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Anisotropic giant magnetoresistance and Fermi surface topology in the layered compound YbBi,
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Magnetoresistance in novel materials has been attracting ever-increasing attention since its mechanism is still
the subject of intense debate and the physics behind these emergent phenomena remains a wild space to be
explored. Here, we grow YbBi, single crystals and study their anisotropic giant magnetoresistance and Fermi
surface topology via de Haas—van Alphen oscillation and Hall resistivity measurements, electronic band structure
calculations, and so on. A detailed analysis of the angle-dependent quantum oscillations reveals the presence
of nontrivial topological electronic states and several cylindrical Fermi surface sheets extended along the
b axis. Hall resistivity data suggest that multiple charge carriers participate in the transport, and electron and hole
densities are nearly balanced. These findings are further confirmed by theoretical calculations. After checking
several possible mechanisms, the giant magnetoresistance (~1.2 x 10°% at 14 T and 2 K) in YbBi, is ascribed
to the carrier compensation instead of topological protection and open orbits. Additionally, we also find that
Fermi surface anisotropy serves as a key element for the angular magnetoresistance in this compound. Our
studies show that YbBi, can be not only a topologically nontrivial material, but also a prototype system to check

familiar magnetoresistance mechanisms.

DOI: 10.1103/PhysRevB.105.195114

I. INTRODUCTION

Ever since nonsaturating magnetoresistance (MR) was dis-
covered in WTe,, there has been rapidly growing interest in
studying this exotic physical phenomenon due to its com-
plicated mechanisms and potential applications in electronic
devices [1]. Shortly thereafter, such enthusiasm promptly
spread to other systems, including Cds;As; [2], MPn (M =
Nb and Ta; Pn = P and As) [3,4], RPn (R = rare earth; Pn =
Sb and Bi) [5-7], PtBi, [8], etc. Meanwhile, three prevalent
mechanisms have been proposed for this MR [1,9-12]. One
mechanism argues that in nontrivial electronic systems the
lifting of topological protection by magnetic fields (B) could
give rise to large MR [9]. Generally, in the Dirac semimetal
Cd;As; and Weyl semimetal MPn their MR can be under-
stood by this way [2,9,13]. It is clear that this mechanism
only works for the compounds with topological electronic
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states. Two other mechanisms assume that the nonsaturating
MR is closely associated with the compensated Fermi surfaces
(FSs) [1,5-7] and open FS [10,14-16], respectively. For the
systems with compensated FSss (n,—n;), their MR shows B>
dependences (MR ~ tepnB?) [11. Here, n, (ny,) and we (p)
represent the electron (hole) density and mobility, respec-
tively. It has been revealed that the MR in WTe, [1], PtBi,
[8], RPn [17], MoGe, [18], etc., belongs to this category. For
the systems with open FSs, their nonsaturating MR resulting
from open orbits occurs only when the current (/) flows along
the open orbits and B is applied in an orthogonal direction. As
reported, the MR in ZrSiS [19], MoAs, [10], y-PtBi, [14],
SiP; [15],WP; [20], ReO; [21], MoOCl, [16], etc., is of this
origin. It follows from the above that the actual mechanism
responsible for nonsaturating MR differs by compounds.
YbBi, crystallizes in the ZrSi,-type orthorhombic structure
with a nonsymmorphic space group Cmcm [22]. Figure 1(a)
displays its crystal structure with Yb and Bi atoms marked
by the sky-blue and pink balls, respectively. As seen, two
kinds of sheets, one consisting of Bi atoms and the other one
composed of Yb and Bi atoms, are stacked along the b axis.
This is reminiscent of the isostructural compounds CaBi, [23]
and YbSb, [24] where the small and open FS sheets strongly
affect their physical properties [25,26]. One may also find that
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FIG. 1. (a) Schematic crystal structure of the layered YbBi,. (b) XRD pattern of YbBi, single crystal, showing only the (0k0) peaks. Insets
plot the XRD pattern around (060) peak with a FWHM of approximately 0.15°, and single crystals used for this XRD scan on a millimeter
scale. Panel (c) and its lower panel: EDX spectrum and elemental distributions for Yb and Bi, respectively. (d) Yb 4d core level spectra for

YbBi,. Panel (e) and its inset: x as a function of 7" under 0.01 T for B||
shows the low-T C, and its fit with the equation C,/T =y + BT

in the nonsymmorphic compounds, examples of which are
ZrTes, ZrSiSe, YSi, CaSn, SrPb, and so on [27-34], exotic
band crossings have been frequently reported. Since YbBi,
shares similarity with the above-mentioned compounds in
their crystal structures and symmetries, analogous properties,
including small and open FS and nontrivial topological elec-
tronic states, could be expected therein. Note that in the title
compound a B'°-dependent MR has been observed, while the
actual mechanism to bring about such a situation is still an
open question [22]. This therefore motivates us to study the
correlation between its MR and electronic properties in this
ever-overlooked compound.

In this paper, we have successfully synthesized high-
quality YbBi, single crystals; measured their magnetization
(M), specific heat (Cp), longitudinal resistivity (ox,), Hall re-
sistivity (pxy); and calculated their electronic band structures.
Our results suggest that this compound harbors nontrivial
electronic properties with open FS sheets and balanced car-
rier densities, and the nonsaturating MR and its angular ()
dependence are governed by the carrier compensation and FS
anisotropy, respectively.

II. METHODS

A. Experimental details

High-quality single crystals of YbBi, were grown by a
conventional flux method. Yb and Bi powders with the molar
ratio of Yb : Bi = 3:7 were carefully mixed, placed into an

1951

ac and B||b, respectively. (f) T dependence of C, of YbBi, at O T. Inset

alumina crucible, and then sealed in a quartz tube. The quartz
tube was heated to 1073 K in 12 h, remained for 24 h, and
was slowly cooled to 573 K in 500 h, at which the residual Bi
flux was decanted using a centrifuge. As shown in the inset
of Fig. 1(b), large platelike crystals with metallic luster were
obtained.

X-ray diffraction (XRD) patterns were obtained with
a Rigaku D/Max-2200/PC diffractometer using nickel fil-
tered Cu Ko radiation. Element composition and mapping
were checked by a scanning electron microscope equipped
with an energy-dispersive x-ray (EDX) spectrometer. X-
ray photoelectron spectra (XPS) were examined by using
a Thermo ESCALAB 250 system with an Al K« source
(hv = 1486.6eV). Magnetic properties were measured by a
superconducting quantum interference device (SQUID) mag-
netometer. Specific heat (C;,) measurement was performed by
thermal relaxation methods on a physical property measure-
ment system (PPMS-9 T). Electrical transport was studied by
using the standard four-probe method on a PPMS-14 T.

B. Theoretical details

Electronic structure calculations were carried out by the
density functional theory employing a plane-wave basis pro-
jected augmented wave method as implemented in the Vienna
ab initio simulation package [35,36]. Correlations between the
nuclei and electrons were modeled by the generalized gradi-
ent approximation (GGA) of Perdew, Burke, and Ernzerhof
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(PBE) exchange potential [37,38]. Energy cutoff of the plane-
wave basis was set to 500 eV with a kK mesh of 9 x 9 x 17
for self-consistent calculations. The convergence criteria for
energy and force were set to 1 x 10°eV and 0.01 eV/A,
respectively. In our calculation, 24 valence electrons and dif-
ferent U's were utilized to describe the Yb 4 f states [39].

III. RESULT AND DISCUSSION

Figure 1(b) shows the XRD patterns of an YbBi, single
crystal. Obviously, only a set of (0k0) peaks is detected,
suggesting that the exposed crystal surface is the ac plane.
Note that the full width at half maximum (FWHM) of the
(060) peak is approximately 0.15°, which implies that the as-
grown crystals are of good quality. Here, the lattice parameter
b = 1.679 nm can be extracted, in good agreement with the
previous reports [22]. Figure 1(c) depicts the EDX spectra,
where an approximate atomic ratio of Yb : Bi = 0.98 : 2.02
is determined. In addition, according to the element map-
ping presented in the inset of Fig. 1(c), one can see that
Yb and Bi uniformly distribute across the sample surface,
being suggestive of the absence of a Bi thin film or cluster
therein. Figure 1(d) shows the Yb 4d core level spectra for
YbBi,. Clearly, our XPS spectra resemble those of YbInCuy
(a mixed-valence system) [40], which evidences the presence
of Yb’* and Yb*". Note that XPS is a surface technique
and hence may overestimate the amount of Yb** due to the
apparent propensity of YbBi, in air to surface oxidation. Fig-
ure 1(e) and its inset plot the temperature (7') dependence of
magnetic susceptibility (x) for Bllac and B||b under 0.01 T,
respectively. Small x and its weak T dependence down to
75 K clearly indicate the predominance of nonmagnetic Yb*"
species with the electronic configuration 4f!# in YbBi,. At
low T, clear upturns are observed in y, which could be as-
sociated with the Yb3+ impurities [41,42]. Figure 1(f) plots
the variation of C, as a function of T for this compound.
As displayed, C, monotonously increases from 2 to 300 K,
where no anomalies concerning a phase transition could be
tracked, suggesting the absence of long-range magnetic or-
derings therein [7]. The inset of Fig. 1(f) shows C,/T as a
function of T, from which determination of the Sommerfeld
coefficient (y) is allowed. An excellent fitting (red solid line)
of the experimental data with the equation C,/T =y + BT?
in the T range from 2 to 4 K yields y = 28.2 mJ mol™' K.
Note that this value is slightly larger than those of con-
ventional materials (~1mJmol™' K72), like Cu [43], RPn
series [5,7], etc., but is of the same order of magnitude as
those observed in YbCdGe (41 mJ mol~! K2) [41], YbCdSn
(28 mJ mol~! K=2) [42], YbFe,Aljg (35mJmol~! K2) [44],
and so on. As reported, y ~ 28mJ mol™! K2 remains a
characteristic of ordinary metals [45]. Thus, heavy-fermion
physics is not an issue here, and the f electron could not
significantly contribute to the density of state. That is to say,
the hybridization between f electrons and conduction ones
in YbBi, is weak. Analogous cases have been observed in
YbTIns (T = Co, Rh, and Ir) [46,47], and YbRh,Ga [48].

Figure 2(a) shows p,, of YbBi, as a function of 7 un-
der different Bs. Here, T is plotted in a logarithmic scale
to highlight the B effect on low-T transport properties. As
shown, the zero-B pyx continuously decreases from 217.7

nS2cm at 300 K to 5.9 uQcm at 2 K, and thus the residual
resistivity ratio RRR = p,(300K)/p,(2K) ~ 36.9, reflect-
ing small defect scatterings in our samples. The inset of
Fig. 2(a) depicts the zero-B pxx below 30 K and its best
fit with p,, = po + aT", where py = 5.83 uQ2cm, a = 8.3 x
10 u2em K™, and n = 2.7. Here, the obtained n is nei-
ther 2 for pure electron-electron scatterings [49] and phonon
scatterings as observed in YbSb, [24] nor 5 for conventional
electron-phonon scatterings [50], but almost close to those
in LaBi (~2.99) [51], MoAs; (~3) [52], and ZrSb, (~3.16)
[53], which implies that interband electron-phonon scatterings
dominate the low-T transport in the title compound. With an
application of B, py, at low T is significantly enhanced and
consequently a definite upturn occurs above 2 T, where the
metallic feature appears to be altered. Wang et al. propose
that p,, crossovers in semimetals can be simply understood by
the conventional multiband approach instead of the B-induced
excitonic-insulator transition which however, requires that the
system is in close proximity to the quantum limit [45]. There-
fore, we further check the T dependence of MR [inset of
Fig. 2(b)] and normalized MR [Fig. 2(b)] under different Bs
for YbBi,. As shown, all the MR vs T curves exhibit metal-to-
insulator-like transitions, whereas the normalized MR almost
shares the same T dependences. It thus evidences that p.,
upturns in YbBi, could not be of B-induced gap origin [54],
and hence the low-7 phase is still metallic rather than in-
sulating under B. Figure 2(c) shows the isothermal MR at
various T's, where I flows in the ac plane and B is applied
along the b axis. As plotted, all MR increases with increas-
ing B, without any sign of saturation. At 2 K, MR reaches
1.2 x 10°% under 14 T, which is comparable to those of the R
PtBi series [55], MoGe, [18], and so on. Figure 2(d) displays
the B dependence of MR at 2 and 10 K and their best fits
with an empirical power law MR = &’B" . The same method
has been employed to fit the ones at other 7's below 10 K. As
shown in the inset of Fig. 2(d), a’ shows weak T dependences
and n’ takes the values ~1.8. Similar cases have been observed
in other compensated semimetals, such as MoAs, [10], YbAs
[56], and so on, which is always ascribed to the slight imbal-
ance between electron and hole concentrations. It follows that
in YbBi, B-induced p,, plateaus and metal-to-insulator-like
transitions may be figured out by similar ways performed in
these systems. To shed more light on the transport behaviors,
we measure oy, at different 7's. In Fig. 2(e), p., shows a non-
linear B dependence, which implies that the title compound
is a multiband system [56]. Additionally, one can find that
the slope of p,, changes from negative to positive with the
increase of T, implying that the transport property at low T is
electronlike in contrast with the hole conduction at high T'. To
analyze the data, we employ a simple two-band model with
one electron and one hole band as performed for several other
multiband systems [56]:

0 (B) _ E (nh//’«h2 - neﬂez) + (I’lh - ne)ﬂhzﬂesz
" e (nupn + nepe)* + (my — np) 2 2B

An attempt to directly fit this two-band model to oy,
measured at 2 K [Fig. 2(f)] yields n, = 5.17 x 102 cm™3,
ne =531 x10%cm>, p,=1525cmV-'s!, and p, =
1549 cm V! s71, One can see that in YbBi, n;, and n, are not
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FIG. 2. (a) p,, as a function of T under different Bs for YbBi,. Inset plots the low-T p,x under zero B and its fit to p,, = po + aT"
(po =5.83uRcm, a =83 x 10* uQemK™, and n = 2.7). (b) T-dependent normalized MR = MR(7)/MR(2 K) under various Bs. The
inset shows the T dependence of MR for YbBi,. (c) MR vs B at different 7's. (d) MR at 2 and 10 K, and their fits to MR = a'B” . Inset exhibits
the variation of @’ and n’ as a function of 7' between 2 and 10 K. (e) B dependence of p,, at different T's. (f) p,, as a function of B at 2 K and
its fit to a two-band model. The inset shows the variation of n, and n,, and u; and u, as a function of 7.

perfectly compensated, and () is one or two orders of
magnitude less than those reported in RPn [5], NbP [4], and
so on. Hence, it could be easily understood that YbBi,’s MR
shows a slight deviation from the perfect B> dependence and is
smaller than that of RPn [5-7], PtBi, [8], and so on. The inset
of Fig. 2(f) displays the T dependence of n;, and n,, and uy
and p.. As can be seen, with T increasing, n;, and n, increase,
while w;, and . decrease.

YbBi, crystallizes in a layered structure, and thus
anisotropic electronic properties can be expected. Here, we
carefully perform the ¢-dependent MR measurements at 2
K to examine its FS anisotropy. Figure 3(a) depicts simple
sketches of the experimental setup, where / flows in the ac
plane, and B rotates in a plane normal to / [transverse config-
uration (TC)], and rotates from the b axis to I [transverse to
longitudinal configuration (TLC)]. Here, ¢ is measured from
the b axis. Figure 3(b) shows a polar plot of the ¢-dependent
MR under 2, 6, 10, and 14 T in the TC mode. It can be seen
that all the MR(¢) curves have twofold symmetries. As ¢
increases, MR shows maxima for B||b and minima for B|ac,
implying that charge carriers move in minimal and maximal
cyclotron orbits [57], respectively. Under 14 T, MRx ~
1200% and MR i, ~ 326%, which yields an anisotropic ratio
of MR [§ = MRy jax/MRpin] ~368%. Generally, the symme-
try of a projected FS profile onto the plane normal to I can
be extracted from the polar plot of MR curves [57]. Thus, this
system and hence its FSs have inversion and C, symmetries.
Figure 3(c) shows the MR as a function of B at different ¢s.

Obviously, MR increases with the increasing B at a fixed ¢,
but decreases with the increasing ¢ under the same B. This
is consistent with the data shown in Fig. 3(b). Furthermore,
we find that all the MR vs B curves in Fig. 3(c) can be
collapsed onto a single one at 0° [Fig. 3(d)] with a scaling
factor &, [54]. The inset of Fig. 3(c) schematically shows the
scaling approach with the MR data at 0° and 90°, and scaling
orientation (the red arrow). A similar case has been observed
in WTe, [54], graphite [58], high-T. superconductors [59],
etc., where the electronic properties are anisotropic and hence
the ¢-dependent quantity Q(B, ¢) commonly has the scal-
ing behavior Q(B, ¢) = Q(&,B) [54,58,59]. Here, ¢,B is the
reduced B, and ¢, = (cos?p + y~2sin’g)!/? reflects effective
electron mass (m*) anisotropy [54,58,59], with y2 being the
ratio of m* of electrons moving in the directions given by ¢ =
0° and 90°. Note that in the semiclassical model, p,, = 1/neu
and u = et/m* (t is the relaxation time). It follows that m*
anisotropy plays a crucial part in the ¢-dependent MR and
thus FS anisotropy of materials. As for YbBi,, its y ~ 1.7
can be determined by fitting the ¢-dependent ¢, in the inset
of Fig. 3(d), which is definitely much smaller than what one
would naively expect for a two-dimensional (2D) system, such
as graphite (12.1) [58], suggesting that the title compound
is in fact electronically three dimensional (3D) with a small
anisotropy. Figure 3(e) displays a polar plot of MR as a func-
tion of ¢ under 2, 6, 10, and 14 T in the TLC mode. One can
clearly see that the anisotropic MR curves also have twofold
symmetries. As expected, their maxima and minima appear at
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FIG. 3. (a) Experimental setups for the ¢-dependent MR measurements in TC and TLC modes. (b) MR measured in TC mode as a function
of ¢ under different Bs at 2 K. (c) Isothermal MR measured in TC mode at different ¢s. The inset shows a schematic for the scaling operation
(the data at 90° and 2 K are used as an example). (d) Data in (c) replotted with B scaled by a factor €4. The inset displays the ¢ dependence of
&y, and its fitto g, = (cos?p + y~2sin’@)'/? with y ~ 1.7. (e) MR measured in TLC mode as a function of ¢ under different Bs at 2 K. (f) MR
measured in TLC mode as a function of B at different ¢s and 2 K. The inset shows the variation of n" as a function of ¢ at 2 K.

¢ = 0° and ¢ = 90°, respectively, because of the orbit origin.
Here, the out of plane B component decreases with ¢ increas-
ing, which further enlarges & (~583%). Figure 3(f) shows the
MR isotherms for different B orientations from B||b (¢ = 0°)
to B||I (¢ = 90°). As seen, MR decreases with increasing ¢ at
fixed B. We fit the B-dependent MR at different ¢s with MR =
a'B" and find that the obtained »’ in the inset of Fig. 3(f)
monotonously decreases from 1.8 (¢ = 0°) to 1.2 (¢ = 90°).
That is, MR isotherms exhibit unsaturated behaviors all along
in YbBi,. Note that at ¢ = 90° (B||]) the pronounced B de-
pendence of MR contradicts the expectation of a 2D system
where only the normal B component (|Bcos ¢|) contributes
to MR; i.e., MR should be B independent in this case [54]. It
follows that a 3D FS topology is more likely to determine the
MR anisotropy in YbBi,.

Figure 4(a) plots the M isotherms along the b axis at
various T's for YbBi,. As seen, M oscillations emerge below
20 K, reflecting the high quality of our samples [7]. Note that
isothermal M measurements have also been carried out for
the B||ac plane (Fig. S1(a) in the Supplemental Material [60]
(also see [61,62]), while no traceable M oscillations can be
observed, suggesting the presence of 2D-like FS sheets in the
title compound [63]. Figure 4(b) shows the oscillatory com-
ponent of M (AM) after subtracting a smooth background. It
can be found that the oscillatory pattern is the period in 1/B,
as expected from successive emptying of the Landau levels
(LL) with increasing B. In the upper-right inset of Fig. 4(b),
we exhibit the fast Fourier transformation (FFT) spectra of

these M oscillations. One can find a single peak located at
the frequency (F,) ~ 38.3 T, which agrees with the results in
Ref. [22]. The lower-right inset of Fig. 4(b) shows the normal-
ized FFT amplitudes as a function of 7. As seen, a rough fit
of these experimental data to the thermal damping factor Rt =
(AT)/sinh(AT) in the Lifshitz-Kosevich formula yields m* ~
0.06m,. Here, A = 2 2kgm* /(¢hB) = 14.69m* /B [2], and the
average B (B) is set as 4.1 T [1/B = (1/Bgar + 1/Bena)/2]
with By = 2.9T and Beyg = 7T. According to the Onsager
relation F = (®y/27%)AF [2], the cross-sectional area of FS
(Ar) normal to B is calculated to be 3.7 x 10 A-2. By assum-
ing a circular cross section [2], a very small Fermi momentum
kg ~ 0.034 A-! is determined. Thus, one can obtain the Fermi
velocity v = hkg/m* ~ 2.1 x 10°m/s, and Fermi energy
Er = m*vg* ~ 0.13eV. The upper-left inset of Fig. 4(c) ex-
hibits the Dingle plot for F,, from which the Dingle T (Tp)
is estimated to be ~2.2 K. Correspondingly, the quantum life-
time t§ =h/2wkpTp ~ 7.7 x 107* s and quantum mobility
g ~ 225cm V'™l Figure 4(c) plots the LL fan diagram
for the F, band, where AM peaks and valleys are assigned
as N-3/4 and N-1/4 (LL indices), respectively [64,65], and
fall onto a straight line. A linear fitting of N vs 1/B gives an
intercept of 0.44 and thus the Berry phase ¢g = 27(0.44 + §)
[66]. Here, § is the FS dimension-dependent correction to a
phase shift, of which the value varies from O for 2D FS to
+1/8 or —1/8 for a minimum or maximum cross section of
3D FS, respectively [6]. Next, we check the dimension of
the F, band before evaluating the value of ¢g. Figure S1 in
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FIG. 4. (a) M isotherms for B||b axis at different T's. (b) AM vs 1/B at different T's. The upper inset shows the FFT spectra of AM at
different 7's. The lower inset displays the T dependence of normalized FFT amplitudes and its fit (red line) to Ry in the Lifshitz-Kosevich
formula. (c) LL index fan diagram for F,. The lower-right inset enlarges the intersection. The upper-left inset shows the Dingle plot for F, at
2 K. (d) AM vs 1/B at different ¢s. (e) The FFT spectra of AM at different gs. (f) ¢-dependent F at 2 K. The red solid line is the result of

fitting F (@) = Fy/[cos>(¢) + &2sin?(¢)]"/? to experimental data.

the Supplemental Material [60] displays the M isotherms at
different ¢s and 2 K. Here, ¢ is also measured from the b
axis and B is rotated from the b axis to ac plane. As seen, M
oscillations only occur in the narrow ¢ range between —60°
and 60°. Figure 4(d) presents the AM against 1/B at different
s after background subtraction, where the oscillation pattern
displays a clear evolution with the increasing ¢. Here, we
plot the AM vs 1/B curves in the ¢ range from —70° to
70°. Figure 4(e) shows their FFT spectra, where only one
F can be observed at all the ¢s. Figure 4(f) depicts the ¢
dependence of F,, where F,(¢) = F,(—¢) and F,(¢) takes a
minimum at 0°. To gain more information on the FS sheet
associated with the F, band, we further fit the ¢-dependent
F, with F(¢) = Fy/[cos?(¢) + £?sin?(¢)]'/? [6], where F(¢)
denotes the F at a certain ¢, and F; is the F at 0°. Here,
FS has a 3D sphere [F(¢) = Fy] and a 2D cylinder [F (¢) =
Fy/cosg] shape for ¢ = 1 and 0, respectively [65]. Evidently,
the experimental data in the inset of Fig. 4(f) can be well
reproduced by this ellipsoid function with & ~ 0, suggesting
that the F,, branch harbors a small cylindrical FS topography.
Therefore, ¢pp = 271(0.44 4+ §) = 0.887 for the F, band. Note
that ¢g ~ 7 cannot be viewed as a smoking gun of topolog-
ically nontrivial materials [67-69]. It is a longstanding issue
once the LL fan diagram is employed to extract ¢g. As per-
formed in the literature, we fit the Lifshitz-Kosevich formula
to the experimental data and find ¢g ~ 1.087 (Fig. S2 in the
Supplemental Material [60]). Although the preceding analysis
seemingly supports the presence of a nontrivial ¢ in YbBij, it

still should be pointed out that this phase factor could be com-
plicated by other contributions, such as Maslov correction,
dynamic phase factor, and so on [67-69]. Incidentally, Ohara
et al. performed the M isotherm measurements for YbBi, by
using a field-modulation technique in fields up to 8.5 T and
observed more than one F in the FFT spectra [22]. To reveal
other F's, we measured the M isotherms up to 14 T (Fig. S3
in the Supplemental Material [60]). Unfortunately, still only
a single F ~ 38.3 T occurs in the FFT spectra. Note that
in Ref. [26] Sato et al. find that more F's could be detected
in the field-modulation method rather than the static method.
Therefore, only a single F' observed in our measurements is
entirely possible. It is possible that larger fields (B > 14 T) or
other techniques can be adopted to reveal more F's, which are
not available to us at this moment. Except for F (~38.3 T),
other physical properties extracted from the quantum oscilla-
tions measured at 7 and 14 T are nearly the same.

In support for these findings, the DFT calculations are
performed for YbBi,. Figure 5(a) shows the calculated bulk
band structures with spin-orbit couplings along the high-
symmetry lines. Clearly, various bands cross the Fermi level,
which is consistent with the metallic feature of this compound.
More importantly, several band crossings emerge along the
high-symmetry lines such as a fourfold degenerate Dirac
nodal line along the high-symmetry T-Z, fourfold degener-
ate Dirac points along the high-symmetry Z point, and so
on. Orbital-resolved electronic band structures show that the
band crossings are composed of Bi p orbitals. Note that the
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(b)

FIG. 5. (a) Band structures and (b) FS of YbBi,, respectively.
(c) An electron FS sheet; (d) a cylindrical electron FS sheet; (e) a
hole FS sheet.

degeneracy of the Dirac line node could not be lifted in the
presence of SOC due to the protection by nonsymmorphic
glide mirror symmetry. A similar case has been observed
in ZrSiS [70]. Thus, YbBi, could be a topological nodal-
line semimetal candidate. Figure 5(b) plots its bulk FS, from
which two electron sheets and a hole sheet are revealed. The
three FS sheets are plotted separately in Figs. 5(c)-5(e). As
shown, one electron FS sheet [Fig. 5(c)] locates around the BZ
boundary, and the other electron FS sheet with kg ~ 0.028 A~!
[Fig. 5(d)] distributes along the T-Z direction (b directions
in the conventional cell). Note that this kg is comparable to
the experimental results. Hence, those de Haas—van Alphen
(dHvA) oscillations could be associated with the FS sheet
shown in Fig. 5(d). In addition, one can find that as presented
in Fig. 5(e) a hole sheet hosts a nearly cylindrical FS along
the (110) directions (b lattice vector in conventional cell)
centered at the I' point. It thus can be seen that the FS of
YbBI, is highly anisotropic and elongates along the b axis.
Note that U = 4 eV is utilized to describe the Yb 4f states
herein. Additionally, as shown in Fig. S4 of the Supplemental
Material [60], the band structures with U =0, 2, and 6 eV
have been calculated and discussed.

Next, we attempt to unveil the underlying physics behind
the large and anisotropic MR in YbBi,. Hereinbefore, the
presence of a nontrivial ¢g has been confirmed in this com-
pound, suggesting that it is a potential topological material.
Hence, contributions from the B lifting of topologically pro-
tected backscattering to MR should be checked. For YbBiy, its
mn(te)/ g ~ 7, which is much smaller than those obtained
in the topological semimetals, like Cd;As; (~10*) [9] and
NbAs (~ 10%) [71], implying that small angle scatterings are
dominant in the transport and thus its MR could not be of
topological protection origin. In Figs. 4(f) and 5(d), one may
notice that in YbBi, there exist several sheets with open FSs
lying inside the layer plane. A similar case has been observed
in PdCoO, [72], MoAs, [10], ZrSiS [19], SiP, [15], y-PtBi,
[14], and so on, where large MR emerges as well. It should be
emphasized that in these systems their MR shows parabolic
B dependences only when I flows along the axes of open
FS sheets and B is applied in an orthogonal direction; i.e.,

I 1B [57]. In our measurements, / flows in the ac plane and
is vertical to B (B||b), whereas the open FSs elongate along
the b axis. More importantly, as shown in Fig. 3(f), the B-
dependent MR presents unsaturated behaviors at different s,
which is contradictory to the cases governed by open orbits;
i.e., the MR should be saturated at certain s [57]. Thus, open
FSs also do not work for the large MR in YbBi,. Except
for this B lifting of topological protection and open orbits,
carrier compensation usually severs as a viable cause for MR
with an almost parabolic B dependence in many semimetals
[5,7,18,49]. Recently, Zhao et al. found that MoAIB [73],
which is an isostructural analog of YbBi, and harbors open
FSs along the b axis, shows a paraboliclike MR. Note that in
their MR measurements B is applied along the b axis and [
flows in the ac plane as well. After checking its FS topology,
they contribute the unsaturated MR in MoAIB to compensated
carrier concentrations [73]. Since YbBi, and MoAIB share
similarity in crystal and electronic structures, their large MR
could be of the same origin, i.e., the equisized electron and
hole densities. Indeed, as extracted from the p,, data, n; ~ n,,
which may be a possible cause of the paraboliclike MR in
YbBi,. In addition, this compound harbors anisotropic FS
topology that could have an effect on its ¢-dependent MR.
For B||b, the charge carriers with cyclotron motion are locked
around the FSs normal to the b axis. As referred above, the
perpendicular cross-section area of FS is the smallest in this
case, and thus a large MR occurs. Once B is rotated from
the b axis to the ac plane, the perpendicular cross-section
area of the FS changes and becomes infinite for Bl ac. Cor-
respondingly, the cyclotron orbits of charge carriers increase
and meanwhile the MR monotonously drops, which agrees
well with the anisotropic MR shown in Fig. 3(b). It thus can
be seen that in YbBi, the ¢p-dependent MR is associated with
its FS anisotropy.

IV. CONCLUSION

We have succeeded in growing high-quality YbBi, single
crystals and carrying out their M, MR, and p,, measure-
ments; electronic band structure calculations, etc. Nonzero ¢g
extracted from the M oscillations suggests that the title com-
pound harbors nontrivial electronic properties. ¢-dependent
M oscillations reveal the presence of open FSs in this com-
pound. Its angular MR with significant ¢ dependences implies
that the FS is highly anisotropic. An analysis of p,, data
manifests that multiple charge carriers with almost equisized
densities participate in transport. All these findings are con-
sistent with the theoretical results. After checking several
possible mechanisms, we have found that the giant and ¢-
dependent MR in YbBi, could be closely associated with
the nearly compensated carrier densities and FS anisotropy,
respectively. Our work proves that the title compound con-
currently shows nontrivial topological electronic states, open
FSs, and compensated carrier concentrations, and provides an
ideal material platform to study different MR mechanisms.
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