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Introduction

With the recent advances in understanding the influence of 
topology on the electronic properties of some materials, a 
substantial amount of research has been devoted to revisiting 
materials properties to search for topological electronic states. 
Materials that host so-called Weyl Fermions are currently of 
particular interest. The Weyl semimetal state, reflecting rare 
spin polarization and E versus k dispersion characteristics 
in the electronic structure of a material, can be realized by 
the breaking of either time-reversal or space inversion sym-
metry [1, 2], and materials with Weyl Fermions near the Fermi 
energy can show unusual electronic transport properties such 
as negative magnetoresistance, the Chiral anomaly, and the 
anomalous quantum Hall effect [3, 4].

Recently, selected cubic ferromagnetic Co-based Heusler 
compounds (XCo2Z: X  =  IVB or VB; Z  =  IVA or IIIA, 
crystallizing in the centrosymmetric Fm·m space group [5]) 
have been proposed as candidate Weyl semimetals [6]. The 

ferromagnetic ordering breaks the time-reversal symmetry for 
these materials. Unlike the alternative non-centrosymmetric 
non-magnetic TaAs or NbAs Weyl materials, which have many 
pairs of Weyl nodes in their electronic structures, Heusler sys-
tems should display a smaller number of Weyl nodes when 
ferromagnetic, along the [1 1 0] directions in the cubic k-space 
and widely separated in momentum. This makes these mat-
erials, in principle, easier to model than TaAs and NbAs. Due 
to the possible existence of a Weyl Fermion phase in Heusler 
systems, the study of their structural, electronic, and magnetic 
properties is of increased current interest.

One of the Co-based Heusler compounds with a valence 
electron count (VEC) of 26, ZrCo2Sn, is the focus of the cur-
rent work. In the Co-based Heusler phases with 26 electrons, 
the minority spin channel is gapped at the Fermi level (EF) 
and only majority spins are present [7]; they therefore act as 
Half metallic ferromagnets (HMF) with 100% spin polariza-
tion at EF [8, 9]. Heusler compound materials are an arche-
typical class of compounds following the Slater–Pauling rule, 
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a linear relation between the effective magnetic moment of the 
material and its number of valence electrons per formula unit 
[10–12]. For many Heusler systems, changes in electronic and 
magnetic properties have been observed as a function of VEC 
[13–16] and for the specific system of interest here, the magn-
etic moment and ferromagnetic transition temperature are 
known to strongly depend on the presence of Co-vacancies 
[17]. Finally, Heusler materials at higher VEC based on 3d 
transition elements, such as NbNi2Sn, are superconducting 
[18].

ZrCo2Sn has been calculated to display two Weyl nodes 
in the energy range of 0.1–0.6 eV above the Fermi level in its 
ferromagnetic state [6]. The current study is aimed at tuning 
the EF in ZrCo2Sn to be as close as possible to that of the 
Weyl nodes by adding electrons through chemical substation. 
Although the growth of bulk single crystals of ZrCo2−xSn and 
the study of their magnetic properties has been previously 
reported [19], to the best of our knowledge no studies of par-
tial atomic substitutions for Co designed to increase the VEC 
of the material have been reported so far. In addition, atomic 
substitutions may significantly affect the relative densities of 
states of majority and minority spin bands in addition to the 
position of the Fermi Energy, which can lead to a variety of 
different electronic transport behaviors [16, 20] adding to the 
motivation for testing the electronic transport behavior of the 
modified compositions.

Here we report a survey-style study of the magnetic and 
electronic properties of ZrCo2−xCuxSn with Cu-substitution 
of Co for a range of x from 0.0 to 1.0, along with three stoi-
chiometric compositions of ZrCoTʹSn (Tʹ  =  Pd, Rh and Ni). 
Compared to Co, Cu has 2 more valence electrons, and there-
fore is expected to shift the Fermi level closer to the Weyl 
points that are above EF for the undoped material. Ni and 
Pd do likewise but with only 1 extra valence electron, while 
Rh has the same VEC as Co but introduces disorder into the 
system. All the samples reported are in Heusler L21 structure 
phases. We report the basic magnetic and electronic transport 
properties under different temperature and magnetic field con-
ditions. Finally, the calculated density of states (DOS) for dif-
ferent substituted compositions are presented.

Experimental

The polycrystalline samples were synthesized by arc-melting 
the stoichiometric amounts of elements under an Ar atmos-
phere. Elemental Zr (⩾99%, Sigma Aldrich), Co (3N Alfa 
Aesar) and Sn (5N Alfa Aesar), with required amounts of Cu 
(3N Alfa Aesar), Pd (99.95% Alfa Aesar), Rh (3N), and Ni 
(4N Alfa Aesar) were placed on a water cooled copper hearth 
plate and melted. To ensure homogeneous mixing of the ele-
ments, the high melting point elements were first melted and 
then brought close to the Sn. In order to avoid the forma-
tion of Co deficiency due to the Co vaporization that occurs 
during long time melting, the sample was flipped only once 
and re-melted. A very low weight loss, <1%, was observed. 
The samples were then annealed for 1 week at 950 °C to 
eliminate secondary phases and insure homogeneity. After 

annealing, the samples were cut into suitable sizes for dif-
ferent measurements.

The identification of the L21 Heusler-type phase and evalu-
ation of the unit cell dimensions was performed by charac-
terizing powdered specimens in a Bruker D8 Advance Eco 
powder diffractometer, Cu-Kα radiation (λ  =  1.5406 Å), 
equipped with a LynxEye-XE detector, at room temperature. 
The lattice parameters were obtained by refining the powder 
x-ray powder diffraction data for the 2-theta range of 5–110°, 
using the TOPAS v.5.0 software. The magnetic properties 
were studied on a quantum design dynacool physical property 
measurement system (PPMS), in the temperature range of 1.8–
325 K and the magnetic field range of  −90 kOe to  +90 kOe. 
For those measurements, unpowdered samples were mounted 
on a quartz rod by employing GE varnish. The resistance of 
Cu-substituted samples was measured using standard linear 
four-probe method. The electrical contacts were made with 
Pt-wires using silver paint and the samples were mounted on 
a sapphire crystal applying a low temperature N-grease. The 
first principles calculations, employed to calculate the spin-
polarized DOS for different Cu compositions, were performed 
by using density function theory as implemented in the Vienna 
ab initio simulations package (VASP) [21, 22].

Results and discussion

All the arc-melt synthesized samples of ZrCo2−xCuxSn 
(x  =  0.0–1.0) and ZrCoTʹSn (Tʹ  =  Rh, Pd, and Ni) attained the 
L21 Heusler phase. Figure 1 presents the powder diffraction 

Figure 1. The x-ray diffraction patterns for ZrCo2−xCuxSn for 
x  =  0.0–1.0. All the samples show a full Heusler phase with space-
group of Fm3̄m. The insert shows the variation of lattice constant as 
a function of x, which shows distinctly non-Vegard’s law behavior; 
the horizontal orange lines on the data points indicate the error bars.
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patterns for ZrCo2−xCuxSn for x  =  0.0, 0.25, 0.50, 0.75 and 
1.00, showing these materials to possess an Fm3̄m phase plus 
an additional small ZrCo2 impurity peak which was signifi-
cantly suppressed by the annealing process. The values of the 
lattice constant, a, for different x values are presented. The 
trend is non-monotonic, and may reflect the presence of a com-
position dependent disorder in the material. The crystallinity 
of all the samples is very good, as evidenced by the Kα1–Kα2 
splitting of higher angle diffraction peaks. The a values for all 
the samples are displayed in table 1. For x  >  1.0, in addition 
to the L21 Heusler phase, impurity phases are prominently 
visible by x-ray diffraction and thus x ~ 1 can be considered 
the limit of the Co/Cu solid solution under our conditions; 
(No ZrCu2Sn Heusler phase is reported). The a values for 
ZrCoTʹSn, for Tʹ   =   Rh, Pd and Ni are 6.428, 6.390, and 
6.261 Å respectively, and follow the trend of atomic sizes.

To characterize the effect of Cu substitution for Co on the 
magnetic properties of ZrCo2Sn, the magnetization data for 
all the samples was recorded. Figure 2 presents the temper-
ature dependent magnetization (M/H) plots for ZrCo2−xCuxSn 
(x  =  0.25 to 1.0) measured in the temperature range of 1.8–
300 K, with applied magnetic field strengths of 100 Oe. The 
samples with x  =  0.25–0.90 exhibit ferromagnetic behavior, 
with a systematic change in the ferromagnetic transition 
temper ature (Tc) versus x. For x  =  0.25, Tc is well above room 
temperature, and rapidly decreases for x  ⩾  0.5, similar to the 
trend observed for undoped ZrCo2Sn crystals with different 
amounts of Co-vacancies (see e.g. [19]). The M/H values for 
x  =  0.95, with Tc ~ 39 K, show a rounded downturn which 
is similar to a spin glass behavior [23]. The sample with 
x  =  1.0 shows a sharp peak at ~6 K, for clarity this is plotted 
in figure  3. The difference in zero-field cooled (ZFC) and 
field-cooled (FC) data, as shown in the inset of figure 3 may 
result from spin-glass transiton and which may be a conse-
quence of the disordered state [24–26]. However, the exact 
magnetic state of these systems is not understood and war-
rants further investigation. None of the samples showed super-
conducting behavior (for up to VEC  =  28), while NbNi2Sn, 
with VEC  =  29, and other materials in this family are super-
conducting [27–30]. Unfortunately, ZrCo2−xCuxSn-based 

compositions near VEC  =  29 could not be studied because 
they did not form under our experimental conditions. Above 
Tc, magnetization obeyed the Curie–Weiss law and evaluated 
Curie temperature (Θ) values for x = 0.5 to 0.95 are given in 
table 1.

Figure 4 represents the magnetic moment versus magnetic 
field (M versus H) plots for ZrCo2−xCuxSn samples with 
x  =  0.0–1.0. All the plots were recorded at 2 K. From the plots 
it is evident that the magnetic moment continuously decreases 
with an increase in x. The magnetic moments values at 90 kOe 
are taken as representative of the saturated moments (Ms) of 
the samples and are listed in table 1. The Ms value of the pure 
sample is in agreement with earlier reports [17, 31]. The Ms 
values show strong dependency on Cu composition, and Ms is 
plotted versus x in figure 5. Figure 5 displays a linear decrease 
behavior of Ms with x, similar to the behavior reported for the 
effect of Co-vacancies [17, 19].

The upper insert in figure  5 displays the behavior of Ms 
and Tc with total number of valence electrons per formula unit 
(Nv/FU), and the lower panel displays a behavior of trans-
ition temperature (Tc) with x. We get Tc for the samples with 
x  ⩾  0.5, the sample with highest Ms value has highest Tc and 
it decreases linearly with the increase in x. The sample with 
x  =  1.0 does not exhibit ferromagnetic transitions [15, 17, 25]. 

For further understanding of the above magnetization 
behavior, the magnetization data for ZrCoTʹSn (Tʹ  =  Rh, 
Pd and Ni) recorded under the same experimental condi-
tions as for ZrCo2−xCuxSn, and shown in figure 6. The mag-
netization behavior of ZrCoTʹSn systems is similar to that of 
ZrCo2−xCuxSn for higher x values. It is interesting to note that 
magnetization peaks for Rh and Pd are much broader and 
occur at higher temperatures than those for Cu and Ni. The 

Table 1. The measured lattice constant, magnetic moment, 
saturated magnetic moment per formula unit, evaluated effective 
magnetic moments (µeff) and Curie temperature (Θ) values for 
ZrCo2.−xCuxSn, with x  =  0.0–1.0.

x a (Å)
Ms  
(µB /FU)

µeff  
(µB /FU)

Θ 
(K)

Tc 
(K)

ρxx 104  
(Ω cm)

0.00 6.246 1.63 468a 1.6, 2.8a

0.25 6.256 1.33 3.1
0.50 6.252 0.88 3.60 272 230 4.8
0.75 6.251 0.52 2.05 175 94 5.3
0.80 6.239 0.42 1.58 139 71
0.85 6.241 0.37 1.44 122 57
0.90 6.242 0.30 1.46 89.7 39
0.95 6.243 0.23 1.27 72 23
1.00 6.243 0.19 11.2

a According to [17].

Figure 2. The temperature dependent magnetic susceptibilities 
(M/H, the magnetization (M) divided by the applied field (H)) for 
ZrCo2−xCuxSn (x  =  0.0–1.0). The samples were measured with an 
applied magnetic field of 100 Oe. As x increases the temperature of 
the magnetic transtion shifts to the lower temperature. The missing 
data points, which appear as gaps in the plotted curves, reflect the 
fact that the magnetometer recalibrates periodically in order to 
obtain the best data.

J. Phys.: Condens. Matter 30 (2018) 075701
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M versus H plots are shown in the insert, and do not exhibit 
clear saturation of magnetic moments up to 90 kOe. The Ms 
values of the all these samples are much lower than that of the 
pure compound.

Figure 7 shows the temperature dependent resistivites of 
polycrystalline rectangular bars of ZrCo2−xCuxSn for different 
values of x. Pure and x  =  0.25 samples act like bad metals. 
The x  =  0.5 material exhibits a broad hump at ~230 K and 
then poor metallic behavior at low T, this broad hump cor-
relates to the temperature of the ferromagnetic transition 
observed in magnetization measurements. The sample with 
x  =  0.75 shows weakly increasing resistivity behavior with a 
very broad rounded hump in the range of magnetic transition 
at 94 K, and at low temperature resistance again increases. 

The sample with x  =  1.0 shows non-metallic behavior in the 
entire temperature range and at low T the value of resistivity 
is increased. Similar semiconducting transport behavior has 
been reported in the Fe2VAl Heusler system and was attrib-
uted in that case to an enhancement of the mass of electrons 
due to spin fluctuations [20, 25, 32, 33]. The room temper-
ature resistivity values are comparable to the reported values 
for stoichiometric and Co-deficient ZrCo2Sn [17], and dis-
played in table 1.

Finally, we consider the results of the calculations. Figure 8 
represents the calculated spin-polarized density of electronic 
states (DOS) for ZrCo2−xCuxSn for different x values. In 
order to simulate ZrCo2−xCuxSn with different Co and Cu 

Figure 4. The magnetic moment M versus applied magnetic field H 
plots for ZrCo2−xCuxSn with x  =  0.0–1.0, at a constant temperature 
of 2 K. A continuous decrease of saturation magnetization Ms is 
seen with increasing x. The insert dispays a magnified view of 
the M–H behavior for x  =  1.0, indicating no clear saturation of 
magnetization.

Figure 5. The variation of 90 kOe magnetization M values 
recorded at 2 K (essentially the saturation magnetization Ms) with 
x for ZrCo2−xCuxSn with x  =  0.0–1.0. The upper insert shows the 
relation of Ms and Tc with total number of valence electrons per 
formula unit with the composition x. The Tc for x  =  0.0, represented 
by the purple star symbol in the inserts, is taken from [17]. The 
lower insert displays the behavior of transition temperature (Tc) 
with x. The dashed and solid lines are guides to the eye.

Figure 6. The main panel displays the temperature dependent 
magnetizations of of ZrCoTʹSn (Tʹ  =  Rh, Pd, and Ni), recorded 
under applied magnetic field of 100 Oe. The insert shows the 
variation of magnetization M with magnetic field H for these 
materials; the data were recorded at 2 K.

Figure 3. The temperature dependence of the magnetic moment of 
ZrCo2−xCuxSn for x  =  1.0, with an application of magnetic field of 
100 Oe. The insert dispays the magnetization of the same sample 
under zero-field cooled and field cooled conditions.
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compositions, we performed the ab initio calculations in a 
cubic super cell that contains four formula units on a primi-
tive basis. By replacing Co atoms with Cu in the super cell, 
we determined a spin-resolved density of states for different 
compositions of ZrCo2−xCuxSn. From the DOS plots it is clear 
that both the majority and minority spin states change signifi-
cantly with the Cu composition. The position of the Fermi 
level also changes with respect to the valence band edge. We 
note that around the Fermi level, for x  =  0.25–0.75, the DOS 
due to minority spins is highly affected when compared to the 
majority spins. For x  =  1.0, the antiferromagnetic configura-
tion is used and the DOS due to minority spins and majority 
spins has a significant change compared to that of other com-
positions. The DOS plots indicate that ZrCo2−xCuxSn com-
positions with higher values of Cu substitution, x  ⩾  0.5, are 
expected to exhibit different electronic transport behavior 
than a semimetal. The change in the magnetism, due to 
Cu-substitution, the Weyl fermions in ZrCo2−xCuxSn might 
be highly affected.

ZrCo2Sn has 26 valence electrons per formula unit, and 
therefore according to the Slater–Pauling rule, M  =  Nv  −  24, 
where M stands for magnetic moment per unit cell and Nv 
is the number of valence electron per unit cell. The magn-
etic moment is therefore expected in this picture to be 2 𝜇B/
form ula unit [17, 19] for the undoped material, which works 
in this system, and then increase with increasing Nv, i.e. with 
increasing Cu Ni or Pd concentration. However, although 
Nv increases with an increase in x, Ms decreases linearly, a 
behavior that appears to be contradictory to the Slater–Pauling 
rule of the relationship between Ms and Nv for XCo2Z Heusler 
phases. An alternative more local picture for the magnetism 
in this system may be that the decrease in ferromagnetic Tc 
and Ms with increasing x can be due to an increasing dilution 
of the Co and therefore a decrease in the ferromagnetic inter-
actions [17, 31]. With significantly decreased ferromagnetic 
interactions for higher x values, ZrCo2−xCuxSn and related 

materials are expected not to exhibit a half-metallic nature [12, 
16, 34] which then may make them unsuitable for analyisis by 
the Slater–Pauling rules, a picture that is consistent with our 
electronic structure calculations. This local magnetic dilution 
picture may also be supported by the Rh substitution results, 
where Nv is formally unchanged but the Co concentration is 
decreased and the ferromagnetism is substantially suppressed.

Conclusions

We have studied the effect of changing electron count in the 
Heusler ferromagnet ZrCo2Sn through substitutions on the 
late transition metal site. For the case of Cu substitutions we 
have followed the loss of ferromagnetism as a function of Cu 
content, and have noted that at the highest substitions levels 
available, i.e. for ZrCoCuSn, ferromagnetism is no longer 
observed. Through the study of ZrCoTʹSn materials, we have 
found a similar effect, although these metals are either iso-
electronic with Co (i.e. Rh) or add fewer electrons than Cu 
does (i.e. Ni or Rh). Thus we conclude that the primary effect 
of metal doping on the Co site is to modify the magnetic prop-
erties of ZrCo2Sn by introducing disorder and diluting Co, 

Figure 7. The temperature dependent resistivities of polycrystalline 
samples of ZrCo2−xCuxSn for x  =  0.0, 0.25, 0.5, 0.75 and 1.0. The 
upward-traiangles (red) on the x  =  0.5 and 0.75 plots indicate the 
hump corresponding to the transition observed in the magnetization.

Figure 8. The calculated DOS for spin-up (black) and spin-down 
(red) electronic states in ZrCo2−xCuxSn for x  =  0.0, 0.25, 0.50, 0.75 
and 1.0. The dotted vertical line indicates the positon of the Fermi 
energy. The DOS at the Fermi-level changes significantly with x.
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effects anticipated to dominate electronic properties due to 
the Weyl point physics may not be cleanly observable in this 
system.
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