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Interplay of magnetism and transport in HoBi
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We report the observation of an extreme magnetoresistance (XMR) in HoBi with a large magnetic moment from
Ho f electrons. Neutron scattering is used to determine the magnetic wave vectors across several metamagnetic
transitions on the phase diagram of HoBi. Unlike other magnetic rare-earth monopnictides, the field dependence
of resistivity in HoBi is nonmonotonic and reveals clear signatures of every metamagnetic transition in the
low-temperature and low-field regime, at T < 2 K and H < 2.3 T. The XMR appears at H > 2.3 T after all
the metamagnetic transitions are complete and the system is spin polarized by the external magnetic field. The
existence of an onset field for XMR and the intimate connection between magnetism and transport in HoBi are
unprecedented among the magnetic rare-earth monopnictides. Therefore, HoBi provides a unique opportunity to
understand the electrical transport in magnetic XMR semimetals.
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I. INTRODUCTION

Nonmagnetic rare-earth monopnictides with a chemical
formula RX where R = Y or Laand X = As, Sb, and Bi have
attracted attention because they exhibit a nonsaturating and
extremely large magnetoresistance (XMR) [1-13]. A topolog-
ical to trivial transition is reported in the LaX family, from
LaBi to LaAs, with XMR being present on either side of the
transition confirming that XMR originates from an electron-
hole compensation instead of a topological band structure
[6,14]. Recently, XMR has been reported in a few magnetic
rare-earth monopnictides including CeSb [15,16], NdSb [17—
19], GdSb, and GdBi [16,20,21] where f electrons provide
localized moments. In these magnetic semimetals, the itinerant
d/ p electrons couple to the localized f electrons through the
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction [22,23]
giving rise to antiferromagnetic (AFM) order, field induced
metamagnetic (MM) transitions, and rich magnetic phase dia-
grams [24-30]. Despite complex magnetization curves M (H )
with multiple MM transitions, the magnetic monopnictides
exhibit plain quadratic resistivity curves p(H) and an XMR
behavior similar to their nonmagnetic analogs in the low-
temperature regime (7 < 2 K) [15,16]. From LaSb/LaBi to
CeSb, NdSb, and then GdSb/GdBi, the lanthanide becomes
progressively more magnetic, but intriguingly no strong re-
sponse of transport and XMR to magnetism has been observed
so far.

In search of such connection between magnetism and
transport properties in a magnetic XMR material, we
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decided to study HoBi where Ho*" ions provide the largest total
angular momentum J = L 4 S among the R** ions. Through
a combination of magnetization, neutron scattering, and trans-
port experiments, we unveil an intimate relation between
the electronic transport and the magnetism of HoBi unlike
any previously studied magnetic RX system. Using neutron
diffraction, we reveal a (%, %, é) ordered state at intermediate
fields which strongly affects the resistivity behavior. The XMR
in HoBi no longer follows a plain quadratic curve and appears
only after the magnetic field is strong enough to drive the
system out of this (é, %, %) phase and into a (0,0,0) spin
polarized state.

II. METHODS

Single crystals of HoBi were grown using a self-flux method
as described in the Supplemental Material [31]. Resistivity
was measured using a standard four-probe technique and
heat capacity was measured with a relaxation time method
inside a Quantum Design physical property measurement
system (PPMS) Dynacool. dc magnetization measurements
were performed using a vibrating sample magnetometer inside
a Quantum Design MPMS3. Single-crystal neutron diffraction
was performed on the HB-1A triple-axis spectrometer at the
High Flux Isotope Reactor (HFIR) at the Oak Ridge National
Laboratory (ORNL). The fixed-energy incident neutron beam
with A = 2.36 A was selected by a double pyrolytic graphite
monochromator. Energy analysis of the scattered beam em-
ployed a pyrolytic graphite analyzer crystal, giving an elastic
energy resolution of approximately 1 meV. Density func-
tional theory (DFT) calculations with full-potential linearized
augmented plane-wave (LAPW) method were implemented
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in the WIEN2K code [32] using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation potential [33], spin-orbit coupling
(SOC), and on-site Coulomb repulsion (Hubbard U) in a
PBE+SOC+U calculation [34] for the correlated 4 f electrons.
Effective U values between 0.5 and 0.55 Ry were examined
to find the correct band structure that matches the quantum
oscillation results. High-field experiments were performed in
a 35-T dc magnet at the MagLab in Tallahassee inside a *He
fridge with a base temperature of 0.3 K.

III. RESULTS AND DISCUSSIONS

A. Magnetization

Prior studies of HoBi are limited to the magnetization
measurements with A ||[001] and [111] directions [35,36] as
well as neutron scattering in zero field showing type-1I AFM
order at Ty = 5.7 K [37]. A sketch of the fcc crystal structure
of HoBi with type-II AFM order at H = 0 is presented in
Fig. 1(a). Local f moments on Ho atoms are parallel within
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FIG. 1. (a) The rocksalt fcc structure of HoBi (a = 6.23 A) with
a type-II AFM order. (b) Heat capacity as a function of temperature at
H = 0T showing a peak at Ty = 5.75 K. (c) Resistivity as a function
of temperature at H = 0 and 9 T showing XMR in a HoBi sample
with RRR[p(300 K)/p(0 K)] = 300. (d) Magnetization, in units of
g per Ho atom, as a function of magnetic field (H||[110]) at several
representative temperatures. Curves are shifted for visibility. (e)
dM /d H as afunction of field where H ||[110]. Each peak corresponds
to a metamagnetic transition. (f) Magnetic phase diagram for H ||[110]
from the peaks in dM /d H data.

each [111] plane and antiparallel between alternate planes.
From the heat-capacity measurements in Fig. 1(b), we confirm
the AFM phase transition with a peak at Ty = 5.75 K. From the
resistivity measurements in Fig. 1(c), we reveal a characteristic
XMR profile with a large increase of p(7T') at low temperatures
and a resistivity plateau. The magnitude of XMR is of the
order 10*% when the field is oriented along either [001] or
[110] directions (see Supplemental Material Fig. S1)[31]. In
this paper, we first extend the magnetic phase diagram of HoBi
to the H||[110] direction. Then, we use neutron scattering to
determine the magnetic ordering wave vector in each sector of
the phase diagram. Finally, we use the resistivity measurements
to show the remarkable connection between the electrical and
the magnetic properties of HoBi.

Figure 1(d) shows the magnetization curves at several
representative temperatures with H||[110]. The steps in the
magnetization curves in Fig. 1(d) correspond to field-induced
metamagnetic (MM) transitions which appear as peaks in the
dM/dH curves in Fig. 1(e). There is only one peak in these
dataat3.3 K < T < Ty that marks the boundary of the type-II
AFM order. This single peak splits into three peaks below 3.3 K
corresponding to three MM transitions. A phase diagram is
produced in Fig. 1(f) from the evolution of dM/dH peaks
measured at 12 different temperatures between 1.85 and 6 K.
As shown in the Supplemental Material [31], the phase diagram
with H||[110] and [111] have three MM transitions whereas
the phase diagram with H ||[001] has six MM transitions. Here,
we focus on the H||[110] direction because it has a simpler
phase diagram compared to the [001] direction and is more
accessible to both transport and neutron experiments compared
to the [111] direction.

B. Neutron scattering

To determine the magnetic ordering vector of HoBi in each
sector of its phase diagram [Fig. 1(f)], we turned to neutron
scattering. We performed a broad survey of the neutron-
diffraction intensity for the momentum transfer Q that covers
the [H H L] plane, perpendicular to the field direction H||[1 —
10]. This is equivalent to H ||[110] used in the magnetization
and transport experiments. Figures 2(a)-2(d) show representa-
tive diffraction patterns along the [H H H] directionat 7 = 1.5
Kand H =0, 1.5, 2, and 3 T covering all the MM phase
transitions. At each field, structural Bragg peaks appear at
Q = Gy with fee-type Miller indices. Within each magnetic
phase, the Bragg peaks appear at Q = Gy £ k where k is
the ordering wave vector. At H = 0, Fig. 2(a) shows magnetic
Bragg peaks corresponding to k = (%, %, %) which specifies
the zero-field type-II AFM order below Ty. At H = 1.5 T,
after the first MM transition, new magnetic Bragg peaks appear
corresponding to both first- and higher-order harmonics with
k = (%, i, 3). AtH = 2T, after the second MM transition, the
peak intensities associated with (%, %, %) remain unchanged,
the (%, %, %) peak intensities decrease, and a set of (0,0,0)
peaks emerge. The ordering vector k = (0, 0, 0) corresponds
to a ferromagnetic (FM) alignment of the Ho spins. At H = 3
T, above the third MM transition, the k = (é, é, é) peaks
disappear and the k = (0, 0, 0) remains as the only ordering
wave vector.
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FIG. 2. (a)—(d) Neutron-diffraction intensity along the [H H H]
direction at H = 0, 1.5, 2, and 3 T measured at 7 = 1.5 K. Ordering
wave vectors (K) corresponding to each field are listed at the upper-
right corner of each panel. (e) Color map of the neutron-diffraction
intensity as a function of field and momentum transfer Q along the
[H H H] direction revealing the various metamagnetic transitions in
HoBi. (f) Phase diagram of HoBi according to magnetization and
neutron scattering.

Figure 2(e) summarizes the results of our measurements at
intermediate fields by plotting a color map of the diffraction
intensity at different [H H H] vectors. It shows the appearance
of the (%, %, %) orderat 1.3 < H < 2.3 T, the disappearance of
the (%, % %) AFM order at H > 1.8 T, and the appearance
of (0,0,0) FM order at H > 1.8 T. In Fig. 2(f), a phase
diagram of HoBi is constructed based on the magnetization
and neutron-scattering experiments. At 7 = 0, four distinct
phases appear from low to high fields with the ordering wave
vectorsk = (3,4, 1) (AFM)at H < 1.3 T,k = (4, 4, 1) and
(%, %, %) coexisting at 1.3 < H <18 T, k= (é, é, é) and
(0,0,0) coexisting at 1.8 < H < 2.3T,andk = (0, 0, 0) (FM)
at H > 2.3 T. Atfinite temperatures, the (%, é, é) order forms a
domelike boundary at 7 < 3.3 K. The dome is centered around

a quantum critical point (QCP) where the AFM (%, %, %) order
ends at approximately H, = 1.8 T.

C. Magnetoresistance

Having established the magnetic phase diagram, we now
present the electrical transport data and study the XMR
behavior. HoBi shows a typical temperature profile of XMR in
Fig. 1(c) and a large magnitude of MR (%) = 100 x [p(H) —
0(0)]/p(0) in Fig. 3(a). What makes HoBi unique among the
magnetic monopnictides is an intimate connection between the
magnetism and transport that modifies the XMR behavior in
two ways.

First, each MM transition is marked with a clear feature in
the resistivity of HoBi. Figure 3(a) shows two distinct regions
in the field dependence of the magnetoresistance MR(H). The
blue region at H < 2.3 T is the realm of AFM order and MM
transitions. Figure 3(b) compares a representative p(H ) curve
at 1.85 K, a dM/dH curve at 1.8 K, and the intensity of
the (%, %, %) neutron-diffraction peak at 1.5 K in this region.
With increasing field from zero, p(H) shows peaks at the
first and second MM transitions, and a steep increase at the
third one [see arrows in Fig. 3(b)]. These features evolve with
temperature as shown in the inset of Fig. 3(c). Similar features
appear in the p(H) data at 3.3 < T < Ty and correspond to
the AFM transitions (see Supplemental Material Fig. S3) [31].
The black circles on the phase diagram in Fig. 3(d) correspond
to the AFM and MM transitions derived from the p(H) curves.
Without measuring magnetization, one can accurately map the
magnetic phase diagram of HoBi using the resistivity data
alone. Such complete correspondence between magnetization
and resistivity data is not observed in other magnetic XMR
materials with complex metamagnetic transitions [15]. In this
regard, HoBi is an ideal platform of studying the interplay
between magnetism and transport in XMR materials.

Second, an onset of XMR is observed in HoBi. The XMR
only starts at H > 2.3 T in the yellow region of Figs. 3(a)
and 3(c). At T = 1.85 K, a steep increase of MR is observed
immediately above the onset field 2.3 T followed by a less
steep power-law behavior at higher fields. The difference
between these two behaviors is better resolved in dp/d H
curves (see Supplemental Material Fig. S4) [31]. The initial
steep MR starts after the (é, é, é) ordering wave vector has
disappeared and when the Ho spins are gradually polarizing
with the field to adopt a FM (0,0,0) state. This is in agreement
with the magnetization curve at 1.85 K in Fig. 1(d) that does
not fully saturate until about 3.5 T. Similarly, the FM (0,0,0)
neutron peak intensity keeps increasing with the field until
3.5 T (see Supplemental Material Fig. S4) [31]. Therefore, the
disappearance of MM transitions and the gradual polarization
of the Ho spins with field are responsible for the onset of XMR.

The onset of XMR in HoBi is a unique feature among
XMR materials studied so far. In nonmagnetic XMR materials,
p(H) shows a quadratic behavior from zero to high fields. In
magnetic XMR materials such as CeSb and NdSb, the overall
p(H) curve is quadratic, similar to nonmagnetic systems
[15,16,18,19]. However, in HoBi, the quadratic p(H ) behavior
is disrupted under the influence of AFM order and MM
transitions in the blue region of Fig. 3. The XMR with a
quadratic p(H ) dependence appears only at H > 2.3 T in the
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FIG. 3. (a) Magnetoresistance (MR) as a function of field
(H||[110], 7]][001]) in a HoBi sample with RRR = 127 at several
temperatures. The region of AFM order and MM transitions is
highlighted by blue whereas the region of XMR is yellow. (b)
Resistivity data (blue), dM /d H (red), and the (%, £, 1) neutron peak
intensity (green) compared at comparable temperatures. Arrows mark
the transport features associated with the MM transitions in p(H ). (c)
Evolution of p(H ) with temperature. Note the onset of XMR (yellow
region) at H = 2.3 T. (d) Phase diagram of HoBi from the transport,
magnetization, and neutron-scattering data.

yellow region. Figure 3(b) provides compelling evidence that
the (%, %, é) ordering wave vector is responsible for this onset
behavior that distinguishes HoBi from other magnetic XMR
materials.

D. Quantum oscillations and DFT calculations

Prior studies of nonmagnetic monopnictides includ-
ing LaAs, LaSb, and LaBi have shown a characteristic
compensated band structure for XMR with hole pockets at I"
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FIG. 4. (a) Band structure of HoBi from a spin-polarized
PBE+SOC+HU calculation with 10,000 & points, basis-size control
parameter RK.x = 9, and U = 0.52 Ry (7.075 eV). HoBi has four
hole bands at I' and two electron bands at X similar to nonmagnetic
XMR semimetals. (b) SdH oscillations in electrical resistance at
20 < H < 35T.Inset shows the Fourier transform of SdH oscillations
at several temperatures.

and electron pockets at X in the fcc Brillouin zone [6,12]. We
used a combination of DFT calculations and Shubnikov—de
Haas (SdH) oscillations to search for such Fermi surfaces
in HoBi. Figure 4(a) shows the calculated band structure
of HoBi in the XMR (FM) region, which resembles that of
nonmagnetic XMR materials mentioned above. There are four
hole bands at I' and two electron bands at X. In particular,
notice the smallest hole pocket that barely touches the Fermi
level at I'. The size of this pocket is extremely sensitive to the
choice of U and serves as a stringent test of the calculation
(Supplemental Fig. S5) [31]. We use the SKEAF program [38]
to calculate the extremal orbit area and the effective mass of
carriers on each calculated Fermi surface. The results are then
compared to the frequencies of SdH oscillations in Fig. 4(b).
Fourier transform of the oscillations is shown in the inset
with a low-frequency peak at 280 T corresponding to the
smallest hole pocket in Fig. 4(a) with a calculated frequency of
243 T. Furthermore, we measured the mass of carriers on each
pocket using a standard Lifshitz-Kosevich analysis [39,40] as
elaborated in the Supplemental Material [31]. Table I shows a
good agreement between the frequencies and effective masses
from DFT calculations and SdH oscillations. Our analysis of
Fermi surfaces confirms that the nonsaturating XMR in HoBi
at high magnetic fields originates from a compensated band
structure with hole pockets at I' and electron pockets at X,
similar to the nonmagnetic analog LaBi [6,10,12].

IV. SUMMARY

To summarize, HoBi is the only magnetic rare-earth monop-
nictide with XMR where the transport behavior, especially
XMR, is strongly affected by changes in the magnetic wave
vector. Metamagnetic transitions are resolved in the p(H)
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TABLE I. Calculated frequencies and effective masses from the PBE+SOC+U calculations compared to the SdH experimental results in
HoBi. Four hole bands (%;_4) and two electron bands (e, ,) are observed. The frequencies F and the effective masses m™* are reported in units
of T and m,. DFT calculations suggest a maximum and a minimum frequency in A4, e, and e;.

hl I’lz h3 h4 e] €
Band F,m* F,m* F,m* F,m* F,m* F,m*
DFT 243,1.14 1003, 0.20 1558, 0.45 1975/1986, 0.4/0.42 838/1290, 0.47/0.82 489/835, 0.54/0.46
SdH 280, 0.27 1073, 0.50 1587, 0.38 1820, 0.58 747/1260, 0.29/0.50 513/747,0.29/0.29

data clearly so the magnetic phase diagram of HoBi can be
accurately mapped from the transport data. The (% , % , é ) dome
is intriguing: it affects the XMR behavior drastically and drives
its field dependence away from a plain quadratic curve. It is
likely that the (%, %, %) order is produced by a reconstruction
of the Fermi surface at the QCP as a result of special nesting
conditions. It would be interesting to confirm this idea and to
search for its consequences such as charge ordering in HoBi.

Note added in proof. Recently, another detailed study on
HoSb has been reported [41].

ACKNOWLEDGMENTS

The work at Boston College was funded by National Science
Foundation Award No. DMR-1708929. The work at McMater
University was funded by NSERC of Canada. The National
High Magnetic Field Laboratory is supported by National
Science Foundation through NSF/DMR-1644779 and the State
of Florida. A portion of this work used resources at the High
Flux Isotope Reactor, a DOE Office of Science User Facility
operated by Oak Ridge National Laboratory.

[1] O. Pavlosiuk, P. Swatek, and P. Wisniewski, Sci. Rep. 6, 38691
(2016).

[2] J. He, C. Zhang, N. J. Ghimire, T. Liang, C. Jia, J. Jiang, S. Tang,
S. Chen, Y. He, S.-K. Mo, C. C. Hwang, M. Hashimoto, D. H.
Lu, B. Moritz, T. P. Devereaux, Y. L. Chen, J. F. Mitchell, and
Z.-X. Shen, Phys. Rev. Lett. 117, 267201 (2016).

[3] Q.-H. Yu, Y.-Y. Wang, R. Lou, P--J. Guo, S. Xu, K. Liu, S. Wang,
and T.-L. Xia, Europhys. Lett. 119, 17002 (2017).

[4] J. Xu, N. J. Ghimire, J. S. Jiang, Z. L. Xiao, A. S. Botana, Y. L.
Wang, Y. Hao, J. E. Pearson, and W. K. Kwok, Phys. Rev. B 96,
075159 (2017).

[5] O. Pavlosiuk, P. Swatek, D. Kaczorowski, and P. Wisniewski,
Phys. Rev. B 97, 235132 (2018).

[6] H.-Y. Yang, T. Nummy, H. Li, S. Jaszewski, M. Abramchuk,
D. S. Dessau, and F. Tafti, Phys. Rev. B 96, 235128 (2017).

[7] L.-K. Zeng, R. Lou, D.-S. Wu, Q. N. Xu, P-J. Guo, L.-Y. Kong,
Y.-G. Zhong, J.-Z. Ma, B.-B. Fu, P. Richard, P. Wang, G. T. Liu,
L.Lu, Y.-B. Huang, C. Fang, S.-S. Sun, Q. Wang, L. Wang, Y.-G.
Shi, H. M. Weng et al., Phys. Rev. Lett. 117, 127204 (2016).

[8] X. H. Niu, D. F. Xu, Y. H. Bai, Q. Song, X. P. Shen, B. P. Xie,
Z. Sun, Y. B. Huang, D. C. Peets, and D. L. Feng, Phys. Rev. B
94, 165163 (2016).

[9] E.F. Tafti, Q. D. Gibson, S. K. Kushwaha, N. Haldolaarachchige,
and R. J. Cava, Nat. Phys. 12, 272 (2016).

[10] F. E Tafti, Q. Gibson, S. Kushwaha, J. W. Krizan, N.
Haldolaarachchige, and R. J. Cava, Proc. Natl. Acad. Sci. USA
113, E3475 (2016).

[11] R. Lou, B.-B. Fu, Q. N. Xu, P-J. Guo, L.-Y. Kong, L.-K. Zeng,
J.-Z.Ma, P. Richard, C. Fang, Y.-B. Huang, S.-S. Sun, Q. Wang,
L. Wang, Y.-G. Shi, H. C. Lei, K. Liu, H. M. Weng, T. Qian, H.
Ding, and S.-C. Wang, Phys. Rev. B 95, 115140 (2017).

[12] S. Sun, Q. Wang, P.-J. Guo, K. Liu, and H. Lei, New J. Phys. 18,
082002 (2016).

[13] N. Kumar, C. Shekhar, S.-C. Wu, 1. Leermakers, O. Young,
U. Zeitler, B. Yan, and C. Felser, Phys. Rev. B 93, 241106
(2016).

[14] T. J. Nummy, J. A. Waugh, S. P. Parham, Q. Liu, H.-Y. Yang,
H. Li, X. Zhou, N. C. Plumb, F. F. Tafti, and D. S. Dessau, npj
Quantum Mater. 3, 24 (2018).

[15] T. Wiener and P. Canfield, J. Alloys Compd. 303, 505
(2000).

[16] L. Ye, T. Suzuki, C. R. Wicker, and J. G. Checkelsky, Phys. Rev.
B 97, 081108 (2018).

[17] N. Wakeham, E. D. Bauer, M. Neupane, and F. Ronning, Phys.
Rev. B 93, 205152 (2016).

[18] Y. Zhou, X. Zhu, S. Huang, X. Chen, Y. Zhou, C. An, B.
Zhang, Y. Yuan, Z. Xia, C. Gu et al., Phys. Rev. B 96, 205122
(2017).

[19] Y. Wang,J. H. Yu, Y. Q. Wang, C. Y. Xi, L. S. Ling, S. L. Zhang,
J. R. Wang, Y. M. Xiong, T. Han, H. Han, J. Yang, J. Gong, L.
Luo, W. Tong, L. Zhang, Z. Qu, Y. Y. Han, W. K. Zhu, L. Pi,
X. G. Wan, C. Zhang, and Y. Zhang, Phys. Rev. B 97, 115133
(2018).

[20] D. X. Li, Y. Haga, H. Shida, T. Suzuki, and Y. S. Kwon, Phys.
Rev. B 54, 10483 (1996).

[21] J. J. Song, F. Tang, W. Zhou, Y. Fang, H. L. Yu, Z. D. Han, B.
Qian, X. F. Jiang, D. H. Wang, and Y. W. Du, J. Mater. Chem. C
6, 3026 (2018).

[22] M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1954).

[23] T. Kasuya, Prog. Theor. Phys. 16, 45 (1956).

[24] G. Busch and O. Vogt, Phys. Lett. A 25, 449 (1967).

[25] J. Rossat-Mignod, P. Burlet, J. Villain, H. Bartholin, W. Tcheng-
Si, D. Florence, and O. Vogt, Phys. Rev. B 16, 440 (1977).

[26] J. Rossat-Mignod, P. Burlet, H. Bartholin, O. Vogt, and R.
Lagnier, J. Phys. C 13, 6381 (1980).

[27] T. Tsuchida and Y. Nakamura, J. Phys. Soc. Jpn. 22, 942
(1967).

[28] J. Rossat-Mignod, P. Burlet, S. Quezel, J. Effantin, D. Delacdte,
H. Bartholin, O. Vogt, and D. Ravot, J. Magn. Magn. Mater. 31,
398 (1983).

[29] G. Busch, O. Marincek, A. Menth, and O. Vogt, Phys. Lett. 14,
262 (1965).

045136-5


https://doi.org/10.1038/srep38691
https://doi.org/10.1038/srep38691
https://doi.org/10.1038/srep38691
https://doi.org/10.1038/srep38691
https://doi.org/10.1103/PhysRevLett.117.267201
https://doi.org/10.1103/PhysRevLett.117.267201
https://doi.org/10.1103/PhysRevLett.117.267201
https://doi.org/10.1103/PhysRevLett.117.267201
https://doi.org/10.1209/0295-5075/119/17002
https://doi.org/10.1209/0295-5075/119/17002
https://doi.org/10.1209/0295-5075/119/17002
https://doi.org/10.1209/0295-5075/119/17002
https://doi.org/10.1103/PhysRevB.96.075159
https://doi.org/10.1103/PhysRevB.96.075159
https://doi.org/10.1103/PhysRevB.96.075159
https://doi.org/10.1103/PhysRevB.96.075159
https://doi.org/10.1103/PhysRevB.97.235132
https://doi.org/10.1103/PhysRevB.97.235132
https://doi.org/10.1103/PhysRevB.97.235132
https://doi.org/10.1103/PhysRevB.97.235132
https://doi.org/10.1103/PhysRevB.96.235128
https://doi.org/10.1103/PhysRevB.96.235128
https://doi.org/10.1103/PhysRevB.96.235128
https://doi.org/10.1103/PhysRevB.96.235128
https://doi.org/10.1103/PhysRevLett.117.127204
https://doi.org/10.1103/PhysRevLett.117.127204
https://doi.org/10.1103/PhysRevLett.117.127204
https://doi.org/10.1103/PhysRevLett.117.127204
https://doi.org/10.1103/PhysRevB.94.165163
https://doi.org/10.1103/PhysRevB.94.165163
https://doi.org/10.1103/PhysRevB.94.165163
https://doi.org/10.1103/PhysRevB.94.165163
https://doi.org/10.1038/nphys3581
https://doi.org/10.1038/nphys3581
https://doi.org/10.1038/nphys3581
https://doi.org/10.1038/nphys3581
https://doi.org/10.1073/pnas.1607319113
https://doi.org/10.1073/pnas.1607319113
https://doi.org/10.1073/pnas.1607319113
https://doi.org/10.1073/pnas.1607319113
https://doi.org/10.1103/PhysRevB.95.115140
https://doi.org/10.1103/PhysRevB.95.115140
https://doi.org/10.1103/PhysRevB.95.115140
https://doi.org/10.1103/PhysRevB.95.115140
https://doi.org/10.1088/1367-2630/18/8/082002
https://doi.org/10.1088/1367-2630/18/8/082002
https://doi.org/10.1088/1367-2630/18/8/082002
https://doi.org/10.1088/1367-2630/18/8/082002
https://doi.org/10.1103/PhysRevB.93.241106
https://doi.org/10.1103/PhysRevB.93.241106
https://doi.org/10.1103/PhysRevB.93.241106
https://doi.org/10.1103/PhysRevB.93.241106
https://doi.org/10.1038/s41535-018-0094-3
https://doi.org/10.1038/s41535-018-0094-3
https://doi.org/10.1038/s41535-018-0094-3
https://doi.org/10.1038/s41535-018-0094-3
https://doi.org/10.1016/S0925-8388(00)00636-8
https://doi.org/10.1016/S0925-8388(00)00636-8
https://doi.org/10.1016/S0925-8388(00)00636-8
https://doi.org/10.1016/S0925-8388(00)00636-8
https://doi.org/10.1103/PhysRevB.97.081108
https://doi.org/10.1103/PhysRevB.97.081108
https://doi.org/10.1103/PhysRevB.97.081108
https://doi.org/10.1103/PhysRevB.97.081108
https://doi.org/10.1103/PhysRevB.93.205152
https://doi.org/10.1103/PhysRevB.93.205152
https://doi.org/10.1103/PhysRevB.93.205152
https://doi.org/10.1103/PhysRevB.93.205152
https://doi.org/10.1103/PhysRevB.96.205122
https://doi.org/10.1103/PhysRevB.96.205122
https://doi.org/10.1103/PhysRevB.96.205122
https://doi.org/10.1103/PhysRevB.96.205122
https://doi.org/10.1103/PhysRevB.97.115133
https://doi.org/10.1103/PhysRevB.97.115133
https://doi.org/10.1103/PhysRevB.97.115133
https://doi.org/10.1103/PhysRevB.97.115133
https://doi.org/10.1103/PhysRevB.54.10483
https://doi.org/10.1103/PhysRevB.54.10483
https://doi.org/10.1103/PhysRevB.54.10483
https://doi.org/10.1103/PhysRevB.54.10483
https://doi.org/10.1039/C8TC00028J
https://doi.org/10.1039/C8TC00028J
https://doi.org/10.1039/C8TC00028J
https://doi.org/10.1039/C8TC00028J
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1016/0375-9601(67)90074-6
https://doi.org/10.1016/0375-9601(67)90074-6
https://doi.org/10.1016/0375-9601(67)90074-6
https://doi.org/10.1016/0375-9601(67)90074-6
https://doi.org/10.1103/PhysRevB.16.440
https://doi.org/10.1103/PhysRevB.16.440
https://doi.org/10.1103/PhysRevB.16.440
https://doi.org/10.1103/PhysRevB.16.440
https://doi.org/10.1088/0022-3719/13/34/008
https://doi.org/10.1088/0022-3719/13/34/008
https://doi.org/10.1088/0022-3719/13/34/008
https://doi.org/10.1088/0022-3719/13/34/008
https://doi.org/10.1143/JPSJ.22.942
https://doi.org/10.1143/JPSJ.22.942
https://doi.org/10.1143/JPSJ.22.942
https://doi.org/10.1143/JPSJ.22.942
https://doi.org/10.1016/0304-8853(83)90295-0
https://doi.org/10.1016/0304-8853(83)90295-0
https://doi.org/10.1016/0304-8853(83)90295-0
https://doi.org/10.1016/0304-8853(83)90295-0
https://doi.org/10.1016/0031-9163(65)90189-7
https://doi.org/10.1016/0031-9163(65)90189-7
https://doi.org/10.1016/0031-9163(65)90189-7
https://doi.org/10.1016/0031-9163(65)90189-7

H.-Y. YANG et al.

PHYSICAL REVIEW B 98, 045136 (2018)

[30] D. Li, Y. Haga, H. Shida, T. Suzuki, Y. Kwon, and G. Kido, J.
Phys.: Condens. Matter 9, 10777 (1997).

[31] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.98.045136 for crystal growth, comparison
of MR magnitudes and phase diagrams in different field direc-
tions, details of AFM phase boundary in resistivity data, band
structure calculations, and extraction of effective masses.

[32] P. Blaha, K. Schwarz, G. Madsen, D. Kvasnicka, and J. Luitz,
WIEN2K an Augmented Plane Wave + Local Orbitals Program
for Calculating Crystal Properties (Karlheinz Schwarz, Techn.
Universitdt Wien, Austria, Wien, Austria, 2001).

[33] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77,
3865 (1996).

[34] V.1. Anisimov, J. Zaanen, and O. K. Andersen, Phys. Rev. B 44,
943 (1991).

[35] F. Hulliger, H. R. Ott, and T. Siegrist, J. Less-Common Met. 96,
263 (1984).

[36] A. Fente, H. Suderow, S. Vieira, N. M. Nemes, M. Garcia-
Hernandez, S. L. Bud’ko, and P. C. Canfield, Solid State
Commun. 171, 59 (2013).

[37] P. Fischer, W. Hilg, and F. Hulliger, Physica B4+C 130, 551
(1985).

[38] P. M. C. Rourke and S. R. Julian, Comput. Phys. Commun. 183,
324 (2012).

[39] D. Shoenberg, Magnetic Oscillations in Metals (Cambridge
University Press, Cambridge, England, 2009).

[40] R. K. Willardson and A. C. Beer, Semiconductors and Semimet-
als (Academic Press, Inc., San Diego, 1966), Vol. 1.

[41] Y.-Y. Wang, L.-L. Sun, S. Xu, Y. Su, and T.-L. Xia, Phys. Rev.
B 98, 045137 (2018).

045136-6


https://doi.org/10.1088/0953-8984/9/48/019
https://doi.org/10.1088/0953-8984/9/48/019
https://doi.org/10.1088/0953-8984/9/48/019
https://doi.org/10.1088/0953-8984/9/48/019
http://link.aps.org/supplemental/10.1103/PhysRevB.98.045136
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1103/PhysRevB.44.943
https://doi.org/10.1016/0022-5088(84)90203-0
https://doi.org/10.1016/0022-5088(84)90203-0
https://doi.org/10.1016/0022-5088(84)90203-0
https://doi.org/10.1016/0022-5088(84)90203-0
https://doi.org/10.1016/j.ssc.2013.07.027
https://doi.org/10.1016/j.ssc.2013.07.027
https://doi.org/10.1016/j.ssc.2013.07.027
https://doi.org/10.1016/j.ssc.2013.07.027
https://doi.org/10.1016/0378-4363(85)90303-1
https://doi.org/10.1016/0378-4363(85)90303-1
https://doi.org/10.1016/0378-4363(85)90303-1
https://doi.org/10.1016/0378-4363(85)90303-1
https://doi.org/10.1016/j.cpc.2011.10.015
https://doi.org/10.1016/j.cpc.2011.10.015
https://doi.org/10.1016/j.cpc.2011.10.015
https://doi.org/10.1016/j.cpc.2011.10.015
https://doi.org/10.1103/PhysRevB.98.045137
https://doi.org/10.1103/PhysRevB.98.045137
https://doi.org/10.1103/PhysRevB.98.045137
https://doi.org/10.1103/PhysRevB.98.045137



