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Magnetic topological semimetal can host various topological non-trivial states leading to exotic novel transport prop-
erties. Here we report the systematic magneto-transport studies on the Heusler alloy Nb,Zr;_,Co,Sn considered as a
ferromagnetic (FM) Weyl semimetal. The cusp anomaly of temperature-dependent resistivity and large isotropic negative
magneto-resistivity (MR) emerge around the FM transition consistent with the theoretical half-metallic predictions. The
prominent anomalous Hall effect (AHE) has the same behavior with the applied field along various crystal directions. The
Nb doping introduces more disorder resulting in the enhancement of the upturn for the temperature-dependent resistivity in
low temperatures. With Nb doping, the AHE exhibits systemic evolution with the Fermi level lifted. At the doping level of
x = 0.25, the AHE mainly originates from the intrinsic contribution related to non-trivial topological Weyl states.
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1. Introduction

Magnetic topological materials always attract great inter-
est in condensed matter physics.!!) The non-trivial topologi-
cal state can host various exotic phenomena such as the quan-
tum anomalous Hall effect (QAHE) with chiral edge modes
promising great potential for future industrial applications.
This effect was first observed in magnetic-doped topologi-
cal insulator Cr-doped (Bi,Sb),Tes thin film?! due to the gap
opening of the gapless Dirac surface states by introducing the
long-range (LR) magnetism. With further studies, its working
temperature increases to 1.4 K in an antiferromagnetic (AFM)
topological insulators®*! MnBi,Te, due to the more robust
intrinsic LR AFM orders. Another way to realize QAHE is
distinguished by the Haldane model®! which is defined on
a honeycomb lattice with real nearest neighbor hopping and
next-nearest neighbor hopping. According to this picture, fer-
romagnetic (FM) kagome topological metals such as FeSn, 6!
CoSn,"! Co3Sn, S, 13121 were widely investigated. Although
no quantized Hall conductance was observed, the giant anoma-
lous Hall effect (GAHE) could emerge above liquid nitrogen
temperature in these materials. Especially in magnetic kagome
TbMngSng, [13.141 GAHE can persist to 400 K. Besides, a mag-
netic Weyl semimetal with broken time-reversal symmetry can
be interpreted as a stacked heterostructure of such quantum
anomalous Hall insulator layers®! where the coupling between
the layers closes the bulk band gap at isolated Weyl nodes. At
these Weyl nodes, the Berry curvature is enhanced whereas
the carrier density vanishes which may lead to a large or even
quantized Hall effect.!®!>] Magnetic Heusler alloy, with the
stable structure of a wide variety of elements that can be

Corresponding author. E-mail: Shenbing @mail.sysu.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad4a3b

substituted on any of the three distinct atomic sites within
the unit cell, can host several topological properties such as
magnetic weyl nodes.!'®! The observed GAHE in the half-
Heusler compounds GdPtBi,!'” full-Heusler Co,MnAl, 8!
and CooMnGal'”! suggests Heusler compounds could be a
promising material candidates pool to explore non-trivial topo-
logical state and properties.

ZrCoySn is a magnetic Heusler compound and is the-
oretically predicted as a Weyl semimetal.['%2%] Tt exhibits
half-metallic electron structure and soft ferromagnetism. The
Fermi level can be easily engineered and tuned by chemi-
cal doping. More importantly, the band structure calculation
indicates only a couple of Weyl points close to the Fermi
level providing a simple and clear system to study the mag-
netic Weyl physics.!'®! In this paper, we report the systematic
transport studies on the Nb,Zr;_,Co,Sn (x = 0-0.5) system.
The anomalous Hall effect (AHE) was observed and had the
same behavior with the applied field along different directions.
Around the FM transition, the negative magneto-resistivity
(MR, defined as MR = (pu(toH) — pxx(0))/pux(HoH) x
100%) with a cusp anomaly of temperature-dependent resis-
tivity was observed due to the small Fermi surface and unsta-
ble FM state. By doping Nb, the Fermi level of the system was
tuned and the anomalous Hall developed from extrinsic region
to intrinsic region at the doping level of x = 0.25. On the other
hand, Nb doping also introduced the disorders leading to the
enhancement of upturn of the temperature-dependent resistiv-
ity in low-temperature regions. The transport properties of the
system exhibited systematic evolution.
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2. Experimental detail

The single crystals of Nb,Zr;_,Co,Sn were synthesized
by the Sn-flux method. The Zr, Nb, Co, and Sn were mixed
stoichiometrically and sealed inside an evacuated quartz tube.
The mixture was heated to 1200 °C, slowly cooled to 960 °C,
and finally decanted in a centrifuge. The large single crys-
tals were harvested shown in the left inset of Fig. 1(a).
The structure and the composition of crystals were checked
by x-ray diffraction and wavelength-dispersive spectroscopy
(WDS) measurements respectively. The samples were care-
fully shaped into rectangle bars with the long axis along differ-
ent crystal directions. Electrical transport measurements were
performed in the quantum design physical properties measure-
ment system (QD PPMS Dynacool). The magnetization mea-
surements were performed in the magnetic property measure-
ment system (MPMS).

3. Results and discussion
3.1. The investigation of the anisotropy for ZrCo,Sn;

The ZrCo,Sn crystallizes in the Fm-3m space group as
shown in the right inset of Fig. 1(a)['®! and the x-ray diffrac-
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tion measurements reveal three sets of diffraction peaks of
three crystal planes respectively indicating the high-quality
crystallization for our samples shown in Fig. 1(a). To inves-
tigate the anisotropy of transport properties of ZrCo,Sn, the
single crystals were shaped into rectangular devices along
various crystal planes. The temperature-dependent resistivity
Pxx(T) of three crystal planes is presented in Fig. 1(b). A cusp
anomaly emerges around 170 K related to the FM transition
and the negative dp/dT is observed in the paramagnetic state
breaking down Matthiessen’s rule.[*!l The similar feature is
also observed in other Heusler compounds such as Co,TiAl
etc with the low carrier density due to suppression of the spin
fluctuation accompanied with the negative MR.*?l Then the
magnetization due to the FM state makes the up and down spin
bands split resulting in a half-metallic state. The small Fermi
sheets and low carrier density will make the cusp feature (the
typical half-metallic feature) become a sharp peak.[>3! The ob-
served half-metallic behavior of Nb,Zr_,Co,Sn is agreeable
with the theoretical calculation. When applying the external
field, the MR exhibits a negative response and reaches the
maximum with varying temperatures as shown in Fig. 1(c).
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Fig. 1. (a) The x-ray diffraction pattern of the single crystal of ZrCo,Sn. Left inset: the picture of the typical single crystals with the
dimensions of 4 mmx3 mmx3 mm. Right inset: the schematic diagram of the ZrCo,Sn crystal structure. (b) The normalized longitudinal
resistivity (Pyx/pPxr (180 K)) of ZrCo,Sn with the current along different crystal planes. The inset: the longitudinal resistivity of ZrCo,Sn
with the current along different crystal planes. (c) The temperature-dependent magneto-resistivity (MR) of ZrCo,Sn with the current along
different crystal planes at 8 T. The inset: the magnetic-field-dependent MR of ZrCo, Sn with the current along different crystal planes at 170 K.
(d) The temperature-dependent Hall resistivity of ZrCo,Sn with the current along different crystal planes at 1 T. The inset: the normalized Hall
resistivity of ZrCo,Sn with the current along different crystal planes at 1 T.
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The temperature-dependent and field-dependent MR of three
crystal planes exhibit consistent behavior and even almost the
same magnitude, indicating the small anisotropy for ZrCo,Sn.
Correspondingly, though the temperature-dependent Hall re-
sistivity of various crystal planes with ygH = 1 T has varied
values below the FM transitions, they exhibit same behavior
and can overlap by normalizing their value shown in the inset
of Fig. 1(d). These identical characters promise ZrCo,Sn can
be changed consistently in different planes during engineering

such as doping or pressuring.

3.2. The doping evolution of ZrCo,Sn

According to the theoretical calculations, the Fermi level
in ZrCosSn is a little far away from the Weyl points. Thus
we introduce Nb to lift the Fermi level to induce non-trivial
topological properties. As shown in the left inset of Fig. 2(a),
the x-ray diffraction (XRD) peak of [400] plane of ZrCo,Sn
shifts to a higher angle with increasing the doping levels, in-
dicating the a lattice constant shrinking with introducing more
Nb (shown in the right inset of Fig. 2(a)). The resistivity in-
creases with the chemical doping accompanied by the emer-
gence of a more and more obvious upturn in low-temperature
regions. The evolution of these upturns may result from the
Anderson localization due to the disorder originating from the
doped impurities.**! Besides, with the Nb doping, the MR be-
comes larger in the whole temperature region. At doping level
x = 0.5 MR exhibits an increase in low-temperature regions
consistent with the enhancement of that upturn in p,(7).

It is observed that the cusp anomaly in p,.(7) and change
in M(T) varies little with Nb doping indicating little suppres-
sion of the FM transition. To obtain the accurate FM transition
temperature T, the Arrott plots of Nb,Zr;_,Co,Sn (x = 0-0.5)
are shown in Figs. 3(a)-3(c). According to the theory,>! the
positive value of the intercept acquired by fitting the high-field
linear part of the Arrott plots indicates the FM states while the
negative value indicates the paramagnetic states. The results
reveal the same T;. (195 K45 K) for Nb,Zr;_,Co,Sn (x = 0—
0.5), different from the reported before.**! Correspondingly,
the temperature-dependent magnetization of Nb,Zr;_,Co,Sn
(x = 0-0.5) exhibits the same behaviors and close values.
These results indicate that the Nb doping does not change the
magnetic structure of Nb,Zr;_,CoSn. In contrast, the Hall
resistivity exhibits prominent evolution. The Hall resistivity
and the Hall angle © = o,,/0,, become maximum at x = 0.25
prompting us to further investigate the mechanism.

In an FM system, the Hall resistivity can be expressed as

Pry = P+ Phy = RoltoH + RaM, (1)

where pg and pfy are the ordinary Hall resistivity and anoma-

lous Hall resistivity, and Ry and R are ordinary and anoma-

lous Hall coefficient respectively. In high-conductivity FM
compounds such as Fe—Ni alloy, the ordinary Hall resistiv-
ity is comparable to or even higher than anomalous Hall
resistivity.[>”) Thus before discussing the AHE, we first esti-
mate the ordinary Hall resistivity of ZrCo,Sn which is at the
order of 0.1 pQ-cm by using the method in Ref. [28]. The
value is much smaller than anomalous Hall resistivity agree-
able with the low conductivity of ZrCo,Sn (1x10% S-cm™!—
2%x103 S-cm’l). In the discussion below, we neglect the ordi-
nary Hall contribution and treat anomalous Hall resistivity and

.. A A
anomalous Hall conductivity as p;; &~ pxy and Oy = Oyy.
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Fig. 2. (a) The x-ray diffraction peaks of [100] plane of Nb,Zr|_,Co,Sn
(x =0, 0.25, and 0.5) while the 26 range from 10° to 100°. Left in-
set: the comparison of x-ray diffraction peaks of [400] plane. Right
inset: the lattice constant of Nb,Zr;_,Co,Sn (x = 0, 0.25, and 0.5).
(b) Temperature-dependent longitudinal resistivity of Nb,Zr;_,Co,Sn
(x =0, 0.25, and 0.5). (c) The temperature-dependent MR with exter-
nal field H = 8 T of Nb,Zr;_,Co,Sn (x =0, 0.25, and 0.5).

The AHE contains both extrinsic and intrinsic contribu-

: . oA
tion as: Oy,

term Gﬁ,’ex

= 0" + 6,7, The extrinsic anomalous Hall
due to the impurity such as the side jump and skew
scattering strongly depends on the defect and disorder in the
system. The intrinsic anomalous Hall term is only related to

the Berry curvature of the system as

2
A—int _ _, € dk
o™ = —e s [ 020, @

087501-3



Chin. Phys. B 33, 087501 (2024)

e.[29

where the Q(k) is the Berry curvature.!””! In an FM sys-

tem, Karplus and Luttinger calculated the intrinsic anoma-

lous Hall conductivity O'Q,’im

is proportional to the mag-
netization M as crf;‘im ~ M, which will hold in the case
of long-wavelength fluctuations of spin orientation at finite
temperature.[30’31] However, one of the extrinsic anomalous
contribution, the skew scattering mechanism will deviate this
linear dependence of M. Though another extrinsic anomalous
contribution, side jump mechanism gives the same relation be-
tween O,y and M as the intrinsic mechanism, its contribution is
too small compared to the intrinsic mechanism in the similar
system and can be neglected.*?734! To investigate the mecha-
nism of the AHE for Nb,Zr|_,Co,5n, the oy, was calculated
by Oy = py/ (P2 + pxz}) and plotted versus M by implicitly
taking out the dependence on the externally applied magnetic
field. As a represent, figure 4(a) shows the plots of o, versus
M for Nbg 5Zrp75C0,Sn at various temperatures below FM
transition. The oy, except for those in low-temperature regions
can collapse to one curve exhibiting proportional dependence

behavior of M, which is the symbol of the intrinsic contribu-
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tion. However, in the low-temperature regions below 60 K, the
O,y deviates from the proportional dependence behavior, im-
plying that there exists the extrinsic mechanism, which may be
attributed to the impurities induced. When we plot the graph
of oy, /M versus Oy, the 0y, /M keep a constant independent
of oy, except the low-temperature regions shown in Fig. 4(b).
The results indicate the system is dominated by the intrinsic
Hall effect except for the low-temperature regions. To further
check the evolution of anomalous Hall mechanism, the o, /M
versus Oy, curves for Nb,Zr;_,CoySn (x = 0, 0.25, and 0.5)
are presented in Fig. 4(b). With the Nb doping, the o, /M first
exhibits a weak dependence of o, at x = 0 and develops into
a constant at x = 0.25. With further doping Nb, the o,,/M
still exhibits independent behavior of oy, but has the obvious
numerical change at x = 0.5, which may be attributed to more
impurities induced. In one word, the extrinsic—intrinsic transi-
tion for AHE is observed in Nb,Zr;_,Co,Sn compounds. Be-
sides, 0y, /M in low-temperature regions exhibits a turning and
becomes more pronounced with increasing Nb doping. We at-

tribute this anomaly to the disorder and discuss it later.
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Fig. 3. (a)-(c) The Arrott plots of Nb,Zr;_,Co,Sn with applied field perpendicular to [100] plane, when the x = 0, 0.25, and 0.5, respectively. (d) The
temperature-dependent magnetization of Nb,Zr;_,Co,Sn (x = 0, 0.25, and 0.5) with the applied field yoH = 1 T along the ¢ axis. (e) The temperature-
dependent spontaneous Hall resistivity of NbyZr;_,Co,Sn (x = 0, 0.25, and 0.5). (f) The temperature-dependent Hall angle of Nb,Zr;_Co,Sn (x =0,
0.25, and 0.5). The inset: the evolution of the maximum value of Hall angle with different doping levels.
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For a clean metal dominated by intrinsic anomalous Hall
contribution, the anomalous Hall conductivity is given by the
integral of the Berry curvature over all occupied states in-

A—int—q

cluding the quantized part oy, in Fermi sea and unquan-

tized part Gg’im’“ from adiabatic motion of quasiparticles on

15.351 The former is universal to be a topolog-

Fermi surface.|
ically quantized value Ce?/(27) (C is the first Chern num-
ber), and the latter is strongly dependent on the Fermi topol-
ogy (magnetization in ferromagnetic metal). In a magnetic
Weyl metal, as long as the Fermi surface is close enough
to Weyl points, the part of the intrinsic contribution of the
Fermi surface will be absent. In this special case, the uni-
versal Fermi surface breaks up into disconnected sheets en-
closing each Weyl node and the o,, will be quantized to

quant

og™ = e?k/(4n?), where Kk is the distance between the

Weyl nodes.!'5) We estimate the quantized oo™

to be about
600 S-cm™! for Nb,Zr;_,Co,Sn system which is larger than
30 S-cm~!. Besides the Hall angle © of Nbyg 5Zrg75C02Sn
in intrinsic anomalous Hall region is 0.020, which is smaller
than the value of intrinsic contribution in GdPtBi (® to 0.1)
due to the spin chirality.*® This results implies that the Fermi
levels may still be not close enough to the Weyl points and the
impurities induced by the Nb doping may have passive impact

on the intrinsic anomalous contribution.
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Fig. 4. (a) The M versus oy, at different temperatures of Nb,Zr;_,Co,Sn
(x =0.25). (b) The oy,/M versus Oy, for Nb,Zr;_,Co,Sn (x = 0, 0.25, and
0.5). The inset: The schematic diagram of the Fermi level’s shift with doping.

Doping Nb into ZnCo,Sn affects the system in two ways.
(i) Changing the scattering of the system: With the Nb dop-
ing, the scattering changes due to introducing more disorder.
(i1) Changing the Fermi energy instead of the band structure:
According to theoretical calculations, by doping Nb, the Fermi
energy can be lifted to approach the Weyl nodes. For the for-

mer, the system is sensitive to the Nb doping which can be ob-
served in the change of longitudinal and resistivity especially
for their upturn behavior in low-temperature regions. The
change of Born scattering amplitude 7/7 of the system due
to disorder introduced by Nb doping results in the extrinsic-
to-intrinsic crossover.3”) For the latter, the unqualified oy, in-
dicates besides the Weyl nodes the quasiparticle around the
Fermi surface (trivial state) still contributes the intrinsic AHE

where the Fermi level is not close to the Weyl points enough.

4. Conclusion

In conclusion, we have systemically studied the magneto-
transport of Heusler half-metal Nb,Zr;_,Co,Sn, a proposed
candidate of FM Weyl semimetal. The isotropic negative
MR was observed with the maximum around FM transition
with a cusp feature indicating the half-metallic behavior of
Nb,Zr;_,CoySn. The obvious AHE was experimentally ob-
served and had the same behavior with the applied field along
different crystal directions. With the Nb doping, the AHE ex-
hibited systemic evolution behavior. At the doping level of
x = 0.25, the o, reached the maximum and originated from

the intrinsic anomalous Hall mechanism.
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