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We report the magnetoresistance (MR), de Haas—van Alphen (dHvA) oscillations, and first-principles cal-
culation studies on topological semimetal candidates BaX, (X=Ga, In). Large unsaturated MR that reaches
3 x 10°% in BaGas and 4 x 10*% in Baln, are observed, which is due to the carrier compensations and
high mobility. Evident dHVA oscillations are detected with B//[001] configuration, from which the quantum
mobilities are extracted. The light cyclotron effective masses are extracted from the fitting of the thermal damping
term in the LK formula. According to the first-principles calculations, BaX, possesses several Dirac points in
the absence of spin-orbit coupling (SOC), some of which open negligible gaps when SOC is considered. The Z,
invariants of BaX, are equal to 1, indicating the nontrivial topological properties.
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I. INTRODUCTION

The study of topological materials which possess re-
markable properties, such as high carrier mobility, large
magnetoresistance (MR), nontrivial Berry phase, and chiral-
anomaly-induced negative MR, has recently developed into an
active area of research. Dirac and Weyl semimetals represent a
significant advance in this field. In Dirac semimetals, of which
Cd;As; [1-6] and Na3Bi [7-10] are the typical members, the
fourfold degenerate band crossings appearing in the vicinity
of the Fermi level are known as Dirac points, which disperse
linearly along momentum directions [11]. Dirac semimetals
are precursors to the so-called Weyl semimetals [12,13]. As
the space inversion or time reversal symmetry is broken, Dirac
semimetals evolve into Weyl semimetals, in which TaAs fam-
ily [14-25] and StMnSb, /YbMnPn, (Pn= Sb and Bi) [26-29]
are typical members. Thus, the search for new materials that
carry novel characteristics lays a foundation for realizing ex-
otic physical phenomena. Meanwhile, quantum oscillations
provide an effective method for the identification of topologi-
cal characteristics. The nontrivial Berry phases, high quantum
mobility, and light effective masses, which are expected for
topological characteristics, can be extracted from the analysis
of quantum oscillations.

Recently, we reported the transition-metal aluminide
CaAly as a Dirac nodal line semimetal owning novel mag-
netotransport properties [30]. Further considering previous
results and discussions [31-34], we grew the high-quality
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BaX4 (X=Ga, In) single crystals with I, /mmm space group.
In this work, the magnetotransport measurements on BaX4
combining with the first-principles calculations are reported.
Large unsaturated MR that reaches 3 x 10°% in BaGa, and
4 x 10°% in Balny are observed, which is due to the car-
rier compensations and high mobility that may originate
from topological nontrivial bands. Prominent de Haas—van
Alphen (dHVA) quantum oscillations are detected with the
B//[001] configuration, from the analysis of which the mul-
tiple frequencies, light effective masses, and high quantum
mobilities are extracted. Four/seven fundamental frequencies
are extracted from the oscillations in BaGas/Balns. Light
effective masses are obtained from the fittings of the thermal
damping term in Lifshitz-Kosevich (LK) formula, indicating
the linear dispersion and the possible existence of massless
Dirac fermions. High quantum mobilities in a range of (0.1 ~
6) x 10* cm?> V~!s~! are obtained, indicating their possible
nontrivial topological characteristics. The first-principles cal-
culations indicate that there are several Dirac points in BaX4
in the absence of spin-orbit coupling (SOC), some of which
open negligible gaps in the presence of SOC. The Z; invariants
of BaX 4 are equal to 1, indicating their nontrivial topological
properties.

II. METHOD AND CRYSTAL STRUCTURE

The high quality single crystals of BaX4 were grown by
flux method. The mixture of Ba and X (X=Ga, In) elements
with a ratio of 1:85 was loaded into corundum crucible which
was sealed into a quartz tube. Then the tube was put into
furnace and heated to 1100 °C for two days to allow melting
and sufficient homogenization, then cooled down to 400 °C at
arate of 3 °C/h. Finally, crystals with metallic luster were ob-
tained by centrifugation to remove excess flux at 400 °C. The
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FIG. 1. (a) Crystal structure of BaX, with the space group
14/mmm (No. 139). Pictures of grown single crystals of (b) BaGay
and (c) Balny. (d) Single crystal XRD patterns of BaGa, and Balny.
Powder XRD patterns with refinement for (e) BaGa, and (f) Balny.

atomic composition was confirmed to be about Ba:X=1:4 by
energy dispersive x-ray spectroscopy (EDS, Oxford X-Max
50). The single-crystal x-ray diffraction (XRD) patterns and
powder XRD patterns were carried out by a Bruker D8 Ad-
vance x-ray diffractometer using Cu K, radiation. TOPAS-4.2
was employed for the refinement. The measurements of resis-
tivity and magnetic properties were performed on a Quantum
Design physical property measurement system (PPMS-14T)
and magnetic property measurement system (MPMS-3). The
first-principles calculations were carried out with the projec-
tor augmented wave method [35,36] as implemented in the
VASP package [37-39]. The generalized gradient approxima-
tion of Perdew-Burke-Ernzerhof type [40] was adopted for the
exchange-correlation functional. The kinetic energy cutoff of
the plane-wave basis was set to be 400 eV. The Brillouin zone
was sampled witha 16 x 16 x 16 k-point mesh. The Gaussian
smearing method with a width of 0.01 eV was used for the
Fermi surface (FS) broadening. Both lattice parameters and
internal atomic positions were fully relaxed until all the forces
became less than 0.01 eV/A. The lattice constants of BaGay
(a=b=4.64A, c=10.83A) and Balny (a =b=5.06A,
c=12.21 A) were used for calculations, respectively. The
SOC effect was included in the band structure calculations.
To study the FSs, the maximally localized Wannier functions’
method [41,42] was employed.

As illustrated in Fig. 1(a), BaX 4 belongs to the space group
1y/mmm (No. 139). Figures 1(b) and 1(c) exhibit the pictures
of grown single crystals for BaGa, and Balny, respectively.
The single crystal XRD patterns illustrated in Fig. 1(d) reveal
the (001) crystalline surface of BaX,. Figures 1(e) and 1(f)
display the powder XRD patterns (powder was obtained by
crushing single crystals) which can be well refined with the
space group Is/mmm, and the refined lattice parameters are
a=b=457A,c=10.78A forBaGasanda = b = 4.97 A,
c=11.98 A for Balny, respectively. Baln, is quite air sen-
sitive, whose surface turned gray when it was exposed in
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FIG. 2. The temperature-dependent resistivity curves from 2 K
to 300 K of (a) BaGas and (c) Balng, respectively. The MR versus
magnetic field at various temperatures with B//[001] configuration
for (b) BaGa,4 and (d) Balny, respectively.

the air for less than one minute. The hump around 20° in
Balny presented in Fig. 1(f) is due to the Kapton film which
is employed to prevent the sample from decomposing during
the acquisition of the patterns. See Supplemental Material for
detailed procedure of measurements on Balny [43].

II1. RESULTS AND DISCUSSION
A. Large MR in BaX,

The temperature-dependent resistivity p,, with B//[00/]
configuration of BaGa, and Baln, are shown in Figs. 2(a) and
2(c), respectively, which demonstrate the metallic behaviors
of BaX,. The resistivity of BaGay is comparable with the
values reported in previous work [32]. The large residual
resistance ratio (RRR) is about 98 for BaGa, and 244 for
Balny, indicating high quality of the single crystals. Besides,
evident oscillations are observed at 2 K under high magnetic
field, as shown in Fig. 2(d), which also demonstrates the high
quality of Balny. The magnetic field dependence of MR =
(p(B) — p(0))/p(0) = Ap/po under different temperatures
are displayed in Figs. 2(b) and 2(d). Both of them exhibit a
large and unsaturated MR which reaches 3 x 103% in BaGa,
and 4 x 10*% in Baln,. The large MR may originate from the
carrier compensations and high mobility. The first-principles
calculations indicate that the hole and electron concentrations
are ny = 0.3566 x 102 cm™3, nyp = 7.6147 x 10%° cm—3,
and n, = 8.1397 x 102 cm™ in BaGas, nj, = 3.9449 x
10 ¢cm—3 and n, = 3.9916 x 10*° cm—3 in Balny, respec-
tively. The nearly perfect compensations (nj; + ny)/n. =
0.979 in BaGa, and ny, /n, = 0.988 in Balny result in the large
MR of BaX,. The Kohler’s rule is sometimes employed as
a method to examine the existence of carrier compensation.
As shown in Figs. 2(b) and 2(d), the curves of MR versus
B/ po with different temperatures deviate from single line as
expected, suggesting the violation of Kohler’s rule. However,
the violation of Kohler’s rule does not rule out the existence
of carrier compensation. According to Kohler’s rule [44],
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FIG. 3. Evident dHVA oscillations under different temperatures with B//[001] configuration in (a) BaGa, and (e) Balny, respectively.
(b),(f) The amplitude of dHVA oscillations plotted as a function of 1/B. (c),(g) FFT spectra of the oscillations. (d),(h) The multiband LK
formula fits (red lines) of oscillations at 2 K. The insets are the temperature dependence of relative FFT amplitude of the main oscillations.

with only one relaxation rate, the MR increases with the
increasing magnetic field, which satisfies a universal function
MR = F(B/py) at all temperatures and fields. It is known that
Kohler’s rule is applicable to the single-band system. Con-
sidering the calculations and dHVA oscillation results, there
exists more than one type of carries in BaX4, the relaxation
rates and carrier density of which are different and temper-
ature dependent, breaking the validity of Kohler’s rule [45].
For the measurements of Hall resistivity, in order to eliminate
the influence of longitudinal resistivity induced by the mis-
alignment of asymmetrical voltage probe, the Hall resistivity
can be obtained by taking the difference of data under positive
and negative magnetic field. The Hall measurements of BaX 4
have been tried for several times but symmetrical data were
unexpectively obtained, in which the weak Hall signal may be
obscured by the large MR.

B. dHVA oscillations and the first-principles
calculations in BaX,

Quantum oscillation experiment provides an effective
method to study topological properties. Evident dHVA
quantum oscillations are observed in BaGas/Balns at low
temperature and high magnetic field with B//[00/] configu-
ration [Fig. 3(a), Fig. 3(e)]. Both of these compounds show
a diamagnetic signal with prominent quantum oscillations.
The periodic oscillations AM = M— < M > are obtained
after subtracting a smooth background, which are plotted as
a function of 1/B in Fig. 3(b) for BaGa, and Fig. 3(f) for
Balny, respectively. The quantum oscillatory component can
be described by LK formula [46,47],

AM B‘/ZLe—”ﬂsin 27 F_1 +B+6 1))
sinh(AT") B 2
h
Tp = 2
b 27'[](3‘[ ( )

et
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3

where A = (2n%kgm*)/(fieB), and Tp is the Dingle tempera-
ture. B = ®p/2m and Pp is the Berry phase. The phase shift
§ is determined by the dimensionality, § =0 and § = +1/8
for 2D and 3D system, respectively. T is the quantum scat-
tering time, and m* is the effective mass. In BaGa,/Balny,
four/seven frequencies are extracted from the fast Fourier
transform (FFT) analysis, which are presented in Figs. 3(c)
and 3(g). Berry phases ®z = 2w 8 are both extracted from
the multiband LK fittings and Landau level (LL) index fan
diagram, the results of which are illustrated in Figs. 3(d) and
3(h) and Figs. S9 and S10, respectively. The corresponding
values are listed in Table SI of Supplemental Material [43].
The thermal damping term Ry = (AT )/sinh(AT) in LK for-
mula is employed to fit the temperature dependence of the
oscillation amplitude, as shown in the inset of Figs. 3(d) and
3(h). The light effective masses are obtained from the fittings,
which are summarized in Table I. The quantum scattering
time 7 and quantum mobility @, can be estimated according
to the Dingle temperature 7 obtained from the LK fittings,
as listed in Table I. As shown, BaX, has the high quantum
mobility in a range of (0.1 ~ 6) x 10* cm?> V~!s7!, as large
as the same amplitude in Cds;As, [48,49]. Experimentally,
these Dirac-like carriers owning light effective masses and
high quantum mobility indicate their linear band dispersion
and possible nontrivial topological characteristics.

The first-principles calculations are also employed to ex-
amine the topological characteristics in BaX4. Figure 4(a)
shows the band structures of BaGa, with the SOC included.
There are two valence bands and one conduction band cross-
ing the Fermi level. Several Dirac points are obtained in the
absence of SOC, while some of them except for the robust
Dirac point labeled as D open small gaps (about 7.3 meV to
29.88 meV) in the presence of SOC, as marked with blue
circles in Fig. 4(a). The small gaps which almost have no
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TABLE I. The parameters extracted from dHvA oscillations in
BaX,. F is the frequency. m* is the effective mass. 7p is the Dingle
temperature. 7 is the quantum scattering time. p is the quantum
mobility.

F (T) m*/m, Tp (K) 7 (10~3s) 1, (10* cm? V' s71)

F 1.6 / / / /
F, 468 0.06 1.77 6.87 2.01
BaGa, F5 654 0.06 9.81 1.24 0.36
F; 14203 0.16 11.11 1.09 0.12
F 67 / / / /
F, 107 0.03 1.14 10.63 6.23
F;, 149 / / / /
Balny, F;, 642 0.06 3.51 3.46 1.02
Fs 795 006 154 0.79 0.23
Fs 1164 0.08 3.45 3.52 0.77
F;, 10949 0.19 6.17 1.97 0.18

influences on the topological properties in magnetotransport
measurements are negligible. The robust Dirac point locates at
0.627 eV above Fermi level. Two crossing bands around this
Dirac point belong to the different irreducible representations,
respectively, which indicates that this Dirac point is a true
Dirac point protected by the Cy4, double group symmetry. The
hole-type and the electron-type FSs are shown in Figs. 4(b)
to 4(d), respectively. The band structures and FSs of Balny
with SOC are shown in Fig. 5. There is one valence band
and one conduction band crossing the Fermi level in Balny,
as shown in Fig. 5(a). Similarly, Baln, also possesses several
Dirac points in the absence of SOC, and some of them except
for the robust Dirac point labeled as ‘D’ open gaps (about
5.25 meV to 34.43 meV) in the presence of SOC, which are
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FIG. 4. (a) Band structures along high-symmetry paths of Bril-
louin zone. The hole-type (b),(c) and electron-type (d) FSs of BaGa,
with SOC included. The blue circles represent the Dirac points with
small gaps. The letter D denotes the robust Dirac point.
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FIG. 5. (a) Band structures along high-symmetry paths of Bril-
louin zone. The hole-type (b) and electron-type (c) FSs of Baln, with
SOC included. The blue circles represent the Dirac points with small
gaps. The letter ‘D’ denotes the robust Dirac point.

so small that they have no influences on the topological prop-
erties in magnetotransport measurements. The hole-type and
electron-type FSs are displayed in Figs. 5(b) and 5(c), respec-
tively. The Z, invariants of BaX, are studied by calculating
the product of the parities of occupied states at eight time-
reversal invariant points [50,51] (see Supplemental Material
[43]). The calculated Z, invariants equal 1, which shows the
nontrivial topological characteristics of BaX 4, consistent with
previous theoretical study [52]. Compared with homologous
compounds CaAly with the space group C2/m [53,54], BaX 4
with the space group 14/mmm possesses higher symmetry,
leading to the existence of robust Dirac points protected by the
C4, double group symmetry. As shown in Figs. 4(a) and 5(a),
the overall band structures of BaX,4 display multiple densely
arranged Dirac-like points over a large energy range (from
—1eVto 1eV), which contribute to the magnetotransport. Re-
markably, the bands in the vicinity of these Dirac-like points
show quasilinear dispersions. Even though they have small
gaps, the carriers filling in the quasilinear bands act as Dirac
fermions. Moreover, the steep quasilinear dispersions mean
the high carrier mobilities, which is verified by estimated car-
rier quantum mobilities from dHvA oscillations, leading to the
large MR of Balng (~4 x 10*%) and BaGa, (~3 x 10°%).
To identify the Fermi surfaces for each frequency, the angle-
dependent dHvA oscillations measurements are conducted
and the comparsion between experiments and calculations are
carried out. The corresponding Berry phase is also analyzed.

C. The comparison of cross sections between the
angle-dependent oscillations and calculations in BaGa,

The angle-dependent dHVA quantum oscillation measure-
ments are conducted with magnetic field B rotating from
B//c to B//ab (6 is the angle between the B and c axis), as
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in different directions at 2.5 K in BaGa,. Three possible variation

trends of frequency F, corresponding to the extreme cross section
(b) S, (¢) Sy, and (d) Sg, respectively.

shown in Fig. 6(a) for BaGa,. The frequencies, especially low
frequencies, are too complicated to be analyzed. Thus, we
focus on the comparison of extreme cross sections of Fermi
surfaces with B//c between calculations and experiments.
According to the Onsager relation F = %A 7, the frequency
F in the dHVA oscillations is proportional to the extreme
cross sections Ar of Fermi surface normal to the magnetic
field. In order to define the corresponding Fermi surface for
each frequency, the extreme cross sections of Fermi surfaces
with B//c configurations are calculated, which are displayed
in Fig. 7 for BaGa,. For comparison, the calculated values and
experimental ones are shown in Table II, respectively.

As is shown, in BaGay, the frequency F, may originate
from the cross section S, of hole Fermi surface or Sg/Sg of
electron Fermi surface. The Fermi surface of Sg is a long

(a)

FIG. 7. The sketch map of extreme cross sections of Fermi sur-
faces with B//c directions in BaGay. (a),(c) Hole and (e) electron
Fermi surfaces projected along the Z-%,; plane of the Brillouin zone.
(b),(d) The Fermi surfaces in the 3D Brillouin zone. (f) Total Fermi
surfaces projected along the Z-%, plane. Corresponding cross sec-
tions of Fermi surfaces are marked.

TABLE II. The extreme cross sections of Fermi surfaces with
B//c configuration from theory and experiments in BaGay, respec-
tively.

M ) S3 S4 Ss Ss  S7 83

S(1072A2) 13.54 043 33.59 28.68 0.44 2.08 0.42
F (D) F B F F
S (1072 A?) 0.015 0.45 0.62 13.55

strip along ¥-X%; with 2D character. When B//c, the extreme
cross section Sé = Sé = Sg = Sg =0.0044 A~2 (45.8 T), and
when B/ /ab, S} = S? = S} = S} = 0.0067 A2 (69.7 T). The
former corresponds to the F, (46.8 T) when B/ /c and the latter
corresponds to the F, (71.1 T) when B//ab, as displayed in
Fig. 6(b). Actually, the S and S? increase as B rotating from
6 =0°to 8 =90°. The Sé increases with the increase of 6
until & = 56.6°, at which the extreme cross section reaches
maximum and is infinite, and the extreme cross section de-
creases as 6 further increases. However, the Sé decreases
with the increase until 0 = 33.4°, at which the extreme cross
section reaches minimum (0.0037 A2 /39.2T), and the ex-
treme cross section increases as 6 further increases. As shown
in Fig. 6(b), the frequencies become too complicated to be
analyzed as angle changes. The Fermi surface of §; is a thin
slice, presenting quasi-2D characteristics instead of 3D, the
extreme cross section of which may change slightly with the
change of 0, as displayed in Fig. 6(c). The Fermi surface of
Sg is an ellipsoid with 3D character, the extreme cross section
of which increases with magnetic field rotating from B//c to
B//ab, as shown in Fig. 6(d). As the frequency F, displays
three possible variation trends, it may originate from the cross
section Sg, S>, or Sg. Thus, the § is O (for S, and Sg) or —1/8
(for Sg). The frequency F3 may originate from S5 of electron
Fermi surface and F; from S; of the hole Fermi surface, while
S5 is 2D-like and §; is 3D-like. The & equals O for F3 and 1/8
for F;. The corresponding Berry phases are listed in Table SI
[43].

D. The comparison of cross sections between the
angle-dependent oscillations and calculations in Balny

The angle-dependent dHvVA quantum oscillation measure-
ments are also conducted with magnetic field B rotating from
B//c to B//ab (6 is the angle between the B and c axis), as
shown in Fig. 8 for Balny. The extreme cross sections of Fermi
surfaces with B//c are calculated and displayed in Fig. 9;
the corresponding calculated values and experimental ones
are listed in Table III. The frequency F; may originate from
the cross section S of the hole Fermi surface. The frequency
Fg may originate from the cross section Sy of electron Fermi
surface and the frequency F7 may be from S, of the hole Fermi
surface. All of the Fermi surfaces are 3D-like, and the § equals
1/8 (for Fy and F7) or —1/8 (for Fg).

However, there exist several extra low frequencies in dHvA
oscillations, which may originate from small Fermi surfaces.
Considering the flux method of growth, the doping may be
introduced, resulting in the Fermi level shift. The extreme
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FIG. 8. The FFT spectra of dHvVA oscillations with the field in
different directions at 1.8 K in Balny.

cross sections of Fermi surfaces with the Fermi level shifted
31.9 meV lower are calculated and displayed in Table IV. As
shown in Fig. 10(a), except that the Fermi surfaces along -I",
I'-Z-%,, and I'-X get larger or smaller as the Fermi level is
shifted, the Fermi surfaces around the ¥ point evolve and
change from electron type to electron-hole coexisting. The
Fermi surfaces S, in Fig. 9(c) are connected electron type,
while they split into two independent parts when Fermi level
is shifted 31.9 meV lower, with one electron type (along %-Y)
and the other hole type (along X-I'). Thus, the Fermi surfaces
S4 (electron) in Table III evolve into S} (electron) and S5 (hole)
in Table IV.

With Fermi level shifted lower, the Frequency F; may
originate from Sy (emergent Fermi surface along the non-
high-symmetric path in the Z-I' plane with Fermi level
shifted), F3 from S}, F5 from S}, and F7 from S5. The frequency
F, may arise from magnetic breakdown [55] corresponding to
the adjacent electron Fermi pocket S and hole Fermi pocket
S5 (Sppermen =g/ _S), as shown in the Fig. 10(b). Hence, the
Fermi surfaces of Balny, especially the smaller ones, can be
easily affected by the Fermi level and thus the electronic
structures become quite complicated.

(@)

FIG. 9. The sketch map of extreme cross sections of Fermi sur-
faces with B//c directions in Balny. (a) Hole and (c) electron Fermi
surfaces projected along the Z-X; plane of the Brillouin zone. (b) The
electron Fermi surfaces in the 3D Brillouin zone. (d) Total Fermi sur-
faces projected along the Z-%; plane. Corresponding cross sections
of Fermi surfaces are marked.

S(1072A%) 0064 0.0 0.14 061 076 10.45

E. The Berry phase in BaX,

The nontrivial Berry phase is defined as the integral
of Berry curvature over a closed surface containing the
monopole called Weyl point [56], which is usually an im-
portant parameter to reflect the topological characteristics of
materials in the transport measurements. As noticed, the non-
trivial Dirac point D in BaGas and D’ in Balny both locate
far away from the Fermi level (=500 meV), which contribute
little to the magnetotransport properties. Besides, the hole
type Fermi surfaces containing nontrivial Dirac point along
I'-Z are not observed in dHvA oscillations. Thus, there is
no necessity to discuss the Berry phases of Fermi surfaces
corresponding to the D/D’ points. Meanwhile, except for the
D/D’ points, the Berry phases of other points in BaX, that
open gaps after considering the SOC deviate from 7 in theory,
which are consistent with the experiments shown in Table SI
[43].

IV. SUMMARY

In conclusion, we have grown high quality single crystals
of BaX, and investigated their magnetotransport properties.
Large and unsaturated MR that reaches 3 x 10°% in BaGa,
and 4 x 10*% in Baln, are presented, which may due to the
carrier compensations and high mobility. Prominent dHvA
oscillations with multiple frequencies have been observed
in BaX 4. Four/seven fundamental frequencies are extracted
from the FFT analysis in BaGas/Balng. According to the
analysis of the oscillations, light effective masses and high
quantum mobilities are obtained, which suggests the pos-
sible existence of nontrivial topological characteristics in
BaX,. The first-principles calculations demonstrate that sev-
eral Dirac points exist in BaX4 without considering SOC.
While in the presence of SOC, some of them open negligible
gaps which almost have no influences on topological proper-
ties in magnetotransport measurements. The Z, invariants of

TABLE IV. The extreme cross sections of Fermi surfaces with
B/ /c configuration from theory with Fermi level shifted down by
31.9 meV and experiments in Balny, respectively.

s s, s, s, S, S,
S (1072 A-2) 1140 2067 0.14 0035 0054
F(T) F 123 F Fy F; Fs F
S(02A2) 0064 0.10 0.14 061 111 1045
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FIG. 10. (a) Band structures along high-symmetry paths. The
gray dashed line represents the Fermi level shifted down 31.9 meV.
(b) Sketch map for the magnetic breakdown.

BaX, equal 1, indicating their nontrivial topological charac-
teristics.
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