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Magnetic topological semimetals, a novel state of quantum matter with a nontrivial band topology, have
emerged as a new frontier in physics and materials science. An external stimulus such as temperature or
magnetic field could be expected to alter their spin states and thus Fermi surface anisotropies and
topological features. Here, we perform angular magnetoresistance measurements and electronic band
structure calculations to reveal the evolution of HoSb's Fermi surface anisotropies and topological
nature in different magnetic states. The angular magnetoresistance results show that its Fermi surface
anisotropy is robust in the paramagnetic state but is significantly modulated in the antiferromagnetic and
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Accepted 13th April 2021 topological electronic phase is observed when HoSb undergoes a magnetic transition from the
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(applied magnetic field). Our study suggests that HoSb provides an archetype platform to study the
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1. Introduction

The rare-earth monoantimonide (RSb) family with a cubic NaCl-
type structure has attracted lot of attention due to its excellent
electronic and magnetic properties. ™ Thereinto, the most eye-
catching one could be the topological character of accidental
crossings between the conduction and valence bands along all
high-symmetry lines in the Brillouin zone, which draws a great
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correlations between magnetism and topological states of matter.

deal of interest both in the fundamental and applied aspects.*”
Nevertheless, a consensus on whether electronic band structures
are indeed topologically nontrivial or not is yet to be formed.**™°
Nonmagnetic RSb compounds with R = Sc, Y, La, and Lu have been
verified to be trivial semimetals from either experimental or
theoretical aspects,"’ "> while other sister compounds with
partially filled f shells have long-range magnetic order resulting
from the hybridization between localized 4f and conduction
electrons,™®'” which brings complexity to topological properties.
The electronic band structures of magnetic RSb compounds will
change in different magnetic states driven by either temperature
or applied magnetic field. Now the question is whether a topo-
logical quantum phase transition, which is a radical departure
from the conventional Landau paradigm of symmetry-broken
order,’® can take place. An urgent task is to identify potential
candidates and the thermodynamic fingerprints of such exotic
properties in magnetic RSb compounds.

So far, the electronic band structures of the magnetic rare-earth
monopnictide (RPn) series have been intensively studied.*** %'
However, a common understanding of their topological nature has
not yet been achieved. An excellent example is the CeSb compound
with a magnetic phase diagram including at least 14 distinct spin
states. Its topological electronic properties have been hotly
debated.***° Alidoust et al observed two sets of temperature-
independent Dirac-cone-like dispersion in CeSb by surface sensitive
angle-resolved photoemission spectroscopy (ARPES) using a tunable
vacuum ultraviolet laser as a photon source and thus speculated the

This journal is © The Royal Society of Chemistry 2021
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presence of Dirac fermions.? Subsequently, Guo et al confirmed the
band inversion features in HoSb’s nonmagnetic (NM) state from
theoretical calculations and further revealed the possible emergence
of long-sought Weyl fermions in the ferromagnetic (FM) state from
both the experimental and theoretical aspects.”* Kuroda et al
recently rechecked the electronic band topologies of Ce monopnic-
tides (Pn = P, As, Sb, and Bi) by bulk-sensitive soft X-ray ARPES and
uncovered the topological phase transition from CeP (trivial) to CeBi
(nontrivial).'® Their findings clearly figured out that the topological
phase transition significantly depends on the spin-orbit coupling
(SOC) strength in this series and CeSb is actually topologically trivial
but close to the phase transition boundary. It thus can be seen that
the electronic properties on the border of a magnetic phase transi-
tion are often changeful and their topological nature could be
altered in different spin states. This has been proven to be true in
several other magnetic RPn members. For instance, Zhou et al
found that NdSb is topologically trivial in the FM state,"” while the
chiral anomaly induced negative magnetoresistance observed in the
antiferromagnetic (AFM) state suggests that NdSb is a Dirac
semimetal.'® Furthermore, the applied external magnetic field could
induce the reconstruction of the Fermi surface (FS) following the
transition from the AFM state to the FM state. A similar evolution
has also been observed in the CeSb compound in our previous
work.* A nontrivial Berry phase extracted from the de Haasvan
Alphen (dHvA) oscillations in CeSb’s FM state supports the topolo-
gical quantum transition from a trivial to a nontrivial electronic state.

As a magnetic RPn, HoSb with a MnO-type AFM ground state
shows several magnetic-field-induced spin states.” Therefore, its
band structure and corresponding topological nature in different
magnetic states could be very different. As reported, ARPES mea-
surements found no signature of band inversions above the Néel
temperature (7y), which was also confirmed by the theoretical
calculations, indicating that HoSb is a topologically trivial semi-
metal in the paramagnetic (PM) state.”’ On the other hand, a
nonzero Berry phase deduced from Shubnikov de-Haas (SdH)
oscillations in the magnetoresistance implies that the quasiparti-
cles in this compound are topologically nontrivial in the FM state.”
Generally, the band inversions in RPn are deeply below the Fermi
level (Eg),* which brings up a common concern on the reliability of
the deduced Berry phase. Thus, alternative approaches either from
experimental or theoretical aspects should be adopted to further
check the topological nature of the electronic band structures in
HoSb. Here, we studied the angular magnetoresistance and elec-
tronic band structures in different magnetic states to reveal the
temperature and spin structure dependence of the FS and the
corresponding topological features as well. Our comprehensive
observations provide a new insight into the band topology hidden
in different magnetic states.

2. Experimental and
theoretical methods

HoSb crystals were obtained by the flux method using molten
tin as a solvent.” Magnetization (M) studies were performed
using a Quantum Design MPMS-SQUID-VSM magnetometer.

This journal is © The Royal Society of Chemistry 2021
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Specific heat (Cp) was measured using a commercial calori-
meter in the Physical Property Measurement System (PPMS,
Quantum Design) using a thermal relaxation method. Electrical
measurements were carried out by the DC resistivity option
with a sample rotator in the PPMS using a standard four-probe
method. Electronic structures were obtained by the density
functional theory (DFT) implemented in the Vienna Ab initio
Simulation Package (VASP).>>”* The electron-ion interactions
were described using the projector augmented wave method and
the exchange-correlation part was described by the generalized
gradient approximation (GGA) in the scheme of the Perdew-
Burke-Ernzerhof (PBE) functional.>* Here, we employed the lattice
constants of a = b = ¢ = 6.131 A for HoSb in our calculation.” The
plane-wave basis cut-off energy was set to 350 €V in all calculations.
And also, a 16 x 16 x 16 Monkhorst k-point mesh was adopted.
The Ho-4f orbitals in the NM state were regarded as core states.
A 2 x 2 x 2 supercell with 16 atoms was constructed to calculate
the electronic band structures in the AFM state. On-site Hubbard U
for the correlated Ho-4f orbitals (GGA+U) with Ug=7 eV and J; = 0.6
eV was included for calculating the electronic band structures of
the magnetic states. In all the calculations, the SOC effect was
considered. Moreover, the maximally localized Wannier functions
were constructed by employing the WANNIER90 code.”*”” The
corresponding surface states were implemented with the WAN-
NIERTOOLS package based on Green’s function method.”®

3. Results and discussion

Fig. 1(a) shows the magnetization for HoSb as a function of
temperature (7) along the [001] axis under a magnetic field of
0.01 T. As marked by the arrow, a PM to AFM phase transition
emerges around 5.7 K.” The zero-field-cooling (ZFC) and field-
cooled cooling (FCC) magnetization curves overlap each other
very well, suggestive of an absence of short-range spin order-
ings in HoSb. The inset of Fig. 1(a) plots the isothermal
magnetization and its derivative dM/d(u,H) at 2 K, where
several field-induced magnetic states including a 1/2 magneti-
zation plateau are observed and their critical fields are indexed.
In Fig. 1(b), we present the temperature dependence of specific
heat for HoSb. Obviously, a sharp peak appears around Ty,
confirming an emergence of long-range spin orderings in this
compound.”® Generally, the total specific heat for a certain
material with spontaneous spin orderings can be expressed as
Cp = Cp * Ce + Cy, where Cp,, C., and C) represent the magnetic,
electronic, and lattice contributions, respectively.>® Here, as
shown in Fig. 1(b), the structurally similar LaSb is employed as
a reference material to approach the C. + C; of HoSb. Thus,
Cm/T and the magnetic entropy Sy, for HoSb can be obtained. It
can be found in the inset of Fig. 1(b) that S,, saturates to
14 ] K ' mol !, which is only about 75% of the expected value
(18.6) of RIn(2/ + 1) with J = 8 for Ho>",*! suggesting that the
thermal population of crystal-field-split Ho®" states is not fully
complete at this temperature.®® Fig. 1(c) plots the temperature-
dependent resistivity (o) for HoSb under zero field from 300 to 2 K.
As shown, the zero-field resistivity decreases with the decreasing
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Fig. 1 (a) ZFC and FCC magnetization as a function of temperature for HoSb. The inset shows the magnetization and isothermal magnetization and its
derivative dM/d(uoH) at 2 K. (b) Temperature-dependent specific heat for HoSb and LaSb. The inset plots the magnetic specific heat divided by
temperature and magnetic entropy for HoSb as a function of temperature. (c) The temperature-dependent zero-field resistivity for HoSb. The left upper
inset shows the low-temperature part of resistivity and its fit using p = po + aT”. (d) Kohler's plot for the magnetoresistance in HoSb.

temperature, exhibiting a metallic property over the whole tem-
perature range. Above 85 K, the linear temperature dependence
of resistivity suggests that electron-phonon scattering dominates
the transport.*® With the temperature further decreasing, the
resistivity significantly deviates from the linear temperature
dependence and shows a sharp drop around 6 K, which could
be ascribed to the suppressed spin-disorder scattering in the
magnetically ordered state.* Below this temperature, the zero-
field resistivity does not simply follow a quadratic temperature
(T%) dependence [see the upper-left inset of Fig. 1(c)], indicating
the possible absence of Fermi-liquid states as revealed in some
other semimetals like WTe,, PtBi,, and so on.>*** Upon application
of magnetic fields, the resistivity at low temperature is significantly
enhanced. As plotted in the lower-right inset of Fig. 1(c), the
magnetoresistance (MR) reaches 3.2 x 10%% at 2 K and 9 T.
Different to the generally observed B> dependence in the magneto-
resistance for those NM sister compounds RPn (Pn = Sb and Bi), an
inflexion around 4 T is found, which can be related to the field-
induced magnetic state transition, suggesting the cross coupling
between spin order and electrical properties. Assuming that the
hole-to-electron concentration ratio in HoSb equals 1, a rough
fitting of the magnetoresistance at 2 K with MR = (i x B)® yields
Upe ~ 2.23 x 10* em® V7' s7'*° which is comparable to those
obtained in other RPn (Pn = Sb and Bi).*** To better understand
the transport behavior in HoSb, we perform the magnetoresistance

6998 | J Mater. Chem. C, 2021, 9, 6996-7004

measurements at different temperatures (not shown) and evaluate
Kohler’s rule scaling using MR ~ F(B/p,) that takes effect when
there is only a single scattering rate or several scattering rates with
unchanged relative contribution are just as true.*® Here, p, is the
zero-field resistivity at a given temperature. Fig. 1(d) shows the
Kohler plot for HoSb. The curves cover two temperature regions:
the first region is below 10 K and the second one is above 50 K.
Clearly, the high-temperature magnetoresistance curves well
obey Kohler’'s rule, indicating that a unique temperature-
dependent scattering relaxation time for the carriers and single
band approximation are sufficient to describe the transport
process for HoSb,*° while the violation of Kohler’s rule at low
temperature could be derived from the multiband effect or
multiple scattering processes, which has been confirmed by the
Hall resistivity in ref. 2.

To trace the FS evolution for HoSb, we perform the magneto-
resistance measurement at different angles and several selected
temperatures. Fig. 2(a)-(c) depict the isothermal magneto-
resistance at fixed angles (0) and temperatures above 10 K
(>Tn)- A sketch of our experimental setup is plotted in the
inset of Fig. 2(a), where the current flows along the a axis and
the magnetic field is rotated in the ac plane. Here, the magnetic
field angle is measured from the [001] axis to the [100] axis. As
shown, the magnetoresistance in Fig. 2(a)-(c) decreases with
the angles increasing from 0° to 90°. This implies that the

This journal is © The Royal Society of Chemistry 2021
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magnetoresistance is governed by the normal component of the
applied magnetic field (u,H|cos 0]),>*> which is confirmed by
the angular magnetoresistance plotted in Fig. S1(a) (ESIf). The
arresting field dependence of magnetoresistance at 90° contradicts
the case as expected in a 2D system where the resistance should be
field-independent since only the p,H|cos0| contributes to the
magnetoresistance.’® Generally, in light of the simple Drude
free-electron model, the resistivity should be directly related to
the charge carrier mobility x, namely p = neu with u = et/m, where e
is the electron charge, 7 is the relaxation time, and m is the
effective mass.*” It thus can be seen that the angular magneto-
resistance is expected to be regulated by the effective mass
anisotropy. Typically, for an elliptical-shaped FS, its anisotropic
quantity Q(H,0) obeys such a scaling relation, Q(H,0) = Q(¢pH),
which is the case in WTe,, high-T. superconductors and so
on.*>?° Here, ¢yH is the reduced magnetic field and ¢y = (cos® 0 +
77%sin®0)"? is a signature of the mass anisotropy with y* being
the ratio of the effective masses of electrons moving in the
direction from 0° to 90°. As referred in our early work on ErBi*°
and ref. 37, the transport properties of the RPn series are
dominated by the electron pockets and the elliptical FS governs
the angular magnetoresistance. Thus, in HoSb, the temperature
and spin effect on its band structures could also be reflected by
the angular-dependent isothermal magnetoresistance. As shown
in Fig. 2(d)-(f), the magnetoresistance isotherms measured at
different angles in Fig. 2(a)-(c) collapse onto a single master
line, namely the MR curve at 0°, after scaling by employing
g9 = (cos?0 + y*sin?0)"?, where y is a constant at a given
temperature. The obtained ¢, at different temperatures is
plotted in Fig. 2(g). Clearly, a strong angle dependence is
revealed, implying the 3D FS nature in HoSb. Fitting the
variation of ¢ at 150 K with respect to 6, y is assigned to be
6.9, which is close to that obtained in LaBi (~7.9) but larger
than that of WTe, (~2).>® After performing the same operation
on the magnetoresistance isotherms at 100 K and 10 K, it can
be found that the obtained ¢, barely changes, suggesting that
the FS anisotropy of HoSb is robust against temperature.

View Article Online
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Fig. 3(a)—(c) show the field-dependent magnetoresistance for
HoSb at various angles below Ty. Different to the parabolic-field-
dependent magnetoresistance in those NM RPn,"* the low-
temperature magnetoresistance for HoSb is significantly affected
by the spin orderings, which can also be reflected by the angular
magnetoresistance shown in Fig. S1 (ESIt), indicating that the
electronic band structure could be altered in the ordered mag-
netic states. Besides, the critical fields for magnetoresistance
anomalies (corresponding to the magnetic phase transitions) in
HoSb vary from one angle to another, revealing their complicated
angle dependences. As reported, due to the strong p—f mixing, the
magnetization easy axis for HoSb is in the [001] direction.? Thus,
the magnetic transitions between different spin states are deter-
mined by the magnetic field component along the magnetization
easy axis and their critical magnetic fields should have a 1/cos ¢
dependence, where ¢ is the angle between the magnetization
and the [001] axis. Note that if the magnetization easy axis is
always fixed in the [001] axis, the expected critical transition
fields should consecutively increase from 0° to 90° in a
monotonous way. As shown in Fig. 3(c), this is indeed the
case at angles less than 20°, while with the angles further
increasing, especially above 60°, the critical phase transition
field monotonously decreases. It is out of expectation, but is
within understanding due to the cubic crystal symmetry for
HoSb. This is reminiscent of the field-induced magnetic phase
transition in CeSb, where the I'y orbital state flops from the
[001] axis to [010] or [100] axis at the angles of (2n + 1)n/4
(n=0,1, 2, and 3).>**° Meanwhile, the magnetization easy axis
changes its direction in the same way as well. Consequently,
the critical phase transition fields for CeSb repeat their values
every 90°.>% A similar case could be expected in HoSb, since in
a cubic crystal the a, b and ¢ axes are equivalent. Considering
the complex angle dependence of critical phase transition fields and
possible rearrangement of the magnetization easy axis, the FS
anisotropies of HoSb at low temperatures could not be simply
understood by the above-mentioned method and thus an alter-
native way should be employed.
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From the magnetoresistance data shown in Fig. 2 and 3, it is
clear that both the temperature and magnetic field contribute
to the FS anisotropy of HoSb. We perform the DFT calculations
to further reveal how the two ingredients influence the electro-
nic properties. Fig. 4(a)-(c) show HoSb’s spin configuration in
three different magnetic states including the NM, AFM and FM
phases respectively, and the corresponding bulk Brillouin zone
of this compound [see Fig. 4(d)]. Next, we focus on the atomic
orbital composition of HoSb in the NM, FM and AFM states.
Fig. 4(e) plots the partial density of states (PDOS) for HoSb in
the NM state. The hybrid Ho-d and Sb-p orbitals contribute
almost equally to the occupied state and the non-occupied state
is mainly from the Ho-d states. Note that the low DOS near the
Er confirms that HoSb is a semimetal, which has been a
consensus on the electronic properties of the RPn (Pn = Sb
and Bi) series.’®**> In the AFM and FM states, as shown in
Fig. 4(f)-(g), the Ho-d and Sb-p orbital distributions are
not significantly altered, while the Ho-4f electrons are highly
localized in the non-occupied states located between ~ 0.5 and
1.5eVand —2.0 and —1.5 eV, respectively. Note that the PDOS in
the AFM state displays a small broad hump at the Fermi level,
indicating that the Ho-d and Sb-p states host more localized
features than those in the other two distinct magnetic phases.

Oa 00,0
96 0 @

To further understand the electronic properties of HoSb, the
projected band structures of Ho-d, Ho-f, and Sb-p states are
calculated. Here, the generalized gradient approximation (GGA)
plus SOC is adopted for the electron part. As plotted in Fig. 5(a),
the bulk band structures in the NM state are double degenerate.
Band inversions happen at ~0.7 eV above and below Er near
the I" and X points, respectively. There is a fairly small band gap
around the X point between the conduction and valence bands.
Using parity analysis,’® the Z, topological invariant is evaluated
to be (1; 000), which is confirmed by the calculated Wilson loop
(see Fig. S2 in the ESIt), suggesting that HoSb hosts topologically
nontrivial electronic properties in the NM state. However, generally,
in the ordinary GGA calculations, the SOC effect is overestimated,
which results in the underestimated energy gaps. Therefore,
more accurate band structure calculations using the HSE06
functional are performed on HoSb to check its topological
nature.”' Compared to GGA results, as shown in Fig. 5(b), much
larger band gaps at the I' and X points, and the degenerate
valence band splitting at the X point are obtained in HSE06
calculations. No band inversions emerge in HSE06 band
structures, indicating that HoSb is a topologically trivial semi-
metal in the NM state. Fig. 5(c) plots HoSb’s FSs with three
double degenerate Fermi pockets in its NM phase. Two hole
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Fig. 4 Spin configurations of HoSb in the (a) NM state, (b) AFM state, and (c) FM state. (d) High-symmetry points in the Brillouin zone of HoSb.
(e)—(g) PDOS of HoSb in the NM, AFM and FM states, respectively. The dotted line denotes the Eg.
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Fig. 7 Projected band structure of HoSb in the FM state obtained using the (a) GGA and (b) HSEO6 method. Two small gaps are observed near the X point in (a).
The red dots and blue dots represent the Ho-d and Sb-p orbital contribution, respectively. The dotted line denotes the Eg. (c) HoSb's FS in the FM state.

check the difference of the electronic band structures between
different magnetic states. Here, the band structures of this com-
pound in its AFM state are evaluated. Fig. 6(a) shows the electronic
band structure of AFM HoSb from the GGA calculation. Note that
due to the increased atom numbers adopted in the band calcula-
tions, the band numbers near the Er increase as well, together with
a certain degree of band folding. As plotted in Fig. 6(b), the two
opposite spins cancel each other out and thus lead to zero net
magnetic moment. As a consequence, the band structures remain
double-degenerate in the AFM state of HoSb. Obviously, the band
anti-crossings, where the Sb-p and Ho-d states are inverted, emerge
near the I'-X path, indicating that the AFM HoSb is a topologically
nontrivial semimetal. Here, the band gaps around the inverted
bands in the AFM state have been optimized by the hybrid
functional HSE06 calculations. Clearly, as observed in the GGA
calculations, the band inversion [shown in Fig. 6(b)] exists even
though a gap of ~0.1 eV is opened in the band structures,
suggesting that the topological feature of the electronic band
structures always holds true. Note that compared to the results
obtained by the GGA calculations the HSE06 band structures are
less densely sampled for simplicity. Even so, the topological
electronic properties of AFM HoSb can still be easily extracted.
Fig. 6(c) depicts HoSb’s FS consisting of one hole pocket centered
at the I' point and one electron pocket with one part wrapped at
the I' point and the other part located on the I'-X path in triplicate
in the AFM state. Fig. 6(d) and (e) plot the calculated Fermi pocket
projection in (001) and (110) planes. It can be seen that the
electron pocket and hole pocket extend to each other, which
clearly shows a difference to those observed in the Fermi pockets
in HoSb’s NM state.

Fig. 6(f) displays the surface spectrum of the (111) plane for
the AFM state. As revealed in Fig. 6(f) and (g), obvious band
crossovers emerge at ~—0.1 eV between I and M. For clarity,
the iso-energy surfaces [see Fig. 6(g)] enclosing the I" point
at the Fermi level for the (111) plane are extracted, which
is basically consistent with the case of Fig. 6(c). Note that the
section morphology of the ‘snowflake’ shaped ring conclusively

7002 | J Mater. Chem. C, 2021, 9, 6996-7004

shows the topologically non-trivial nature of the AFM state
in HoSb.

Recently, clear magnetoresistance oscillations were observed
in the FM state of HoSb,” from which the nontrivial Berry phase
was extracted. Thus, one could expect the emergence of Weyl
fermions in HoSb’s FM state. Here, we calculated the electronic
band structures in the FM state of HoSb via both the GGA and
HSE06 methods. As shown in Fig. 7(a), the GGA calculations
suggest that due to the broken time-reversal symmetry in the
field-induced NM state the double degeneracy along the I'-X
path is split. Note that the band inversions still hold and a pair
of band crossings with very small band gaps [shown in the inset
of Fig. 7(a)] occur at point X. This case is quite similar to the
twofold-degenerate Weyl points observed in CeSb.* As referred
above, the GGA calculations always raise an underestimate of
the band gaps. Thus, we further check the electronic band
structures of the FM state in HoSb by the HSE06 calculations.
It can be found that in Fig. 7(b) the band structures obtained
using the latter approach are significantly altered. As shown, the
band gaps, of which only the amplitudes increase, still exist at
the I' and X points, while the band inversions disappear. It thus
can be seen that similar to that obtained in the NM state, the
electronic properties of the FM state in HoSb are topologically
trivial. Fig. 7(c) shows the bulk FS of FM HoSb, in which two sets
of electron pockets centered at X and elongated along the I'-X
path and two hole pockets centered at the I" point are observed.
Note that in the fully polarized magnetic states the spin degeneracy
is released and thus degenerate FS pockets are split due to the
field-induced time-inversion symmetry breaking.

4. Conclusion

We report the isothermal magnetoresistance at different fixed
angles and various temperatures and the electronic band structures
in different spin states for HoSb single crystals. The magneto-
resistance at high temperature (> Ty) shows a parabolic field
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dependence as observed in other NM sister compounds, while
the field-induced magnetoresistance anomalies are observed at
low temperature (<Ty) and their critical fields change the
values from one angle to another, reflecting the spin effect on
the angle-dependent magnetoresistance. HoSb’s FS topology
has a strong spin ordering dependence, which is further con-
firmed by our theoretical calculations. Besides, the topological
properties for the three magnetic states of HoSb are discussed.
These findings provide a paradigm for the field effect on control of
topological quantum phase transition and are relevant to the
understanding of rare-earth-based magnetic topological materials.
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