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Introduction

In recent years, with the discovery of topological Weyl semi-
metals (TWS), keen interest has developed in materials that 
can host Weyl Fermions [1, 2]. In TWS, the bulk valence and 
conduction bands touch linearly at pairs of discrete points 
that are called Weyl points. Through the Weyl points the 
bands disperse linearly in all three directions of momentum 
space. Weyl points of opposite chirality may be considered 
as sources or sinks of Berry curvature, or as magnetic mono-
poles in momentum space. TWS have been proposed and 
exper imentally shown to exhibit unusual physical properties, 
such as the quantum anomalous Hall effect, a chiral magnetic 
effect, and negative magnetoresistance [3, 4].

Unlike Dirac Fermion systems, Weyl semimetals may be 
realized in materials either by breaking crystal inversion sym-
metry or time reversal symmetry, the latter of which can be 
broken by the presence of ferromagnetism. TaAs and NbAs, 
non-magnetic materials with a non-centrosymmetric crystal 
structure, have been identified as Weyl Fermion systems and 

have been widely experimentally studied for their exotic elec-
tronic properties [5–13]. These compounds possess a large 
number of Weyl nodes due to the presence of mirror symme-
tries, however, which complicates their study. Recently, the 
family of 26 valence electron ferromagnetic Heusler com-
pounds (XCo2Z: X  =  IVB or VB; Z  =  IVA or IIIA), in the 
centrosymmetric space group Fm3m, with the breaking of 
time reversal symmetry due to the ferromagnetism, has been 
predicted to host Weyl fermions [14]. From the theoretical 
perspective, these ferromagnetic systems should display only 
two Weyl nodes, which are widely separated in momentum 
space along the [1 1 0] direction. 26-electron Heusler systems 
are known to exhibit half-metallic ferromagnetism with satur-
ated magnetic moments of 2 µB/formula unit [15–18] and the 
Weyl points are predicted to be above the Fermi level by about 
0.1 to 0.6 eV; computational work showed that the Weyl points 
could be moved to the Fermi level through alloying of these 
systems to certain compositions [14].

26-electron Heusler alloys have been studied in the form of 
polycrystalline samples or thin films [19–21] and anomalous 
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transport behavior of Heusler compounds has been observed 
on polycrystalline samples [17]. (Heusler phases are also of 
interest due to their superconducting properties [22–27].) 
Thus far, however, no physical properties have been reported 
on single crystals of ferromagnetic 26-electron Heusler alloys. 
ZrCo2Sn is a target material in this family of particular interest 
because its Weyl points are predicted to be close to the Fermi 
level, and thus by tuning the crystal composition or intro-
ducing suitable dopants the chemical potential may be moved 
to the appropriate level to allow the Weyl points to be accessed 
experimentally. ZrCo2Sn favors the formation of Co vacan-
cies during its synthesis, however, resulting in a variation 
of its magnetic properties [28]. Here we present the growth 
of ZrCo2−xSn single crystals due to their interest as Weyl 
metals and investigate the effect of the Co deficiency on the 
magn etic and transport properties. Bulk single crystals with 
different compositions were grown by the self-flux method. 
Detailed crystal structure analysis was carried out by single 
crystal diffraction techniques, which showed that the crystals 
have a significant proportion of Co vacancies. The saturation 
magnetization and ferromagnetic transition temperature of 
the crystals varies systematically with the Co deficiency. The 
transport behavior was also found to be different for different 
Co deficiencies. To obtain a lower Co deficiency than it was 
possible to obtain in the crystals, an arc-melted polycrystal-
line sample was synthesized for comparison.

Experimental

High quality ZrCo2−xSn single crystals of mm-size were 
grown from the elements by the Sn-flux method. The crystal 
composition (i.e. the Co deficiency x) highly depends on the 
initial composition of the starting materials. With a limitation 
in temper ature set by the melting point of the Co–Sn mixture, 
four different atomic compositions were used. Mixtures of high 
purity Zr (⩾99%, Sigma Aldrich), Co (99.9%, Alfa Aesar) and 
Sn (5N Alfa Aesar) with the molar Zr:Co:Sn ratios of 5:10:90, 
5:15:85, 5:20:80 and 3:25:75 were placed into alumina cru-
cibles and sealed in quartz tubes under dynamic vacuum. The 
ampoules were then heated to 1150 °C and held at this temper-
ature for 12 h. Afterwards, the temperature was slowly lowered 
to 1000 °C at the rate of ~2 °C h−1. At this temperature the 
ampoules were centrifuged to remove the flux. Well faceted, 
black colored crystals with truncated octahedron morpholo-
gies were recovered, as shown in the inset of figure 2. The size 
of the grown crystals depends on the initial Co–Sn ratio—the 
higher the Co content the smaller the crystal size. A polycrys-
talline sample was synthesized by arc-melting the elements in 
a stoichiometric ratio under an Ar atmosphere. The elements 
were placed on a water cooled copper hearth plate. To achieve 
a homogeneous mixture of the elements, Zr and Co together 
were melted first. This melt was then brought close to the Sn. 
In order to avoid the formation of Co deficiency due to vapor-
ization occurring over a long time of arc melting, the sample 
was flipped only once for re-melting. A very low weight loss 
of  <1% was observed during the synthesis process. The arc-
melted sample was finally annealed for ~50 h.

The identification of the Heusler-type phase and the unit 
cells of samples with different initial composition were deter-
mined by powder x-ray diffraction (Cu-Kα) of ground crys-
tals, with the lattice parameters obtained using TOPAS. The 
crystal structures were further determined by single-crystal 
x-ray diffraction (SXRD), performed specifically to evaluate 
the atomic site occupancies. The SXRD data were collected 
at 296 K with a D8 VENTURE diffractometer equipped with 
a CMOS detector (Bruker) using graphite-monochromatized 
Mo-Kα radiation (λ  =  71.073 pm). The raw data were cor-
rected for background, polarization, and the Lorentz factor 
using APEX3 software [29] and multi-scan absorption correc-
tions were applied [30]. The structures were solved with the 
charge flipping method [31] and subsequent difference Fourier 
analyses with Jana2006 [32–34]. Structure refinement against 
Fo

2 was performed with Shelx-2014 [35, 36]. The occupancy 
of the Co position (Wyckoff site 8c) was set free during the 
crystal structure refinement. Crystallographic data are sum-
marized in table 1. Graphical representations of the structures 
were developed with the program VESTA [37].

The magnetic properties were studied on a Quantum Design 
Dynacool Physical Property measurement system (PPMS) in 
the temperature range of 1.8 to 325 K and in a magnetic field 
range of  −9 T to  +9 T. Samples with the desired crystal ori-
entation were mounted on a quartz rod by employing GE var-
nish. The resistivity and Hall effect were measured using the 
resistance option of 9 T Quantum Design PPMS cryostat with 
5 mA excitation current. Before the measurement, a small 
platelet of the sample with face perpendicular to the [1 1 1] 
direction was polished from a faceted crystal. The final thick-
ness of the crystal was 90 µm. Six thin Au wires were attached 
to the sample in the standard geometry using silver paint. Care 
was taken to avoid heating of the crystal above 100 °C (but it 
was exposed to acetone, ethanol, and air in the preparation 
process.) During the experiment, the crystal was attached to a 
sapphire platelet using GE varnish. Magnetic field ramps were 
recorded at ramp rates of 100–120 Oe s−1.

Results and discussion

In the following, the flux-grown single crystals are designated 
as 1 to 4, as described above, and the arc-melted polycrystal-
line sample is designated as 5. Figure 1 presents the powder 
diffraction patterns for the five samples. The diffraction peaks 
in all diffractograms correspond to the Heusler L21 phase  
(Fm3m). The sharp peaks in the diffraction patterns of the 
crushed single crystal samples indicate their high crystalline 
quality; the additional low intensity peaks marked by red aster-
isks in figure 1 correspond to adventitious Sn-flux. For sample 5, 
very small additional peaks fit to the pattern of a cubic ZrCo2 
impurity phase in the arc-melted specimen; the impurity peaks 
were found to be suppressed with an annealing treatment.

A close observation of the diffraction patterns shows that 
the higher angle peaks shift towards lower angles on moving 
from sample 1 to sample 5, indicating an increase in the lattice 
parameter. Our single crystal structural work indicates that this 
originates from a change in the proportion of Co vacancies, 
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leading to a Heusler alloy with phase width and the variable 
formula ZrCo2−xSn (x  =  0.41, 0.30, 0.24 and 0.23 for samples 
1, 2, 3 and 4 respectively). The unit cell values obtained from 
the least squares refinement of powder pattern peak positions 
and the single-crystal diffraction experiments are given in 
table  2. The highest possible Co:Sn ratio in the flux, deter-
mined by the solubility limit of Co in Sn at ~1000 °C is 25:75. 
For the flux crystal growth a maximum suitable temperature 
of ~1140 °C was chosen, limited by the usability of quartz 
ampoules. Thus an increase of the Co content of the Sn-flux 
resulted in an increase of the unit cell dimension.

Representative crystals grown from flux compositions 
between 5:10:90 and 3:25:75 are shown in the inset of 
figure 2. The Heusler phase crystals possess a truncated octa-
hedron morphology. The crystals of the flux batch with lowest 
Co-content (sample 1) grow much bigger in size than those 
with the highest Co contents and some of the crystals show 
111 type plate shapes. The Co-rich batches produced crystals 
with regular truncated octahedron shape but the size of the 
crystals is smaller. We attribute this to the higher melting point 
of the Co-rich fluxes.

For detailed structural and Co occupancy analysis of the 
ZrCo2−xSn crystals, the crystals were analyzed by single 
crystal x-ray diffraction. The results are shown in figure  2. 
The Co occupancies and lattice parameters correspond in an 
almost linear relationship; the crystals grown from fluxes with 
low Co-content exhibit a low Co occupancy in the Heusler 
phase as well as a smaller unit cell. With increasing Co con-
tent in the Sn-flux the Co occupancy increases almost linearly 
with the lattice constant. The observed Co occupancies per 
Formula unit for samples 1, 2, 3 and 4 are 1.59, 1.70, 1.76 and 

1.77, respectively (resulting the molecular formula ZrCo2−xSn 
with x  =  0.41, 0.30, 0.24 and 0.23). The Co occupancy of 
the polycrystalline sample (5) can be estimated nicely from 
the linear fit of the single crystal lattice parameters. Thus the 

Table 1. Crystallographic data and details of the structure determination of single-crystals of 1 (x  =  0.41) 2 (x  =  0.30), 3 (x  =  0.24)  
and 4 (x  =  0.23) measured at 296(1) K.

Compound 1 2 3 4

Formula weight (g · mol−1) 303.49 310.09 313.74 314.22
Crystal system Cubic
Space group Fm3m (no.225)
Formula units per cell, Z 4
Lattice parameter a (Å) 6.196(1) 6.2139(2) 6.2240(1) 6.2333(1)
Cell volume (Å3) 237.87(12) 239.93(2) 241.11(1) 242.19(1)
Calculated density (g · cm−3) 8.48 8.58 8.64 8.62
Radiation λ(Mo-Kα)  =  71.073 pm
Data range 2θ  ⩽  144.02° 2θ  ⩽  143.64° 2θ  ⩽  143.08° 2θ  ⩽  109.03°

−14  ⩽  h  ⩽  13 −16  ⩽  h  ⩽  16 −15  ⩽  h  ⩽  15 −12  ⩽  h  ⩽  12
−16  ⩽  k  ⩽  16 −15  ⩽  k  ⩽  12 −14  ⩽  k  ⩽  16 −10  ⩽  k  ⩽  10
−16  ⩽  l  ⩽  15 −13  ⩽  l  ⩽  14 −12  ⩽  l  ⩽  15 −14  ⩽  l  ⩽  14

Absorption coefficient mm−1 24.93 25.67 25.96 25.89
Measured reflections 2918 3101 2551 1271
Independent reflections 148 160 155 106
Reflections with  >2σ(I) 148 160 154 106
R(int) 0.033 0.026 0.021 0.012
R(σ) 0.015 0.011 0.010 0.027
No. of parameters 6
R1 (obs) 0.023
R1 (all Fo) 0.023 0.025 0.023 0.010
wR2 (all Fo) 0.065 0.065 0.046 0.020
Residual electron density (e · Å−3) 3.21 to  −2.05 2.54 to  −2.42 1.65 to  −2.14 0.60 to  −1.31

Figure 1. The powder x-ray patterns recorded for the powders 
obtained by grinding single crystals of ZrCo2−xSn (samples 1, 2, 
3 and 4 with x  =  0.41, 0.30, 0.24 and 0.23, respectively) and an 
arc-melted polycrystalline sample (5 with x  =  0.16). The peaks 
indicated by asterisks correspond to the Sn-flux.
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polycrystalline sample is also Co deficient, with an estimated 
Co occupancy of 1.84/Formula unit (x  =  0.16). This value 
should be considered an approximation as we obtain it by com-
paring data from different diffraction experiments. Figure 2, 
bottom, shows the unit cells with vacancies on the Co-site of 
sample 1 and 4 obtained from SXRD, and emphasizes the dif-
ference between lower and higher Co occupancy. The unit cell 
param eters and Co occupancy data for all ZrCo2−xSn samples 
are given in tables 2–4.

Table 2. The structural and magnetic parameters for ZrCo2−xSn samples. The Co occupancy for the polycrystalline sample 5 (x  =  0.16) 
were obtained by an extrapolation of the linear fit to the corresponding single crystal data points.

Sample

a (Å)

µs  
(µB/FU)

M300 at 0.1 T 
(emu/mol FU) Tc (K)

Co  
occupancy Composition

ρxx · 10−3 
(Ω · cm)

Powder 
diffraction

Single-crystal 
diff.

1 6.115 6.196 0.777 1 190 1.59 ZrCo1.59Sn 1.58
2 6.218 6.213 1.283 2926 320 1.70 ZrCo1.70Sn —
3 6.229 6.224 1.377 4950 — 1.76 ZrCo1.76Sn —
4 6.230 6.233 1.529 5725 — 1.77 ZrCo1.77Sn 0.50
5 6.246 — 1.640 6975 — 1.84 ZrCo1.84Sn 1.00

a  =  lattice parameter; µs  =  saturated magnetic moment per formula units; M300  =  magnetization at 300 K in a field of 0.1 T; Tc  =  ferromagnetic transition 
temperature; ρxx  =  resistivity.

Figure 2. The main panel shows a plot of the lattice constants 
versus Co occupancy of the single crystals from different batches 
evaluated by single crystal x-ray diffraction. The error bars along 
show the standard deviations in the evaluated parameters. The 
straight orange line is the linear fit to the data points. The magenta 
solid sphere point on extreme right is the extrapolation used for 
determining the Co deficiency for the arc-melted polycrystalline 
sample, based on the lattice constant obtained from powder x-ray 
diffraction. The upper left and lower right corner insets show the 
photos of crystals (sample 1 (x  =  0.41) and sample 4 (x  =  0.23)) 
obtained from different flux compositions. The panel at the bottom 
of plot shows schematic views of the Heusler crystal structures in 
a-b projection for samples 1 and 4. The fraction of vacancies at the 
Co site are represented by partial white areas.

Figure 3. The magnetization (M ) versus T plots for the flux grown 
single crystals (sample 1, 2, 3 and 4, with x  =  0.41, 0.30, 0.24 
and 0.23, respectively) and an arc-melt sample (5, with x  =  0.16), 
recorded in the temperature range of 1.8 K–325 K, with an 
application of magnetic field of 0.1 T.

Figure 4. The magnetic moment (µ) versus applied magnetic field 
plots for ZrCo2−xSn single crystals (1, 2, 3 and 4, with x  =  0.41, 
0.30, 0.24 and 0.23, respectively) and the arc-melt sample (5, with 
x  =  0.16). The data were recorded at 1.8 K for the magnetic field 
from  −9 to 9 T.

J. Phys.: Condens. Matter 29 (2017) 225702
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In view of the expected effect of Co vacancies on the 
magn etic properties of the compound, the magnetization data 
was recorded for all ZrCo2−xSn samples. Figure 3 shows the 
magnetization (M ) versus temperature plots measured in the 
temperature range of 1.8 to 325 K, with an applied magnetic 
field of 0.1 T. Sample 1 (x  =  0.41) is paramagnetic at room 
temperature and exhibits a ferromagnetic transition with a Tc 
of 190 K. The samples 2 (x  =  0.30) to 5 (x  =  0.16) are fer-
romagnetic at room temperature and their Tc’s are above the 
measured temperature range, i.e. 1.8 K–325 K. The begin-
nings of the transitions to the paramagnetic states above room 
temperature are visible in all data sets—the increase of the 
transition temperature of the crystals inferred from figure  3 

correlates with the structural data that are used to determine 
the cobalt stoichiometry.

The magnetic moment in ZrCo2Sn has been attributed to 
the Co atoms [38]. The magnetic moment versus magnetic 
field (MH) data for the crystals and polycrystalline sample 
are recorded at 1.8 K and shown in figure  4. The magneti-
zation plots indicate that the value of saturated magnetic 

Figure 5. The saturated magnetic moment (µs) versus Co 
occupancy/formula units for ZrCo2−xSn single crystals and 
polycrystalline sample. The open blue triangles are the measured 
saturated values of µ from magnetic moment versus B plots for all 
the samples at 1.8 K and an orange straight line is a linear fit.

Figure 6. The magnetic moment (µ) versus applied magnetic 
field for a typical crystal specimen from batch 1 (x  =  0.41) plots 
at 1.9 K, with the application of the magnetic field along three 
crystallographic directions [1  0  0], [1  1  0] and [1  1  1]. The data 
show that [1  1  1] is the hard axis of magnetization.

Figure 7. The resistivity (ρ(T )/ρ(1.8)) versus T plots for typical 
crystals with x  =  0.41 and x  =  0.23 and a polycrystalline sample 
with x  =  0.16, in the temperature range of 1.8 K–300 K. All the 
samples exhibit the metallic conduction behavior. The most  
non-stoichiometric sample (x  =  0.41) shows an anomaly at ~190 K, 
with corresponds to its ferromagnetic ordering temperature.

Figure 8. The magnetoresistance (MR) plots for sample 1 
(x  =  0.41) at various temperatures. While negative MR dominates 
the signal around Tc, weak positive MR at the lowest temperatures 
indicates the presence of orbital magnetoresistance with relatively 
low transport mobility.

J. Phys.: Condens. Matter 29 (2017) 225702
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moment (µs) increases as a function of Co occupancy in the 
single-crystal as well as in the polycrystalline samples. The 
effect of Co vacancies on the µs of ZrCo2Sn for their poly-
crystalline samples has been reported by Skolozdra et al [28]. 
The observed µs for our single crystals are in agreement with 
earlier reports [28, 39–41]. From the MH plots it is evident 
that all the samples have very narrow hysteresis loops and 
that the magnetic moments saturate at very low magnetic 
fields. µs shows a strong dependency on the Co deficiency. 
Therefore, we have plotted the µs values for all the samples 
as a function of the Co occupancy (figure 5). The crystals of 
batch 1 with relatively large Co deficiency (x  =  0.41) pos-
sess a low value of µs, with paramagnetic behavior at room 
temperature. The µs values for all the samples follow a linear 
behavior with Co occupancy. These µs values are compa-
rable with earlier reported data for polycrystalline samples 
[27, 40]. Our arc-melted sample has a µs value that is higher 
than any of the single crystals, consistent with its lower Co 
nonstoichiometry.

A typical single crystal with good facets from batch 1 
(x  =  0.41) was chosen to measure the anisotropic mag-
netization with applied magnetic field along the major 

(a) (b)

Figure 9. (a) The Hall effect was measured on the same sample and in the same geometry as the MR in figure 8. The anomalous 
contribution dominates over the normal Hall effect, and we observe a sharp step-like ρyx signal in the time-reversal broken ferromagnetic 
state. The anomalous Hall effect is suppressed above Tc. (b) Temperature dependence of the Hall resistivity ρyx at three fixed values of the 
magnetic field (data from (a)). The Hall signal grows rapidly when the temperature is lowered below Tc, and saturates at low temperature.

Figure 10. The band structure of ZrCo2Sn, the blue circle along the 
Γ  −  K high symmetry direction indicates the band crossing where 
Weyl points emerge with an application of spin orbit coupling.

Figure 11. The density of states plots for the majority (above the 
zero line) and minority spins (below the zero line) of ZrCo2−xSn, 
with x  =  0.0, 0.25, 0.50 and 0.75.

Table 3. Atomic coordinates for 1 (x  =  0.41) 2 (x  =  0.30),  
3 (x  =  0.24) and 4 (x  =  0.23) at 296(1) K.

Atom Wyckoff site x y z

Co 8c 1/4 1/4 1/4
Sn 4a 0 0 0
Zr 4b 1/2 0 0

J. Phys.: Condens. Matter 29 (2017) 225702
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crystallographic directions [1 0 0], [1 1 0] and [1 1 1]. The data 
(figure 6) show that the [1 0 0] and [1 1 0] directions are easy 
magnetization axes and that the [1 1 1] direction is a hard 
magnetization axis. The magnetization saturates at very low 
values of B along all directions, revealing ZrCo2−xSn to be a 
soft magnet. The structural and magnetic parameters for all 
samples are presented in table 2.

The resistivities for two typical single crystals, with 
x  =  0.41 and 0.23, and the polycrystalline sample, were 
measured in the temperature range of 1.8 K to 300 K. The 
normalized resistivity ratios (residual resistivity ratio: RRR; 
ρ(T )/ρ(1.8)) are shown in figure  7. Crystal 1 exhibits the 
behavior of a bad metal with a broad hump at ~190 K corre-
sponding to the ferromagnetic transition as observed in M 
versus T. Above Tc it shows a slight activation behavior and 
below Tc the crystal behaves like a bad metal with RRR ~1.20. 
The low value of RRR may be related to the presence of large 
number of Co vacancies. Sample 4, with relatively low Co 
vacancy concentration (x  =  0.23) exhibits a good resistivity 
signal and a metallic behavior. The RRR value for sample 4 
is ~1.42, which slightly bigger than that of sample 1. This 
behavior indicates, consistent with its determined formula, 
that sample 4 is a better metal with lower defect concentra-
tion. There is no anomaly in the resistivity of this crystal 
below 300 K, which further shows that its ferromagnetic Tc 
is above room temperature. The polycrystalline sample 5 
(x  =  0.16) exhibits a metallic resistivity behavior similar to 
that of sample 4 and their RRR values are comparable. Even 
sample 5 with the lowest fraction of Co vacancies exhibits a 
low RRR, which we tentatively attribute to its polycrystalline 
nature. The resistivity behavior of our polycrystalline sample 
is similar to earlier reports on polycrystalline samples [28]; 
the small features observed in some samples in the 120–140 K 
range are attributed to measurement noise.

Figure 8 shows the magnetoresistance (MR) plots for a typ-
ical crystal from batch 1 (x  =  0.41), recorded at various temper-
atures in the range of 2 K–300 K. This sample has a Tc  =  190 K 
(as found in the RT curve) and the magnetic field was applied 
parallel to the [1 1 1] direction while the current J ∥ [1 1 0]. The 
significant negative MR around Tc is likely due to enhanced 
magnetic scattering that is suppressed by an applied magnetic 
field. At T � Tc, the magnetic fluctuations freeze out and the 
negative MR gives way to a weak positive MR. The positive MR 
likely arises from the standard orbital effect, and its weakness 
indicates relatively low mobility of the carriers in these crystals.

Figure 9(a) shows the Hall signal (ρyx) plots for sample 1. 
The crystal exhibits an anomalous Hall signal at the low 
temper atures, with a sharp step in ρyx(B) around B  =  0. For 

crystals with relatively low mobility, the normal contrib ution is 
linear in B and a phenomenological decomposition of the Hall 
signal leads to ρyx  =  R0 · B  +  RS · µ0M [42]. For the case of our 
sample, the anomalous contribution RS dominates the normal 
term R0, as may be inferred from the plateau-like shape of the 
profile at the lowest temperatures (i.e. the absence of a linear 
slope). We get RS  =  3.6 · 10−7 m3 C−1 for sample 1, which is 
well within the range of reported RS values [42]. The sign of 
the Hall effect is positive, indicating a significant contrib ution 
from hole-like carriers. (Earlier reported Hall measurements 
on polycrystalline samples exhibited n-type carrier conduction 
and the samples were reported to possess a superconducting 
impurity [20].) Figure 9(b) shows the ρyx versus T data meas-
ured for three different magnetic field values. A sizeable ρyx(B) 
kicks in when Tc is approached from high temper atures, and 
remains down to the lowest temperatures.

In order to understand the electronic behavior of the crystals 
with different Co compositions, calculations of the electronic 
band structure and density of states (DOS) were performed. 
Figure 10 shows the calculated electronic band structure for 
stoichiometric ZrCo2Sn. In the band structure plot the region 
marked by a square box along the Γ  −  W high symmetry direc-
tion indicates an anti-crossing, and the inset shows a small gap 
opening. In the blue circled region, with the [1 1 0] magneti-
zation, two Weyl points emerge along Γ  −  K when spin–orbit 
coupling is taken into account. In the absence of spin–orbit 
coupling (SOC), this material has nodal lines in the band struc-
ture. The SOC opens a gap along the nodal lines at all points 
besides some special directions where the crossing is protected 
by symmetry and the Weyl crossings survive. (For more details 
about the Weyl points, see the theoretical predictions in [14].)

Figure 11 represents the DOS plots for different compositions 
of ZrCo2−xSn. In order to schematically simulate ZrCo2−xSn 
with different Co compositions, we performed the ab initio 
calcul ations in a cubic super cell that contains four form ula 
units on a primitive basis. By removing some Co atoms in the 
super cell, we determined a spin-resolved density of states for 
different compositions of ZrCo2−xSn. From the DOS plots it is 
clear that both the majority and minority spin states change sig-
nificantly with the Co composition. The position of the Fermi 
level also changes with respect to the valence band edge. We 
note that around the Fermi level, when x values exceed 0.50, the 
DOS due to minority spins is highly affected when compared to 
the majority spins. The Weyl nodes, which are predicted to be 
far apart in k-space, are protected by the C2 symmetry about the 
[1 1 0] axis—they are thus not expected to be annihilated by the 
disorder introduced by the Co vacancies unless that symmetry 
is broken, which does not appear to be the case.

Table 4. Displacement parameters and occupancies for 1 (x  =  0.41) 2 (x  =  0.30), 3 (x  =  0.24) and 4 (x  =  0.23) at 296(1) K. The 
coefficients Uij (pm2) of the tensor of the anisotropic displacement factor are defined by exp{−2π2[U11h2a*2  +  …  +  2U23klb*c*]}.  
Ueq is one third of the trace of the orthogonalized Uij tensor. For all atoms: U12  =  U23  =  U23  =  0 and U11  =  U22  =  U33  =  Ueq.

Compound 1 2 3 4

Ueq Co 0.0077(2) 0.007 31(18) 0.006 88(13) 0.005 66(10)
Sn 0.006 49(12) 0.005 82(9) 0.005 44(7) 0.004 44(5)
Zr 0.009 21(11) 0.007 80(10) 0.006 54(9) 0.005 74(5)

ai(Co) 0.794(14) 0.850(9) 0.881(5) 0.885(5)
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Conclusions

We have grown bulk single crystals of ZnCo2−xSn from Sn 
flux. The composition of the crystals was tuned by changing 
the ratio of Co:Sn in the flux. The size as well as the shape 
of the crystals was found to be dependent on the Co:Sn ratio. 
The lattice parameters and the Co deficiency in the crystals 
show a linear relationship. The Tc of the ZrCo2−xSn crystals 
rapidly shifts to higher temperature with decreasing Co defi-
ciency. The µs of the crystals exhibited a strong depend ence 
on Co deficiency and, at the lowest Co deficiencies attained 
in the crystals, attained values similar to those of the arc-
melted polycrystalline sample in our work as well as in 
earlier reports. The single crystals exhibited an anisotropic 
behavior of M versus H in different crystallographic direc-
tions below Tc, indicating that the ZrCo2−xSn materials are 
soft magnets and that the hard axis of magnetization is along 
[1 1 1]. Our single crystals exhibit p-type carrier transport, 
which indicates that the chemical potential is sufficiently far 
from the Weyl point energy that any transport features due to 
Weyl physics, including high carrier mobility and the Chiral 
anomaly, were not observable. Future experiments, after 
optim ization to bring the chemical potential in the material 
to the best energy range, will be of interest to confirm the 
theoretical predictions.
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