. The cut direction is marked by the vertical
red arrow in panel (e). (g) Fermi surface of BaGa, measured with 86.5 eV LH polarized photons showing both k, = 0 (solid contours) and
k. = 7 pockets (dashed contours) predicted by DFT. (h), (i) Equivalent cuts as in panels (c) and (d) but for BaGa,. The K and L notation
in panels (h) and (i) is due to the large curvature of the cut shown by the dashed curve in panel (j), so the second “K” or “L” deviates from
the high-symmetry plane significantly. (j) k,—, constant energy contour of BaGa, at E — Er = —0.4 eV. From the blue double arrow along
H-K-H, the band dispersions containing the SOC-split Dirac nodal line are extracted and shown in panel (k). SS: Surface states; LH: linear
horizontal; LV: linear vertical; CR: circular right. These light polarizations are denoted for different momentum segments of the displayed band
dispersions in panels (c), (d), (h), and (i) to showcase a more complete band structure.

employed and organized together to reveal the electronic direction [Figs. 5(f) and 5(k)]. The nodal line dispersions
bands more thoroughly. The excellent consistency between show excellent agreement with the overlaid bulk DFT cal-
the overlaid bulk DFT calculations and ARPES spectra allows culations for both compounds. In BaGa,, due to the stronger
us to identify the Dirac points in SrGa, and BaGa,. In partic- SOC, the Dirac nodal line clearly shows a larger splitting away
ular, the DP in BaGa, located at K is very close to the Fermi from the K point. In particular, the bandwidth of the nodal
level. lines differs significantly between the two compounds, with a

To directly visualize the Dirac nodal lines, we carried much smaller bandwidth in BaGa,, consistent with the larger
out photon-energy-dependent ARPES measurements to probe c/a ratio of BaGa, and hence a stronger two-dimensionality
the out-of-plane momentum direction. Figures 5(e) and 5(j) compared to the Sr analog, resulting in flat Dirac nodal lines.
show the k,—k, maps of SrGa, and BaGa,, respectively. The The electronic band dispersions directly observed by ARPES
clear out-of-plane periodicity allows us to pin down the high- provide a complete view of the electronic dispersions in SrGa,
symmetry k, planes. From this, we can extract the Dirac and BaGa, from the three dimensions k., k,, and k,. This
nodal lines of SrGa, and BaGa, along the out-of-plane K-H helps in understanding the Fermi surface topology and offers
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FIG. 6. Temperature-dependent dHvA oscillations of SrGa, and BaGa,. The oscillatory component AM after background subtraction as a
function of (a), (e) woH and (b), (f) 1/uoH. (c), (g) FFT spectra of AM as in panels (b) and (f). The effective mass is determined by fitting the
thermal factor of the LK formula to the oscillation amplitude (inset). (d), (h) AM (red/blue symbols) to the LK fitting (black lines) at 2.5 K.

solid support to the results from angle-dependent QO mea-
surements and DFT calculations.

F. Temperature-dependent dHvA oscillations

With a detailed understanding of the Fermi surface, we in-
vestigated QOs at different temperatures to analyze the Berry
phase of each Fermi pocket. The field is applied along the
¢ axis (the out-of-plane direction). In sharp contrast to the
resistivity up to 14 T at 1.8 K where QOs are absent, dHVA
oscillations are observed up to 30 K and down to 2 T/1 T
in SrGa,/BaGa, [Figs. 6(a) and 6(e)], respectively. Three
fundamental frequencies in SrGa, are identified in the FFT
spectra of the background-subtracted signal. The fundamental
oscillation frequencies of BaGa, are very close to the values
reported in Ref. [50]. In addition to the fundamental frequen-
cies, higher harmonics with considerable intensities can be
distinguished from the background, up to the third harmonic
in SrGa, and the fourth harmonic in BaGa,, as indicated in
Figs. 6(c) and 6(g). The LK formula in Eq. (1) is used to
fit the QOs for both compounds with the inclusion of higher
harmonics. We start with the fittings of the effective masses
from the oscillatory amplitude for each pocket at different
temperatures. All pockets in SrGa, and BaGa, have small
effective masses, implying possible linear band crossings in
these compounds. The Dingle temperature of each pocket
could be obtained by fitting with these effective masses. We
further add higher harmonics into our fitting, seeking to probe
the phase terms (g, ¢p, and §). Examples of the LK fitting
on both compounds can be seen in Figs. 6(d) and 6(h). The
good match between experimental data and LK fitting, as well
as the small FFT amplitude of the residual signal (Fig. 12),
both indicate good fitting quality. The 6 term is a constant
in each harmonic of the same frequency and can be uniquely
determined. We intend to use the ratio of the oscillation ampli-
tude and phases of higher harmonics to fit the Berry phase and
g-factor. However, we find that the g and ¢p are not uniquely
determined by these fits. More specifically, ¢p could differ

by a m between different combinations of g and ¢p, as a
consequence of the sinusoidal functions in the LK formula.
This is illustrated by the following equality:

cos(¥,) sin(¢,) = cos(zwr — ;) sin(p, + 7r)
= cos(mwr + ¥,) sin(¢p, + wr)
= cos(2r — ¥,) sin(¢,), )

where ¥, = rmgu/2 and ¢, = 2n[r(F/B—1/2 4 )+ 8] in
Eq. (1). From Eq. (2), it can be seen that for each (g, ¢g)
pair, there are three other pairs of (g, ¢p) that yield the same
LK fitting: (2/u % go, 5 + 1), (4/1 — go, $3). We include
one combination of g and ¢p in Table L.

Therefore, we can only determine possible combinations
of the Berry phase ¢p and the Landé g-factor rather than
unique solutions, which hinders the exact determination of
the Berry phase. To unambiguously refine the g and ¢p, other
approaches to measure the g and/or ¢p are required.

In previous studies, peak splittings in the QO peaks or
the FFT spectrum of the QOs have been attributed to the
Zeeman effect. Such peak splittings are used to extract the
Landé€ g-factor [41-47]. The splittings become more signif-
icant under larger magnetic fields (lower LLs). Surprisingly,
no such splittings in the QO peaks were observed for the
small Fermi pockets in the QOs of SrGa, and BaGa, even
up to 65 T. For the y pocket in SrGa, and BaGa,, we found
more peaks within one period (Fig. 13) than previous reports
[42,44,45,47]. These observations are inconsistent with the
expectation of peak splittings. We also did not observe peak
splittings in the FFT spectrum [Figs. 6(b) and 6(f)]. Therefore,
it is necessary to examine whether peak splittings are expected
in SrGa, and BaGa, by revisiting the LK formula.

In materials that preserve T and I, the -electronic
bands are doubly degenerate. Under an external magnetic
field, the Zeeman effect induces band splitting between
spin-up and spin-down bands, with the energy difference
AE =2 x gSupB, where § is the electronic spin, up is the
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TABLE 1. Parameters extracted from dHvA oscillations of SrGa, and BaGa, for H||c for the fundamental oscillation frequencies. F is the
oscillation frequency; T} is the Dingle temperature; 7, is the quantum lifetime; 1, is the quantum mobility; kr and vy are the Fermi vector and

Fermi velocity; ¢p is the Berry phase; g is the Landé g-factor.

SrGa,
Index F (T) Tp (K) MegelMy 7, (ps) wy (cm? Vsl o ke (A) vp (10° ms™!) g-factor
o 75.5 4.1 0.117 0.293 4386 1.927 0.048 0.471 6.03
y 510.4 4.5 0.167 0.269 2832 1.937 0.124 0.864 1.13
BaGa,
Index F (T) Tp (K) Megy /Mo 7, (ps) g (cm? Vsl Lo kr (A) vp (10 ms™!) g-factor
o 36.8 0.17 0.149 1.64 85830 1.927 0.033 0.333 8.07
B 54.8 0.62 0.174 0.92 19734 0977 0.041 0.349 1.85
y 356.5 1.31 0.167 0.62 20661 1.957 0.104 0.928 0.866

Bohr magneton, and B is the external magnetic field. Such
band splitting leads to a difference in the Fermi surface cross
section and has been treated as the underlying reason for
peak splitting in QOs and their FFT spectra. The Landé g-
factor can be estimated through the splitting [42,45,47]. SrGa,
and BaGa, satisfy the above description. However, we will
demonstrate that these features might not be related to the
Zeeman effect, since T and [/ are preserved in the compound.
Instead, similar features may arise from other effects.

G. LK formula for parabolic band dispersion

We start from the LK formula, which is developed under
the assumption of doubly degenerate parabolic bands with en-
ergy dispersion Ep = hzkfF /2megr. The following derivations
are carried on QOs of magnetization, which could also be
generalized to other physical properties. For parabolic bands,
the corresponding frequency F can be written as

F hA hm klz; meffE F
" 2me  2me  he
In the LK formula, Ry and Rp are amplitude damping terms
that are consequences of Fermi surface broadening from fi-
nite temperature and LL broadening from finite quasiparticle
lifetimes, respectively [37]. The Ry term is the result of the
Zeeman effect, which will be determined in the following
derivations.

Under an external magnetic field, the degeneracy of the
electronic bands is lifted E* = Er 4 gSugB, as the Zeeman
energy scale (j1p = 0.058 meV T~!) is a few orders of magni-
tude smaller than the difference between the Fermi energy and
the band top (which is usually on the order of 10-100 meV).
Through the Onsager relationship, F* = F + guB/4. The
overall QOs are the sum of contributions from spin-up and
spin-down:

AM %[sin(qﬁf) + sin(¢; )]

_ <¢r+—¢r_) . <¢,++¢r_>
= cos sin
2 2
= cos(¥,) sin(¢,), 3)

where o7 =2 [r(F/B—1/2+ B)+ 8+ gru/4l = ¢, + ¥,
and ¢ =2n[r(F/B—1/2+ )+ 6 —grn/4l = ¢ — Y.
Equation (3) takes the exact form described by the LK

formula [37]. This assumes that the spin-up and spin-down
contributions are equal, which might not hold true under
strong fields where spin polarization becomes significant.

Next, we analyze a general case of different contributions
from spin-up and spin-down electrons. The relative amplitude
1/2 is replaced by @™ and @~ witha™ + o~ = 1. The ¢+ and
a~ are two general coefficients that could be field-dependent
and reflect the relative concentrations of spin-up and spin-
down electron concentrations. The expression in Eq. (3) is
modified to

AM o o sin(¢) + o~ sin(¢, ) = C,sin(¢, +€)  (4)

with

C = \/cosz(gh,) + (@t — o~ )?sin’(Y,) < 1

and

(" —a7)sin(yy)
cos(y,) .

The detailed derivation can be found in Appendix B. The
form of the equation is the same as Eq. (3) after replacing
the Rg with C, and § with € 4 §. This implies that the Zeeman
effect does not change the overall QO frequency. The phase
and absolute amplitude might change with the magnetic field
since @™ and a~ could be field-dependent, but ™ and a~
should only change gradually and should not register as QO
peak splittings or frequency splittings.

tan(e) =

H. LK formula for linear band dispersion

In the previous analysis, we assumed parabolic electronic
bands, where the quasiparticles are massive. We will move to
the other limit: linear bands with massless quasiparticles.

The energy dispersion of a massless quasiparticle in a
crystal lattice is E = hikv, where k and vr are the quasipar-
ticle momentum and Fermi velocity, respectively. The QO
frequency can be expressed as

RA  hwkj  Eg?

 2me  2hevp?

Since the Zeeman effect is a few orders of magnitude smaller
than the difference between the Fermi energy and the band

top (which is usually on the order of 10—100 meV), it can also
be treated as a weak perturbation: E* = Er & gSugB. The

F =
2me
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frequency can be written as

ghkFB

4me VF

(gB)*he
32(mvp )

The Zeeman effect introduces a term proportional to B similar
to that of parabolic bands, while the effective mass ratio u
is replaced by a momentum ratio hkp/m.vg. This can be
interpreted as the momentum of a quasiparticle scaled by the
momentum of a free electron moving at the Fermi velocity. In
contrast to the parabolic case, an additional B> term appears
in the frequency for the linear case. Such a B? term is a
negligible second-order term (the Zeeman effect and the linear
in B term are first order) for both spin-up and spin-down
electrons. Therefore, AM for a linear band can be reproduced
after substituting the following two terms in Eq. (1):

(gB)*he kg
S — <>
32(m,vr)?

The expression of dHVA oscillations AM in Egs. (3) and
(4) becomes

Ff=F+ 3)

F < F+ .
m,vr

AM o cos(vr)) sin(¢)) 6)
and
AM x C.sin(¢p. + €'), @)

with ¥ = rughkp [2mevr, ¢. =2n[r(F/B+ &’ Bhe/

32(mevp)* — 1/2 + B) + 8], and

€} = o) + @t —ar P sin’(y)) < 1.
and
(@t — a7 sin(y))
cos(y))

The detailed derivation can be found in Appendix B. Equa-
tions (6) and (7) have the same form as Egs. (3) and (4),
implying that, as in parabolic bands, the Zeeman effect does
not cause peak splittings in the QOs of linear bands.

tan(e’) =

I. Possible explanations for peak splitting
in quantum oscillations

Our analysis excludes the Zeeman effect as the underlying
reason for peak splitting in compounds that preserve T and 1.
We provide two alternative explanations for the peak splitting
in QOs: (1) QO peak splitting and (2) peak splitting in FFT
[41-47].

The QO peak splitting is manifested as the two-peak fea-
ture at low LLs (at large magnetic fields), which has been
observed and reported in a few Dirac semimetals, including
CdsAs,, ZrTes, ZrSiS, and MoSi, [42,43,45-47,51]. The dif-
ference between the inverse field A(1/B) = 1/B* — 1/B~ of
the two peak positions is found to be a constant, directly
related to the Landé g-factor [42].

As the Zeeman effect becomes more pronounced at large
magnetic fields, the amplitude of the second harmonic in-
creases dramatically. The frequency and phase of the second
harmonic are different from those of the fundamental os-
cillation: The frequency is doubled, and there is a phase
change A® = 7 — B or 2m — B, depending on the sign of the
spin-damping terms in both the fundamental and the second

harmonic oscillations. The sum of these two signals could lead
to the two-peak feature which is identical to the peak splitting.
This peak splitting can be seen in the simulation shown in
Fig. 7(a).

For reference, we carried out an LK fitting on measured
dHvA oscillations in MoSi, [Fig. 7(b)], where peak splitting
was reported [46]. The fitting matches all the features at-
tributed to peak splittings with fundamental oscillations and
their second harmonics of the two frequencies [Fig. 7(b)].
Moreover, the peak splitting in MoSi, is only reported at
temperatures where the FFT of the second harmonics does not
vanish [46]. Hence, what is observed might be the superposi-
tion of fundamental oscillations and their second harmonics
rather than the Zeeman effect.

Peak splittings in FFT appear as two adjacent peaks with
similar amplitude in the FFT spectrum. In addition, the dif-
ference between the peak positions is often found to change
with the range of the FFT window, which seems plausible as
the Zeeman energy increases linearly with the magnetic field
[41]. However, based on previous derivations, the Zeeman
effect should not induce frequency changes in the QO signals.
We point out that other intrinsic factors might generate peak
splittings in FFT. The two peaks might correspond to oscil-
lations from two distinct Fermi surface cross sections. If the
band characters (band curvature, quasiparticle effective mass,
and quantum mobility) are similar, the amplitude of these two
oscillations will be close. That has been the case in MoSi,,
where the 8, and B, peaks are proposed to be the minimum
and maximum cross sections of a quasi-2D Fermi pocket,
respectively [52]. In general, these could also correspond to
two distinct Fermi pockets.

The two peaks in the FFT spectrum might also be split
by magnetic interaction, with or without magnetic order. In
materials with magnetic ions, an external magnetic field or
the magnetic order breaks 7 and lifts the degeneracy of the
energy bands. The exchange interaction between the magnetic
moments induces energy shifts to the conduction electron
bands, which are registered as splittings in the QO frequen-
cies. In contrast to the Zeeman effect, the exchange interaction
is generally much stronger. The energy shifts from magnetic
interactions are not proportional to the external field, which
may lead to peak splittings in the FFT spectrum. Such a
scenario may apply to TmSb, which is a centrosymmetric
paramagnetic compound down to 0.5 K [53,54]. Based on the
isothermal magnetization measurements, the Tm ions carry
a local moment and the magnetization does not saturate up
to 10 T [53,54]. In addition, conduction electrons mediate
the RKKY interaction between Tm3* ions in TmSb. These
findings suggest that the magnetic interaction shifts the con-
duction electron bands, which could account for the different
frequencies in the FFT spectrum of different FFT windows
observed in Ref. [41].

IV. DISCUSSION

Based on the self-consistent study of the Fermi surface and
band structure through DFT, ARPES, and angle-dependent
QOs, we have established a comprehensive understanding
of the Fermi surface topology on BaGa, and SrGa,. The
Fermi pocket centered at the K point of the Brillouin zone
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FIG. 7. Simulations and fittings of dHvA oscillations. (a) Simulation of dHvA oscillations. The signal is simulated by fundamental
oscillations of one frequency and the second harmonic. The 4-/— signs are signatures that were regarded as peak splitting. (b) dHvA oscillations
of MoSi, (red symbols) and LK fittings with higher harmonics (black line). The data are extracted from Ref. [46].

is related to the Dirac nodal line, which is the only topologi-
cally nontrivial band crossing in these materials that intersects
the Fermi level. Furthermore, the large nonsaturating mag-
netoresistance, noncompensated carrier nature, and PHE are
observed in these materials. These transport properties are
associated with the topological band crossings in BaGa, and
SrGa, [5].

We further demonstrate that the accurate and rigorous de-
termination of the Berry phase through QOs is challenging.
The values of ¢p and g in Table I are chosen such that only
the ¢p for the B frequency in BaGa, is close to m, as it is
the only topologically nontrivial Fermi pocket. Note that the
Landé g-factor can be estimated through calculations [55], and
may serve as a guide to disentangle ¢g and g.

The spin-zero effect has been shown to be another method
to estimate the Landé g-factor [23,56]. It refers to the
scenario where the spin-damping terms for fundamental os-
cillations (Rés‘) and its second harmonics (Rg“d) satisfy R;“ =
cos(mgp/2) = 0 and R3™ = cos(2mgu/2) = £1. If this con-
dition is met, the fundamental oscillations vanish, while the
second harmonic oscillations do not, and thus provide a way to
calculate the Landé g-factor. However, the spin-zero effect has
only been reported in a few compounds at certain magnetic
field orientations [23,56], and is absent in most quantum ma-
terials. In SrGa, and BaGa,, we did not observe any spin-zero
effect. Moreover, the Landé g-factor and effective mass are
anisotropic. The g-factor obtained at the spin-zero orientation
cannot be generalized to be utilized at other orientations.
However, this may serve as an estimate of the value of the
overall g-factor.

V. CONCLUSIONS

In summary, our results demonstrate that BaGa, and SrGa,
are Dirac nodal line semimetals through a comprehensive
Fermi surface study via a combination of magnetotransport,
ARPES, and DFT calculations. By implementing an LK fit-
ting including higher harmonics, we found that the Berry

phase ¢p and Land€ g-factor are entangled and cannot be
uniquely determined. Through further elaboration on the LK
formula and data simulation, we speculate that the Zeeman ef-
fect might not be the real reason for peak splitting in QOs. We
highlight the challenges in the unambiguous determination of
the Berry phase ¢ in QOs, which might be overcome with a
good estimate through calculations or the spin-zero effect.
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APPENDIX A: LK FITTING AND BERRY PHASE
ANALYSIS IN SrGa, WITH BANDPASS FILTER

To further validate our direct LK fitting approach with the
inclusion of higher harmonics, we performed analysis on sig-
nals after applying a bandpass filter to single out fundamental

along c axis, respectively. As bandpass filters tend to distort
the oscillations at the boundary, the subsequent LK fitting is
conducted in the intermediate field range. As shown in Fig. 8,
a good fitting quality is achieved for both oscillations. The
extracted Berry phases from the bandpass-filtered results are
almost the same as our results shown in the main text.

APPENDIX B: DETAILED DERIVATIONS
OF LK FORMULA FOR PARABOLIC
AND LINEAR BAND DISPERSION

For the case of parabolic band dispersion with @™ +a~ =
1, the LK formula for magnetization is modified to

AM o ot sin(¢) + o~ sin(¢,)
at —a”

1 . L . o
E[sm(qb:r) + sin(¢, )]+ T[Sln(‘ﬁj) — sin(¢, )]

oA v -
= sin <¢' ;d)’ )cos (d)’ 2¢’)+(a+—a_)

y <¢r++¢r) : <¢r+_¢r>
cos [ ~——= | sin [ ——"L
2 2

_ . + — .
oscillations of o and B frequencies with the magnetic field = sin(¢,) cos(¥;) + (@™ — a7 )cos(py)sin(y,).  (Bl)
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FIG. 12. FFT of the residue (the difference between raw data and our LK fitting) of (a) SrGa, and (b) BaGa, after subtraction of the LK
fitting at 2.5 K. The FFT amplitude in the residue is much smaller (<3%) than the FFT of the original signal, indicating a very small difference
between raw data and our LK fitting, further implying a very good fitting quality.
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Let

G, = yJeos’(¥) + (a* —a P sin(y,) < 1
and
(aF —a7)sin(yy)
cos(¥y) '
Equation (B1) can be written as

AM o C,[sin(¢,) cos(e) + cos(¢p,) sin(e)] = C, sin(¢p, + €),
(B2)

tan(e) =

which comes to same equation as Eq. (4).

For the case of linear dispersion without consideration of
spin polarization, the LK formula for magnetization is modi-
fied to

AM %[sin(qs’,+ )+ sin(¢”, )]

I+ + 1=
=cos(¢’ L )sin<¢’ +¢’)
2 2
= cos(Y;) sin(¢,), (B3)
where
F &’ Blie 1 grhkp
7+
=2 IR S 5o STRE
9 ”[r(B P Ry 2 +ﬂ> ot 4mgvp]
= ¢,r + w/r
and
. F &’ Bhie 1 grhkp
¢ 7T|:r<B + 32(myvp)? 2 + ﬂ) + 4mevFi|
= ¢/r - w/r'

For the case with consideration of spin polarization with
a™ +a~ =1, the LK formula for magnetization is modified
to

AM o a sin(¢’F) + a” sin(¢’))

at —a”

2

1 . 1+ . 1=
Ssin(@'7) + sin(@’, )] +
x [sin(¢'}) — sin(¢’, )]

e (df+¢c> (Wﬁ—¢;)
=sin| —/— Jcos [ —/——
2 2
B ¢/+ +¢/* . ¢/+ _ ¢/*
=+ _ r r r r
+ (o o )cos( > )sm( 5 )

= sin(¢,) cos(¥)) + (@™ — a”) cos(¢)) sin(y)). (B4)
Let
Cl = \Joos* (¥)) + (@* — a2 sind(y) < |
and
+ =Y in (i
tan(e’) = (e « )Sm(w’).
cos(¥;)
Equation (B4) can be written as
AM o C/[sin(¢.) cos(e’) + cos(¢.) sin(e”)]
= C/sin(¢, + €'), (B5)

which comes to same equation as Eq. (7).
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