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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 (MM) transitions on the phase diagram of HoBi. Unlike other magnetic
rare-earth monopnictides, the field dependence of resistivity in HoBi is non-monotonic and reveals
clear signatures of every metamagnetic transition in the low-temperature and low-field regime, at
T <2Kand 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.

PACS numbers: 71.20.Eh, 75.25.-j, 75.30.Kz, 75.47.-m

I. INTRODUCTION

Non-magnetic rare-earth monopnictides with a chem-
ical formula RX where R = Y or La and X = As,
Sb, and Bi have attracted attention because they ex-
hibit a non-saturating and extremely large magnetore-
sistance (XMR)!™3. A topological to trivial transi-
tion is reported in the LaX family, from LaBi to LaAs,
with XMR being present on either side of the transi-
tion confirming that XMR originates from an electron-
hole compensation instead of a topological band struc-
ture®'*. Recently, XMR has been reported in a few
magnetic rare-earth monopnictides including CeSh!5:16,
NdSb'" 19 GdSb and GdBi'62%2! where f-electrons
provide localized moments. In these magnetic semimet-
als, the itinerant d/p—electrons couple to the localized f—
electrons through the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction???? giving rise to antiferromagnetic
(AFM) order, field induced metamagnetic (MM) transi-
tions, and rich magnetic phase diagrams?*3%. Despite
complex magnetization curves M (H) with multiple MM
transitions, the magnetic monopnictides exhibit plain
quadratic resistivity curves p(H) and an XMR, behav-
ior similar to their non-magnetic analogues in the low-
temperature regime (7' < 2 K)!%16. From LaSb/LaBi to
CeSb, NdSb, and then GdSb/GdBi, the lanthanide be-
comes progressively more magnetic, but intriguingly no
strong response 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 de-
cided to study HoBi where Ho®** ions provide the largest
total angular momentum J = L+ S among the R?** ions.

Through a combination of magnetization, neutron scat-
tering, and transport experiments, we unveil an intimate
relation between the electronic transport and the mag-
netism of HoBi unlike any previously studied magnetic
RX system. Using neutron diffraction, we reveal a new
(/6,1/6,1/6) ordered state at intermediate fields which
strongly affects the resistivity behavior. The XMR in
HoBi no longer follows a plain quadratic curve and ap-
pears only after the magnetic field is strong enough to
drive the system out of this (1/6,1/6,1/6) 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®!.
Resistivity was measured using a standard four probe
technique and heat capacity was measured with a re-
laxation time method inside a Quantum Design PPMS
Dynacool. DC magnetization measurements were per-
formed using a vibrating sample magnetometer inside a
Quantum Design MPMS3. Single crystal neutron diffrac-
tion was performed on the HB-1A triple-axis spectrom-
eter 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 se-
lected by a double pyrolytic graphite monochromator.
Energy analysis of the scattered beam employed a py-
rolytic graphite analyzer crystal, giving an elastic energy
resolution of approximately 1 meV. Density functional
theory (DFT) calculations with full-potential linearized
augmented plane-wave (LAPW) method were imple-



mented in the WIEN2k code3? using the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation potential®3, spin-
orbit coupling (SOC), and on-site Coulomb repulsion
(Hubbard U) in a PBE+SOC+U calculation®* 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 H||[001] and [111] directions®>:36 as
well as neutron scattering in zero-field showing type-II
AFM order at Ty = 5.7 K37. A sketch of the fcc crystal
structure of HoBi with the type-II AFM order at H = 0 is
presented in Fig. 1(a). Local f-moments on Ho-atoms are
parallel within 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(T') at low temperatures and a resis-
tivity plateau. The magnitude of XMR is of the order
10*% when the field is oriented along either [001] or [110]
directions (Supplemental Fig. S1)3'. 1In this letter, we
first extend the magnetic phase diagram of HoBi to the
H||[110] direction, which has not been studied before.
Then, we use neutron scattering to determine the mag-
netic 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 data at 3.3 K < T < T that
marks the boundary of the type-I AFM order. This
single peak splits into three peaks below 3.3 K corre-
sponding 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®!, the phase
diagram with H||[110] and [111] have three MM transi-
tions 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.
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FIG. 1. (a) The rock-salt fcc structure of HoBi (a =
6.23A) with a type-Il AFM order. (b) Heat capacity as
a function of temperature at H = 0 T showing a peak
at Tnv = 5.75 K. (c) Resistivity as a function of temper-
ature at H = 0 and 9 T showing XMR in a HoBi sam-
ple with RRR(p(300K)/p(0K)) = 300. (d) Magnetization,
in units of up per Ho-atom, as a function of magnetic field
(H||[110]) at several representative temperatures. Curves are
shifted for visibility. (e) dM/dH as a function of field where
H||[110]. Each peak corresponds to a metamagnetic transi-
tion. (f) Magnetic phase diagram for H||[110] from the peaks
in dM/dH data.

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 [HHL] plane, perpendicular
to the field direction H||[1-10]. This is equivalent to
H]||[110] used in the magnetization and transport exper-
iments. Figures 2(a—d) show representative diffraction
patterns along the [HHH] direction at T' = 1.5 K and
H =0, 1.5, 2, and 3 T covering all the MM phase tran-
sitions. At each field, structural Bragg peaks appear at
Q = Gy with fee-type Miller indices. Within each mag-
netic phase, the Bragg peaks appear at Q = Gp + k
where k is the ordering wave vector. At H = 0,
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FIG. 2. (a—d) Neutron diffraction intensity along the [HHH]
direction at H = 0, 1.5, 2, and 3 T measured at T' = 1.5 K. Or-
dering 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 mo-
mentum transfer Q along the [HHH] direction revealing the
various metamagnetic transitions in HoBi. (f) Phase diagram
of HoBi according to magnetization and neutron scattering.

Fig. 2(a) shows magnetic Bragg peaks corresponding to
k = (1/2,1/2,1/2) 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 corre-
sponding to both first and higher order harmonics with
k= (16,1/6,1/6). At H =2 T, after the second MM tran-
sition, the peak intensities associated with (1/6,1/6,1/6)
remain unchanged, the (1/2,1/2,1/2) peak intensities de-
crease, 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 = (1/6,1/6,1/6) peaks disappear and
the k = (0,0, 0) remains as the only ordering wave vector.

Figure 2(e) summarizes the results of our measure-
ments at intermediate fields by plotting a color map
of the diffraction intensity at different [HHH] vectors.
It shows the appearance of the (1/6,1/6,1/6) order at
1.3 < H < 2.3 T, the disappearance of the (1/2,1/2,1/2)
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 dia-
gram of HoBi is constructed based on the magnetiza-
tion and neutron scattering experiments. At T = 0,
four distinct phases appear from low to high fields with
the ordering wave vectors k = (1/2,1/2,1/2) (AFM) at
H < 13T, k = (Y2,1/2,1/2) and (6,1/6,1/6) coexist-
ing at 1.3 < H < 1.8 T, k = (Y/6,1/6,1/6) and (0,0,0)
coexisting at 1.8 < H < 2.3 T, and k = (0,0,0) (FM)
at H > 2.3 T. At finite temperatures, the (1/6,1/6,1/6)
order forms a dome-like boundary at T" < 3.3 K. The
dome is centered around a quantum critical point (QCP)
where the AFM (1/2,1/2,1/2) order ends at approximately
H.=18T.

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) — p(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 fea-
ture in the resistivity of HoBi. Figure 3(a) shows two
distinct regions in the field dependence of the magne-
toresistance MR(H). The blue region at H < 2.3 T
is the realm of AFM order and MM transitions. Fig-
ure 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
(1/6,1/6,1/6) neutron diffraction peak at 1.5 K in this re-
gion. With increasing field from zero, p(H) shows peaks
at the first and second MM transitions, and a steep in-
crease 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
(Supplemental Fig. S3)3!. 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 mea-
suring magnetization, one can accurately map the mag-
netic phase diagram of HoBi using the resistivity data
alone. Such complete correspondence between magneti-
zation and resistivity data is not observed in other mag-
netic XMR materials with complex metamagnetic tran-
sitions'®. 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
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FIG. 3. (a) Magnetoresistance (MR) as a function of field
(H||[110], I||[001]) in a HoBi sample with RRR = 127 at sev-
eral temperatures. The region of AFM order and MM tran-
sitions is highlighted by blue whereas the region of XMR is
yellow. (b) Resistivity data (blue), dM/dH (red), and the
(1/6,1/6,1/6) neutron peak intensity (green) compared at com-
parable 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.

Fig. 3(a) and (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 bet-
ter resolved in dp/dH curves (Supplemental Fig. S4)3!.
The initial steep MR starts after the (1/6,1/6,1/6) ordering
wave vector has disappeared and when the Ho-spins are
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FIG. 4. (a) Band structure of HoBi from a spin-polarized

PBE+SOC+U calculation with 10,000 k—points, basis-size
control parameter RK ez = 9, and U = 0.52 Ry (7.075 eV).
HoBi has four hole bands at I" and two electron bands at X
similar to non-magnetic XMR semimetals. (b) SdH oscilla-
tions in electrical resistance at 20 < H < 35 T. Inset shows
the Fourier transform of SdH oscillations at several tempera-
tures.

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 un-
til about 3.5 T. Similarly, the FM (0,0,0) neutron peak
intensity keeps increasing with the field until 3.5 T (Sup-
plemental Fig. S4)3'. 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 non-magnetic 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
non-magnetic systems'®16:1819  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 ap-
pears only at H > 2.3 T in the yellow region. Figure 3(b)
provides compelling evidence that the (1/6,1/6,1/6) order-
ing 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 non-magnetic monopnictides includ-
ing LaAs, LaSb, and LaBi have shown a characteristic
compensated band structure for XMR with hole pock-



TABLE I. Calculated frequencies and effective masses from the PBE+SOC++U calculations compared to the SAH experimental
results in HoBi. Four hole bands (hi1-4) and two electron bands (e1,2) 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 hq4, €1, and ez .

band hl h2 h3 h4 €1 €2

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
ets at I' and electron pockets at X in the fcc Brillouin  LaBi®!012,

zone® 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 calcu-
lated band strucutre of HoBi in the XMR (FM) region,
which resembles that of non-magnetic XMR materials
mentioned above. There are four hole bands at I' and
two electron bands at X. In particular, notice the small-
est hole-pocket that barely touches the Fermi level at T'.
The size of this pocket is extremely sensitive to the choice
of U and serves as a stringent test of the calculation (Sup-
plemental Fig. S5)31. We use the SKEAF program®® 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 SAH oscillations in
Fig. 4(b). Fourier transform of the oscillations is shown
in the inset with a low-frequency peak at 280 T corre-
sponding to the smallest hole-pocket in Fig. 4(a) with
a calculated frequency of 243 T. Furthermore, we mea-
sured the mass of carriers on each pocket using a stan-
dard Lifshitz-Kosevich analysis®?*° as elaborated in the
Supplemental Material3'. Table I shows a good agree-
ment between the frequencies and effective masses from
DFT calculations and SAH oscillations. Our analysis of
Fermi surfaces confirms that the non-saturating XMR in
HoBi at high magnetic fields originates from a compen-
sated band structure with hole pockets at I" and elec-
tron pockets at X, similar to the non-magnetic analogue

IV. SUMMARY

To summarize, HoBi is the only magnetic rare-earth
monopnictide with XMR where the transport behavior,
especially XMR, is strongly affected by changes in the
magnetic wave vector. Metamagnetic transitions are re-
solved in the p(H) data clearly so the magnetic phase di-
agram of HoBi can be accurately mapped from the trans-
port data. The (1/6,1/6,1/6) dome is intriguing; it affects
the XMR behavior drastically and drives its field depen-
dence away from a plain quadratic curve. It is likely that
the (1/6,1/6,1/6) order is produced by a reconstruction of
the Fermi surface at the QCP as a result of special nest-
ing conditions. It would be interesting to confirm this
idea and to search for its consequences such as charge
ordering in HoBi.
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