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a b s t r a c t

Fe-doped NiZrSn polycrystalline ingots were prepared using arc melting method. Microstructure and
electrical properties of the ingots were investigated. According to the EDX results, the solubility of Fe in
the C1b phase of the NiZrSn is about 2% by arc melting method. The electrical resistivity of low Fe-doped
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NiZrSn shows semiconducting temperature dependence and the transport gap estimated from activation
plot is about 80 meV.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Within the last decade, many attempts have been made to pre-
are semiconducting compounds that also exhibit ferromagnetic
roperties in order to realize applications for semiconductor spin-
ronics. The dilute magnetic semiconductor (DMS) is one of the
otential materials for these applications.

For the C1b compounds (such as NiZrSn) with the space group
43m (No. 216), electronic-structure calculation [1–3] and many
xperiments [4–8] indicate that the compounds with 18 valence
lectrons are semiconductors. These C1b semiconductors become
ttractive material for spintronics application because the crystal
tructure is similar to that of III–V and II–VI semiconductors, which
re often used for electronic equipment in present.

The magnetic effects are roughly proportional to the concen-
ration of the magnetic ions in the DMS prepared by magnetic
lements-doped C1b semiconductors. Therefore, the solubility of
agnetic elements in these C1b semiconductors is important. Mn,

r, Cu and Sb-doped NiZrSn solid solutions were successfully pre-
ared, and the physical properties were reported previously [9–11].

n this work, Fe-doped NiZrSn were prepared, the solubility of Fe in
he C1b phase of these ingots was investigated, and the electrical
roperties were presented.
. Experimental procedure

The ingots of Fe-doped NiZrSn with the nominal composition NiZr1−xFexSn for
≤ x ≤ 0.1 were prepared using arc melting method. For preparing these ingots, high
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purity Fe (99.99%), Ni (99.999%), Zr (99.9%), and Sn (99.9999%) were used as starting
materials, and about 2 g of constituent elements were melted in a water-cooled Cu
crucible using an arc furnace in a high purity Ar atmosphere. To obtain homogeneity,
an ingot was turned over and melted several times. Annealing was performed at
800 ◦C for 100 h in an evacuated quartz tube.

X-ray powder diffraction (XRD), the scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), and the electron probe micro-analyzer (EPMA)
analyses were carried out for the obtained ingots. Electrical resistivity was measured
by a conventional four-probe method using a rectangular rod cut by a spark cutter
whose size was typically 0.2 × 1 × 5 mm3.

3. Results and discussion

A small piece was taken from the arc-melted ingot, and crushed
into fine powder to measure XRD. Fig. 1(a) shows a typical XRD
pattern of Fe-doped NiZrSn. As shown in the figure, intensive peaks
are all assigned based on the C1b structure. For all the samples, the
similar XRD patterns are observed. Because the additional peaks are
much weak comparing with the main peaks, it is difficult to analyze
additional peaks to make sure the variety of impurity phase using
full scale of XRD patterns. Therefore, the log scale of XRD patterns
of ingots with x = 0, 0.02, 0.03, and 0.1 are shown in Fig. 1(b). The
diffraction peaks of paramagnetic metal Ni2ZrSn [12] (marked with
�) were observed in the XRD pattern of four samples. For non-
doped NiZrSn, the weak peaks arising from metallic Zr5Sn3 [13]
(marked with ©) appear around 2� = 33–37◦. When x = 0.02, the
most weak peaks arising from Zr5Sn3 comparing with that of other

ingots are observed, suggesting the least impurity phase. The new
weak impurity peaks arising from Ni2.5Fe2.5Sn3 (marked with �)
appear when x = 0.03. For ingot with x = 0.1, the peaks of Zr5Sn3
disappear, whereas the intensity of peaks of Ni2.5Fe2.5Sn3 becomes
strong.
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Table 1
EDX results of Fe-doped NiZrSn with x = 0, 0.02, and 0.1.

Compositions (at.%) (±0.05) Fe concentration Compounds

Ni: Zr: Fe: Sn

x = 0 A 34.75 32.56 0.00 32.50 0% NiZrSn
B 4.02 44.83 0.00 51.15 Zr–Sn
C 5.76 35.64 0.00 47.85 Zr–Sn

x = 0.02 A 33.64 33.40 0.70 32.26 ∼2.0% Fe-doped NiZrSn
B 32.97 35.16 0.75 31.02 Fe-doped NiZrSn
C 1.80 56.08 0.00 58.96 Zr–Sn

p
i
a
(
c
c
i
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o

x = 0.1 A 33.35 33.73 0.80
B 29.31 41.69 1.37
C 36.23 0.67 23.13

A small plate was cut from each ingot, and the surface of the
late was polished for the microscopic observations. The SEM

mages of the polished surface of ingots with x = 0, 0.02, and 0.1
re shown in Fig. 2. For each sample, the composition of the matrix

denoted as A) and the secondary phase (denoted as B and C) is
hecked by EDX. The atom percent of all elements and Fe con-
entration in matrix are listed in Table 1. Where, Fe concentration
s estimated using (Fe (at.%))/(Fe (at.%) + Zr (at.%)) × 100%. For non-

ig. 1. (a) A typical XRD pattern of Fe-doped NiZrSn; (b) log scale of XRD patterns
f ingots with x = 0, 0.02, 0.03 and 0.1. (�: Ni2ZrSn, ©: Zr5Sn3, and �: Ni2.5Fe2.5Sn3.)
32.12 ∼2.0% Fe-doped NiZrSn
27.63 –
39.97 Ni–Fe–Sn

doped NiZrSn, matrix possesses a composition of Ni:Zr:Sn ∼ 1:1:1,
suggesting the C1b structure. Meanwhile, a little of secondary
phase, Zr–Sn compounds, are observed in non-doped NiZrSn.
For Fe-doped ingots, the matrix also possesses a composition of
Ni:Zr:Sn about 1:1:1. It suggests that the matrix of all samples
exhibit a similar composition with the C1b structure due to the
limited low Fe doped. As Table 1 shows, when x = 0.02, about 1.8%
Fe is detected in the matrix of the sample. When x = 0.025 and 0.03,
Fe concentration is about 2% as illustrated in Fig. 3(b). Although
the ingot prepared from nominal composition with further Fe-rich
doping content such as x = 0.1, the Fe concentration in the matrix is
also about 2%. This value is expected to be the solubility limit of Fe
in the matrix of NiZrSn prepared by arc melting method. In addi-
tional, as Table 1 shows, when x = 0.02, the secondary phase, Zr–Sn
compound, is detected in sample. For the samples with x = 0.025
and 0.03, new secondary phase of Ni2.5Fe2.5Sn3 appears according
to the EDX results (not shown here). When x = 0.1, the amount of
secondary phase Ni2.5Fe2.5Sn3 increased, which is consistent with
XRD results.

Although the ingots were prepared from nominal composition
as NiZr1−xFexSn, both of the EDX and EPMA results show a constant
Zr content in the matrix of all samples, whereas, the concentration
of Ni in the matrix shows a slight decreasing trend with increasing
x. It suggests that the doped Fe ions in matrix trend to replace Ni
rather than Zr. However, the details are not clear. Therefore, we
cannot yet make clear whether Fe ions exactly replace Zr or Ni.

Fig. 3(a) shows x dependence of lattice constants estimated from
the XRD patterns. The lattice constant decreases with increasing x
from 0 to 0.03, it suggests that doped Fe ions substitutes for the
atoms in the C1b structure of the samples. However, the lattice
constant almost keeps a constant value when x ≥ 0.03. As shown in
Fig. 3(b), the Fe concentration in the C1b phase estimated from EDX
results increases from 0 to about 2% as x increases from 0 to 0.03,
and then almost saturates around 2% when x ≥ 0.03. Fe concentra-
tion in the matrix for x = 0.02 and 0.10 ingots were also checked
using EPMA analysis, which is more accurate than EDX analysis. As
shown in Fig. 3(b), although the absolute value of Fe concentrations
estimated by EPMA analysis is rather smaller than those estimated
by EDX analysis, the overall behavior is consistent. Hence, the sol-
ubility limit of Fe in the C1b structure is more or less than 2%.

The electrical resistivity was measured using a rod cut from the
plate examined by SEM. Fig. 4 shows the temperature dependence
of electrical resistivity of ingots with x = 0, 0.02, and 0.025. The acti-
vation plot of sample with x = 0.02 is shown in the inset of Fig. 4. For
these three samples, the resistivity increases with decreasing tem-
perature, indicating obvious semiconducting behavior. However,

when x = 0 and 0.025, the resistivity tends to saturated at low tem-
perature, suggesting the existing of the metallic phases. At lower
temperature, when the resistance of the matrix increases, the cur-
rent flows selectively in such metallic path. Such behavior can cause
the saturation of the resistivity. When x = 0.02, the resistivity con-
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Fig. 2. SEM images of Fe-dop

inues to increase down to the lowest temperature, and the residual

esistivity is twenty times larger than that of non-doped NiZrSn and
en times larger than that of the sample with x = 0.025 at the lowest
emperature. It suggests the smallness of metallic segregation for
he sample with x = 0.02.

ig. 3. (a) x dependence of lattice constant of Fe-doped NiZrSn; (b) x dependence of
e concentration estimated from EDX results. Solid lines are guides to the eye.

ig. 4. Temperature dependence of electrical resistivity of Fe-doped NiZrSn with
= 0, 0.02, and 0.025. Inset: Activation plot of ingot with x = 0.02.

[

rSn with x = 0, 0.02, and 0.1.

The resistivity of sample with x ∼ 0.02 seems to reflect the
semiconducting nature of the matrix. As shown in the inset of
Fig. 4, above about 60 K, the temperature dependence of the resis-
tivity of the sample with x = 0.02 obeys simple activation-type
equation:

� = �0e�/2T (1)

where � is a transport gap at the Fermi energy. Based on the anal-
ysis assuming Eq. (1), � is estimated to be 80 meV. This value is
consistent with those reported for the single crystal of related half-
Heusler semiconductors such as, � ∼ 26 meV for HfNiSn, 28 meV for
TiPtSn, and 79 meV for TiNiSn [4]. However, this estimated value is
much smaller than the calculated energy gap (Eg = 163 meV [1] or
500 meV [2]).

For the ingots of Fe-doped NiZrSn, comparing with other C1b
semiconductors, such as Mn-doped NiTiSn [14] and Fe-doped
CoTiSb [15], it is remarkable that the electrical resistivity shows
obvious semiconducting behavior with x < 0.03. Although the sol-
ubility limit of Fe in NiZrSn is only 2%, the magnetic properties of
Fe-doped NiZrSn are worth to investigate. These samples will be
expected to become good candidates for the practical application of
semiconductor spintronics if the samples show the ferromagnetic
property at room temperature.

4. Conclusion

Fe-doped NiZrSn ingots were prepared using arc melting
method. Fe can be doped into the C1b phase of NiZrSn, and the
solubility limit of Fe is low, whose value is about 2%. The electrical
resistivity shows the semiconducting behavior with x < 0.03. Other
appropriate methods should be developed in order to prepare the
heavily Fe-doped NiZrSn.
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