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Unusual magnetotransport in holmium monoantimonide
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We report the magnetotransport properties of HoSb, a semimetal with antiferromagnetic ground state. HoSb
shows extremely large magnetoresistance (XMR) and Shubnikov-de Haas (SdH) oscillation at low temperature
and high magnetic field. Different from previous reports in other rare earth monopnictides, kinks in ρ(B ) and
ρxy (B ) curves and the field dependent resistivity plateau are observed in HoSb, which result from the magnetic
phase transitions. The fast Fourier transform analysis of the SdH oscillation reveals the split of Fermi surfaces
induced by the nonsymmetric spin-orbit interaction. The Berry phase extracted from SdH oscillation indicates
the possible nontrivial electronic structure of HoSb in the presence of magnetic field. The Hall measurements
suggest that the XMR originates from the electron-hole compensation and high mobility.
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I. INTRODUCTION

In recent years, rare earth monopnictides LnX (Ln=rare
earth elements; X=N, P, As, Sb, Bi) have been widely
studied for their novel physical properties [1–35]. Remark-
ably, extremely large magnetoresistance (XMR) and resis-
tivity plateau are often observed in these materials. The
electron-hole compensation is a prevalent explanation for
the origin of XMR [16,19,31,36]. Conventional nonmagnetic
metals only have a small magnetoresistance (MR). However,
in the case of electron-hole compensation, high mobility of
carriers will result in the emergence of XMR based on the
semiclassical two-band model. Other mechanisms, such as
the removed suppression of backscattering induced by the
breaking of topological protection [37] or the change of spin
texture [38], have also been proposed to explain the XMR.
The occurrence of resistivity plateau is universal in XMR
materials [2,39], and it has been suggested to originate from
the nearly invariable carrier concentration and mobility at
low temperature [6,16,31]. Usually, the field-dependent MR
of nonmagnetic compensated semimetals exhibits unsaturated
quadratic behavior. However, in antiferromagnets CeSb and
NdSb, the field-induced metamagnetic transition from the
antiferromagnetic (AFM) state to ferromagnetic (FM) state
gives rise to unusual transport phenomena. Due to the influence
of spin scattering, the ρ(B) curve of NdSb shows a kink at high
field and specific temperature range [28]. The situation in CeSb
is more complex, where the authors claim there exist several
magnetic phases in the magnetic phase diagram, and the kinks
are different at different temperatures [25]. Consequently, it is
interesting to study the transport properties in magnetic LnX
materials.

Since LaX (X=N, P, As, Sb, Bi) are predicted to be
topological semimetals or topological insulators [1], the
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topological property of rare earth monopnictides has at-
tracted much attention. For the nonmagnetic materials
LaSb/LaBi/YSb, only LaBi is considered to hold nontrivial
band structure [10,11,14], while LaSb [3,26] and YSb [19,21]
are trivial semimetals. The topological transition from a
trivial to a nontrivial phase in CeX (X=P, As, Sb, Bi) fur-
ther emphasizes the importance of strong spin-orbit-coupling
(SOC) effect [27]. For the paramagnetic (PM) TmSb and
PrSb, topologically trivial characteristic of the band has been
revealed by the trivial Berry phase or the study of electronic
structure [31,32]. The situation is different in CeSb and NdSb
with magnetic phase transition. Although the band inversion is
absent in the PM state of CeSb [25,26], the presence of Weyl
fermion is suggested to be possible in the FM state of CeSb
as supported by the observation of negative longitudinal MR
and the electronic structure calculations [24]. The existence of
Dirac semimetal state is suggested in the AFM state of NdSb,
where the negative longitudinal MR has been observed and
attributed to the chiral anomaly [30]. The ferromagnetic GdSb
is also predicted to hold Weyl fermions [35]. The topological
properties of magnetic LnX materials still deserve further
exploration.

HoSb possesses an AFM ground state. The magnetic struc-
ture of HoSb changes from MnO-type AFM arrangement to
HoP-type arrangement, then to FM arrangement under the
application of field [40,41]. The magnetic transition makes
HoSb a good platform to investigate the influence of magnetic
interaction on the magnetotransport and topological properties.
In this work, we grew the single crystals of HoSb and studied
the magnetotransport properties. The observation of the kinks
in ρ(B ) and ρxy (B ) curves and the field-dependent resistivity
plateau indicate that the magnetotransport properties of HoSb
are different from those of other rare earth monopnictides.
The unusual properties are ascribed to the change of magnetic
structure. At 2.65 K & 14 T, the transverse MR of HoSb
reaches 2.42 × 104%. The XMR is suggested to originate
from the electron-hole compensation and high mobility. The
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split of Fermi surfaces and the nontrivial Berry phase of
the electron bands have been observed/extracted from the
Shubnikov-de Haas (SdH) oscillation, which can be attributed
to the nonsymmetric spin-orbit interaction and the possible
nontrivial electronic structure of HoSb in the magnetic field,
respectively.

II. EXPERIMENTAL METHODS AND
CRYSTAL STRUCTURE

Single crystals of HoSb were grown from the Sb flux.
Starting materials of Ho and Sb with a molar ratio of 1:6 were
put into an alumina crucible and then sealed in a quartz tube.
The quartz tube was heated to 1150 ◦C and held for 10 h. After
that, it was cooled to 750 ◦C at a rate of 1 ◦C/h, where the
excess Sb flux was removed with a centrifuge. Finally, the cubic
crystals were obtained. The atomic proportion determined by
energy dispersive x-ray spectroscopy (EDS, Oxford X-Max
50) was consistent with 1:1 for Ho:Sb. Single crystal and
powder x-ray diffraction (XRD) patterns were obtained with a
Bruker D8 Advance x-ray diffractometer using Cu Kα radia-
tion. TOPAS-4.2 was employed for the refinement. Transport
measurements were carried out on a Quantum Design physical
property measurement system (QD PPMS-14 T). The magnetic
properties were measured on a Quantum Design magnetic
property measurement system (MPMS3).

The single crystal XRD pattern of HoSb presented in
Fig. 1(a) reveals that the (0 0 2l) plane is the surface of the
crystal. HoSb crystallizes in a simple rock-salt structure, as
shown in the inset of Fig. 1(a). Figure 1(b) shows the powder
XRD pattern of HoSb. The reflections are well indexed in
the space group Fm-3m and the refined lattice parameter a is
6.13(1) Å. A selected cubic single crystal of HoSb is presented
in the inset of Fig. 1(b).

III. RESULTS

Figure 2(a) shows the temperature-dependent resistivity of
HoSb at various magnetic fields. The applied magnetic field
is along the [001] direction, perpendicular to the direction of
the electric current. The inset shows the zero field resistivity
in the low-temperature region. With decreasing temperature,
the zero field resistivity decreases above the Néel temperature
TN = 5.7 K while below TN it drops suddenly. The anomaly
observed around TN corresponds to the transition from PM
to AFM, which is suppressed gradually under field. When a
moderate field is applied, an upturn appears in the resistivity
curve as the temperature decreases. Apart from the upturn,
a resistivity plateau is observed with the further decrease of
the temperature, which can be seen clearly from Fig. 2(b)
where the temperature is plotted in a logarithmic scale. Similar
behavior has also been observed in other XMR materials, such
as the isostructural compounds La(Sb/Bi) [2,7] and YSb [19].
Remarkably, the temperature where the plateau starts increases
with increasing field in HoSb. Figure 2(c) plots the temperature
dependence of ∂ρ/∂T at different fields. Two characteristic
temperatures Tm and Ti can be identified from the ∂ρ/∂T

curves, as shown in the inset of Fig. 2(c). Tm is defined as the
temperature where the sign of ∂ρ/∂T changes from positive
to negative and Ti is defined as the temperature where the

FIG. 1. (a) Single crystal XRD pattern of HoSb. The inset of (a)
shows the NaCl-type crystal structure of HoSb. Red and blue balls
represent Ho and Sb atoms, respectively. (b) Powder XRD pattern of
HoSb refined using TOPAS. Red circle and black line represent the
observed curve and calculated curve, respectively. Blue line denotes
the difference curve. The vertical pink lines show the positions of
Bragg peaks of HoSb. Inset presents a selected single crystal of HoSb.

valley appears. The resistivity reaches the minimum at Tm and
a resistivity plateau emerges below Ti . Figure 2(d) displays
the Tm and Ti derived from Fig. 2(c) as a function of field. Tm

and Ti both increase with increasing field. The increasing Ti

differs greatly from the nearly field independent Ti in other
XMR materials [2,7,39,42].

Magnetoresistance describes the change of the resistivity
under magnetic field and can be obtained by the formula MR =
(ρ(B ) − ρ(0))/ρ(0). Figure 3(a) shows the transverse MR of
HoSb plotted as a function of field at various temperatures. The
value of MR reaches 2.42 × 104% at 2.65 K and 14 T without
any sign of saturation and decreases with increasing tempera-
ture. In addition, obvious SdH oscillation is also observed at
low temperature and high field. The inset of Fig. 3(a) shows the
oscillatory component of resistivity (�ρxx = ρxx− < ρxx >)
after subtracting a smooth background. Figure 3(b) plots the
fast Fourier transform (FFT) spectra of the oscillation, which
reveal the frequencies. Considering the analysis of angle-
dependent SdH oscillation (not presented here) and previous
studies on the FSs of rare earth monopnictides, we identified the
frequencies and drew the possible projection of FSs along kx
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FIG. 2. (a) Temperature dependence of resistivity of HoSb (Sample 1, RRR = 32) at different applied magnetic fields. The inset displays
zero-field resistivity in the low-temperature region. (b) Temperature-dependent resistivity with the transverse coordinate in the form of logarithm.
(c) ∂ρ/∂T as a function of temperature at various fields from 4 T to 14 T. Inset shows the definitions of Ti and Tm. (d) Tm and Ti plotted as a
function of field.

FIG. 3. (a) Magnetic field dependence of MR (Sample 2, RRR = 41) at different temperatures. Inset: The oscillatory part of resistivity
plotted as a function of 1/B. (b) The fast Fourier transform (FFT) spectra of the SdH oscillation. Inset: The possible projection of Fermi surfaces
of HoSb derived from the SdH oscillation. (c) Temperature-dependent FFT amplitudes of the frequencies, fitted with the thermal factor in
Lifshitz-Kosevich (LK) formula. (d) The SdH oscillation at 2.65 K. The red solid line is the fitting result using the multiband LK formula. (e)
The extracted oscillating patterns of F (α′

1) and F (α′
2) and the fit using two band LK formula. (f) The extracted oscillating patterns of F (α′′

1 )
and F (α′′

2 ) and the fit using two band LK formula.
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TABLE I. Parameters obtained from the analysis of SdH oscilla-
tion. F , oscillation frequency; A, extremal cross-sectional area of FS
normal to the field; kF , Fermi vector; m∗, effective mass of carrier;
TD , Dingle temperature; 2πβ, Berry phase (δ has been included).

F (T) A (Å
−2

) kF (Å
−1

) m∗/me TD (K) 2πβ

α′
1 235.3 0.022 0.085 0.156 13.2 1.05π

α′
2 416.3 0.040 0.112 0.164 17.5 0.89π

α′′
1 657.2 0.063 0.141 0.173 29.3 1.17π

α′′
2 733.7 0.070 0.149 0.191 27.4 0.83π

β1 839.9 0.080 0.160 0.250 17.9 0.14π

β2 986.5 0.094 0.173 0.414 14.7 0.48π

γ1 1532.0 0.146 0.216 0.311 20.6 0.09π

γ2 1570.7 0.150 0.218 0.336 18.3 0.34π

[the inset of Fig. 3(b)]. Since the frequency F is proportional to
the extremal cross-sectional area A of FS normal to the field ac-
cording to the Onsager relation F = (φ0/2π2)A = (h̄/2πe)A,
the difference in the extremal cross-sectional area and the
change in the angle-dependent SdH oscillation make the
frequencies easily assigned. In the measurement, the current I
and field B are parallel to the x axis and z axis, respectively.
The elliptical FSs can be divided into three categories: α′, α′′,
and α′′′. The absence of the frequency from α′′′ may be related
to the low mobility along the long axis of the elliptical FSs,
which has been derived in YSb and LaSb [6,22]. There are
several pairs of peaks in the FFT spectra, which indicate the
split of FSs. The split of FSs has also been observed in TmSb
and attributed to the nonsymmetric spin-orbit interaction [31],
which is induced by the lift of spin degeneracy. The size of the
splitting represents the strength of nonsymmetric spin-orbit
interaction.

In general, the Lifshitz-Kosevich (LK) formula [43,44]

�ρ ∝ λT

sinh(λT )
e−λTDcos

[
2π ×

(
F

B
− 1

2
+ β + δ

)]
(1)

is employed to describe the amplitude of SdH oscillation. In
the formula,RT = (λT )/sinh(λT ) is the thermal factor, where
λ = (2π2kBm∗)/(h̄eB ) (m∗ and kB are the effective mass of
carrier and the Boltzmann constant, respectively). TD is the
Dingle temperature. 2πβ is the Berry phase. δ is a phase shift.
For the 2D system, the value of δ is 0. For the 3D system, δ takes
+1/8 (hole pocket) or −1/8 (electron pocket) [43]. Figure 3(c)
plots the temperature dependent FFT amplitude. The solid lines
are fittings using the thermal factor RT . As shown in Table I,
the obtained effective masses are comparable with that of LaSb
and TmSb [2,31]. Berry phase can be extracted from the SdH
oscillation and used to estimate the topological property of
materials roughly. For such a multifrequency oscillation, it is
difficult to map the Landau level index fan diagram, so we
use the multiband LK formula to fit the oscillation pattern
[Fig. 3(d)]. The obtained Berry phase and Dingle temperature
are listed in Table I. The values of Berry phase corresponding
to the electron pocket (including the frequencies of α′

1, α′
2, α′′

1 ,
and α′′

2 ) are close to the nontrivial value π , while the others
are far away from π . To further check the reliability of the
obtained Berry phase, the oscillating patterns of particular
frequencies have been extracted from Fig. 3(d). As shown

in Fig. 3(e) and Fig. 3(f), the data can be well fitted. The
obtained Berry phase (1.06 π , 0.89 π , 1.19 π , 0.87 π ) are
very close to the values in Table I, which also indicate the
nontrivial characteristic of the electron pockets. However, a
significant gap at X point in HoSb has been suggested by the
ARPES experiments performed in the absence of magnetic
field [33]. It is possible that the Weyl fermions may exist in the
FM state of HoSb. The similar situation has also been suggested
in CeSb [24] by the transport evidence and in GdSb [35] by
the first-principles calculations. In addition, it should be noted
that the π Berry phase cannot be viewed as a smoking gun of
topologically nontrivial material [45]. Further study is needed
to check the topological property of HoSb in the presence of
the magnetic field.

Hall measurements are performed to reveal the origin of
XMR in HoSb. As shown in Fig. 4(a), the field dependent Hall
resistivity ρxy = [ρxy (+B ) − ρxy (−B )]/2 exhibits nonlinear
behavior, indicating the coexistence of electron and hole. With
the increase of temperature, the dominant carrier changes
from electron to hole. Unlike the Hall resistivity of usual
two-component systems, there is a kink in the ρxy (B ) of HoSb,
which will be discussed later. Figure 4(b) shows the ρxy (B )
at 3 K. Apart from the imperfect part induced by the kink,
the curve can be well fitted by the semiclassical two-band
model,

ρxy = B

e

(
nhμ

2
h − neμ

2
e

) + (nh − ne )(μhμe )2B2

(nhμh + neμe )2 + (nh − ne )2(μhμe )2B2
, (2)

where nh(ne ) and μh(μe ) represent the hole (electron) con-
centration and hole (electron) mobility, respectively. Fig-
ures 4(c) and 4(d) show the obtained concentration and
mobility, respectively. At 3 K, ne = 1.06 × 1021 cm−3, nh =
0.88 × 1021 cm−3, μe = 4.47 × 103 cm2 V−1 s−1, and μh =
7.07 × 103 cm2 V−1 s−1. The ratio nh/ne ≈ 0.83 indicates the
compensation of carriers in HoSb. From the field dependent
resistivity

ρ(B ) = (nhμh + neμe ) + (nhμe + neμh)μhμeB
2

e(nhμh + neμe )2 + e(nh − ne )2(μhμe )2B2
, (3)

the relation MR = μeμh B2 can be obtained for the perfect
electron-hole compensation (ne = nh). Consequently, high
mobility will lead to the large and unsaturated MR. If the
ratio nh/ne deviates from 1 slightly, MR will deviate from
quadratic behavior slightly and remain unsaturated up to a high
field [31]. The XMR in HoSb originates from the electron-hole
compensation and high mobility.

The field dependent MR has been examined to investigate
the origin of the kink. As shown in Fig. 4(e), although the curve
can be roughly fitted by MR ∝ Bn and the obtained n = 1.996
is close to 2, the fit is not perfect and the kink can be seen clearly
as that in the Hall data. However, the data in high field can be
well fitted [the inset of Fig. 4(e), n = 1.84], indicating that the
kink may originate from some transitions under low magnetic
field. Then the field dependent magnetization was measured
to examine the effect of the magnetic structure. As shown in
Figs. 4(f) and 4(g), the magnetic moments of HoSb adopt MnO-
type antiferromagnetic arrangement at low temperature, and
the increase of field makes the arrangement change to HoP-type
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FIG. 4. (a) The magnetic field dependence of Hall resistivity (Sample 3) at various temperatures. (b) The Hall resistivity at 3 K and the
fit (red solid line) using two band model. (c), (d) The temperature dependent concentration and mobility. The data at high temperatures was
analyzed by single band model. (e) The fit to the field dependent MR (Sample 2) at 2.65 K using MR ∝ Bn. Inset: The fit only to the data in
high field (7–14 T). (f) Magnetization plotted as a function of field with the field parallel to [001]. (g) The change of magnetic structure with
the increase of field.

magnetic structure (manifested as the kink in the magnetization
curve) and then to FM state [40,41]. In the process of the
transitions, the emergent disorder reduces the relaxation time
τ . Since μ = eτ/m∗, the decrease of relaxation time will cause
the decrease of mobility, resulting in the formation of the kinks
in the field dependent Hall resistivity and MR.

Figure 5 shows the study on the magnetic properties of
HoSb. The magnetization curves exhibit a transition from PM
to AFM at low temperature and low field [Fig. 5(a)]. The
transition temperature of 5.9 K is slightly larger than the value
obtained from resistivity, which may be from the difference of
samples. Under a high field, the AFM order is suppressed and
the phase changes from PM to FM [Fig. 5(b)]. The detailed
measurements of the temperature-dependent magnetization at
different fields have been performed to map the magnetic phase
diagram. As shown in Fig. 5(c), the Néel temperature decreases
with the increase of field. In addition, an unexpected cusp at
the temperature below TN has been found in a specific range
of field, which was not reported in previous studies. Such an
anomaly has also been observed in CuMnSb and attributed
to the canted AFM structure without uniform magnetic mo-
ment [46]. Figure 5(d) plots the magnetic field and temperature
phase diagram of HoSb, in which three regimes (PM, AFM, and
FM) can be distinguished. With the increase of magnetic field,
the AFM order is gradually suppressed and FM order gradually
appears.

IV. DISCUSSIONS

Since the temperature Ti in other nonmagnetic XMR mate-
rials is nearly field-independent [2,39], the observation of field-
dependent Ti in HoSb is interesting. Previously, the XMR and
resistivity plateau in LaSb were attributed to the field-induced

metal-insulator transition and the saturation of insulating bulk
resistance induced by the metallic surface conductance, respec-
tively [2]. Later, the possibility of field-induced metal-insulator
transition was excluded [6,15]. Guo et al. pointed out that
the resistivity plateau comes from the nearly invariable carrier
concentration and mobility at low temperature in compensated
semimetals [16]. Han et al. suggested that the resistivity plateau
originates from the temperature-insensitive resistivity at zero
field if the MR can be scaled by Kohler’s rule [6]. However, for
a two-component system that satisfies ne = nh and μe = μh,
the Kohler’s rule can be easily derived from the two band model
[Eq. (3)]. The temperature-insensitive resistivity at zero field
is related to the nearly invariable carrier concentration and
mobility at low temperature.

Different from nonmagnetic LaSb/LaBi/YSb and paramag-
netic TmSb/PrSb, HoSb is an antiferromagnet and the magnetic
structure can be changed by field. The increased disorder
in the process of phase transitions reduces the mobility and
leads to the kinks in ρ(B ) and ρxy (B ). Under different fields,
the temperature where the FM phase appears is different.
Meanwhile, the resistivity plateau always starts in the FM state.
This indicates that the change of mobility induced by phase
transitions has affected the emergence of resistivity plateau. It
is suggested that the field dependence of Ti is related to the
field-dependent mobility in phase transitions.

V. SUMMARY

In summary, single crystals of HoSb are grown and the
magnetotransport properties have been studied. The unusual
magnetotransport properties, including the field-dependent
resistivity plateau and the kinks in ρ(B ) and ρxy (B ) curves,
can be attributed to the magnetic phase transitions. HoSb also
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FIG. 5. Magnetic properties of HoSb (Sample 4) with the magnetic field parallel to the direction of [001]. (a) Temperature dependence of
magnetization at low field 3 Oe and 10 Oe. (b) Temperature dependence of magnetization at high field 4 T and 7 T. (c) Temperature dependence
of magnetization at various fields. (d) The magnetic phase diagram of HoSb.

exhibits XMR and SdH oscillation at low temperature and
high field. The FFT spectra of SdH oscillations reveal the
split of Fermi surfaces. The nontrivial Berry phase of the
electron bands indicates that HoSb may have topologically
nontrivial electronic structure under the field. The electron-
hole compensation and high mobility are suggested to be
responsible for the observation of XMR.

Note added in proof. Recently, another detailed study on
HoBi has been reported [47].
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