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Bulk Co,Mn(SixSn;_x) (0<x<1) alloys have been prepared and their crystal structure, magnetization
and spin polarization have been measured. X-ray diffraction pattern and scanning electron micrograph
revealed the alloy phase separate into two L2; phases, Co,MnSi and Co,MnSn for x > 0.25. The satura-
tion magnetization values corresponded to the value predicted by the Slater-Pauling (S-P) rule. Spin
polarization measurements using point contact Andreev reflection (PCAR) technique showed that the
quaternary alloys exhibited higher intrinsic spin polarization than the parent ternary compositions. The
highest spin polarization of 0.67 +-0.01 was obtained for the Co,Mn(Sig5Sngs) alloy. These studies show
that isovalent substitution for Sn with Si in Co,MnSn results in enhanced intrinsic spin polarization in
spite of the phase separation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Prediction of half-metallic behavior in NiMnSb and PtMnSb by
de Groot et al. [1] has created immense interest in Heusler alloys.
Subsequently, theoretical work showed that Co-based full Heusler
(X3YZ) alloys possess half-metallic nature [2-4]. Since an ideal half-
metal exhibits 100% intrinsic spin polarization at the Fermi energy
Er, these materials have excellent prospect as spin injection elec-
trodes in spintronic devices. Co,YZ alloys have received special
attention due to their structural stability and high Curie temper-
ature, which are highly desirable properties in device fabrication
[5]. Achievement of giant tunneling magnetoresistance (TMR) of
570% at 2K in Co;MnSi/Al-0O/Co,MnSi magnetic tunneling junc-
tion (MT]) by Sakuraba et al. [6] has given a huge thrust to these
investigations. Such a high TMR has been attributed to the half-
metallic nature of Co,MnSi Heusler alloy [6]. However, the TMR
value of this MT] at room temperature was only 67%. The reason
for this large temperature dependence of TMR is believed to be
the presence of quasi-particle states in the spin-down density of
states at Er and large decrease of the spin polarization. Fermi level
tuning by alloying a fourth element to the ternary alloys has been
proposed to circumvent this problem. Co,Cry_xFexAl was the first
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alloy to be investigated on these lines [7,8]. Tezuka et al. [9] have
demonstrated Er tuning in Co,Fe(Alg5Sip5) alloy, which was also
confirmed by our previous point contact Andreev reflection (PCAR)
measurements [10]. Subsequently, several theoretical calculations
have shown the possibility of tuning the density of states (DOS)
of ternary Heusler alloys near Er with the addition of the fourth
element and thereby obtaining half-metallic behavior [11].

The PCAR technique [12] is a simple and rapid tool for measuring
the intrinsic spin polarization (P) of ferromagnetic materials. PCAR
studies show that P<0.60 in the ternary Heusler alloys [13-18],
although TMR measurements using Co,MnSi has shown a tunnel-
ing spin polarization (P;) of 0.89 [6]. We have successfully used
this technique to identify several full Heusler alloys [8,17,18] with
high intrinsic spin polarization such as Co,Fe(Gag 5Gegs) [19]. Cur-
rent perpendicular to plane-giant magnetoresistance (CPP-GMR)
device fabricated using Co,Fe(Gags5Gegs) alloy as ferromagnetic
electrodes exhibited the highest MR among Heusler alloys [20].

Spin polarization studies on the isovalent substitution of the Z
element in X,YZ Heusler alloys have not been reported. Though,
such isovalent substitution may not modify the spin-up bands, the
ensuing change in the lattice parameter is bound to influence the
spin-down bands [21] and hence the spin polarization at the Fermi
level. As mentioned earlier, Co,MnSi, which has an L2 structure
(a=5.64A) has been shown to be half-metallic through TMR stud-
ies [6], even though PCAR experiments shows P of only 0.55 for
bulk Co,MnSi [15]. On the other hand, Co,MnSn (a=5.99A and
P=0.60) is an intermetallic compound with strong L2, ordering
[17]. In order to investigate the influence of isovalent substitution
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for the Z element in X,YZ alloys, we have prepared and studied
bulk Co,Mn(SixSn;_y)alloys, and the results obtained are presented
below.

2. Experimental

Bulk alloys with compositions of Co,Mn(SixSn;_x) (0<x<1) were prepared by
melting high purity constituent elements under Ar atmosphere at a pressure of
2 x 1073 Pa. The as-melt alloys were sealed in silica ampoules under residual Ar
pressure of 2 x 1073 Pa, annealed at 1100K for 7 days and then quenched in ice
water. Structural analysis of the powdered alloys was carried out with the help of
a rotating anode type X-ray diffractometer (Rigaku RINT 2500) using Cu Ko X-rays.
X-ray diffraction (XRD) patterns were recorded at a scan rate of 2°/min, step-size
of 0.02° and tube rating of 12 kW. A scanning electron microscope (SEM, Jeol JSM-
7001F) equipped with an energy dispersive spectrometer (EDS) was used to record
the microstructure and estimate the composition of the crystalline phases present
in the bulk samples. Magnetization measurements were performed on thin slices
of samples at 10K and 300K with a superconducting quantum interference device
(SQUID, Quantum Design MPMS2) magnetometer. Spin polarization measurements
were carried out using the PCAR technique. The conductance bias voltage curves
at the point contact between the superconducting Nb and the sample were mea-
sured using the lock-in technique. The normalized conductance [G(V)/G,] curves
were fitted to the modified Blonder-Tinkham-Klapwijk (BTK) model [22] to deduce
P of the conduction electrons. A multiple parameter least squares fitting was car-
ried out to estimate P using the dimensionless interfacial scattering parameter Z,
superconducting gap A and spin polarization P as variable parameters.

3. Results and discussion
3.1. Structure and microstructure

Fig. 1 shows the XRD patterns of Co,Mn(SixSnj_y) (0<x<1)
alloys. The intensity (y-axis) data has been plotted in logarithmic
scale for the sake of clarity. The parent compositions Co,MnSn and
Co,MnSi exhibit a single phase L2 structure with the characteris-
tic(111),(200)superlattice reflections and the other fundamental
peaks as indexed in the figure. The XRD patterns show that single
phase L2 structure is retained in the Co,MnSn system with the
substitution of Si for Sn up to x=0.3. However, for 0.4 <x < 0.9, each
of the reflections split into doublets, indicating a dual L2; phase
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structure. Presence of doublets in the XRD pattern of the alloy with
x=0.9indicates the negligible solubility of Snin Co,MnSi. The larger
atomic size of Sn as compared to that of Si and the positive heat of
mixing of these two elements are the likely reasons for this. Split-
ting of each L2 peak into a doublet indicates the formation of a
two-phase L2 structure in Co;Mn(SixSn;_y) for 0.3 <x<1.

Fig. 2 shows the SEM backscattered electron images of the
Co,Mn(SixSny_y) alloys with x=0.25 (or 6.25 at.%), 0.5 (or 12.5 at.%)
and 0.75 (or 18.75 at.%). Fig. 2a shows that x=0.25 alloy also has a
two phase structure with the second phase appearing like a grain
boundary phase. SEM-EDS analysis shows that the dark phase has
an overall composition of Cos372Mng4.44Si480SN17.04 and the gray
phase has an overall composition of Cos;g3Mnys.27Si3775n13833.
The variations in the composition of the two phases are in
the range of 0.83-1.29at.% which is too small to be differ-
entiated by the X-ray diffraction technique. Hence, the phase
separation in the alloys with x<0.3 is not observed in the
corresponding XRD patterns shown in Fig. 1. Fig. 2b shows
a nearly equal distribution of the dark and gray phases in
the x=0.5 alloy. In this case, the dark and gray phases have
compositions of Cosy97Mn3399Siz1.46Sn158 (Sn-deficient) and
Coyg.55Mnye.57Sig 80Sn16.08 (Si-deficient), respectively. The striking
difference between the two phases is the Si and Sn contents. While
the dark phase is Sn deficient, the gray phase is Si deficient. Fig. 2c
shows the microstructure of the alloy with x=0.75. A fine distribu-
tion of the two phases is seen, one enriched in Si and the other
enriched in Sn. The dark and gray phases have compositions of
Cos0.70Mn5.91Si22,065n1.33 and Co47.82Mny7,08Si9.125n5 98, respec-
tively. The extensive phase separation in these systems is mainly
attributed to the large positive heat of mixing between Si and Sn.

3.2. Magnetization

Magnetization curves obtained for the Co,Mn(SixSn;_y) alloys
with x=0.25, 0.5 and 0.75 at 10K are shown in Fig. 3. The samples
exhibited strong ferromagnetic character by attaining magnetic
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Fig. 1. X-ray diffraction patterns of Co,Mn(Si,Sn;_x) (a) (0 <x<0.3) and (b) (0.4 <x < 1.0) alloys.
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Fig. 2. Microstructure of (a) Co,Mn(Sip25Sng 75 ), (b) Co,Mn(Sig5Sngs), and (c) CoMn(Sip.75Sng25) alloys.
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Fig. 3. Magnetization (M-H) curves obtained for Co,Mn(SixSn;_x) alloys with
x=0.25,0.5and 0.75 at 10K.

saturation at relatively low fields. Total spin magnetic moment
(M) predicted by the Slater-Pauling (S-P) rule [1] for Co,MnSi(Sn)
is 5.0+0.1 wg. The same can be compared with the saturation
magnetization (Ms) obtained from the magnetization curves. Mg
(@10k0e) of x=0.25, 0.5 and 0.75 alloys recorded at 10K are 5.06
(£0.05) g, 5.15 (£0.04) g and 5.09 (+0.05) g, respectively. Mg
(@10KkOe) of these alloys measured at 300K was 4.89 (+0.05) g,
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5.00 (£0.03) g and 4.99 (+0.04) g, respectively. It is evident that
the Ms values obtained for the three alloys are consistent with the
M; values predicted by the S-P rule within experimental errors. The
nearly temperature independent Mg between 10 K and 300 K shows
the strong ferromagnetic order in these alloys with Curie tempera-
tures much higher than room temperature. This result suggests that
the isoelectronic substitution of Z element and the dual L2 phase
structures do not affect the magnetic moments of Co and Mn.

3.3. Spin polarization

Fig. 4a shows the typical normalized conductance curves
obtained by PCAR measurements. The data is fitted to Strijker’s
model [22] as mentioned earlier, to obtain the fitting variables,
viz. spin polarization, P, interfacial scattering parameter Z and
superconducting band gap A. It is possible to obtain a conduc-
tance curve corresponding to Z=0 (clean interface) as shown in
the case of Co,Mn(Sig75Sng25) alloy (Fig. 5b) and the P estimated
from such a curve corresponds to the intrinsic spin polariza-
tion. When a conductance curve corresponding to Z=0 is not
obtained in the PCAR experiment, the intrinsic spin polariza-
tion can be estimated by a linear fit to the P versus Z data and
extrapolating it to Z=0. Fig. 5b and c depicts the P versus Z
plots for Co,Mn(Sip25Sng75) and Co,Mn(Sig5Sngs), respectively.
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Fig. 4. (a) Typical PCAR conductance curves obtained for the alloys. The experimental data (open circles) has been fitted (solid line) to the BTK model and the parameters
obtained are displayed. (b) The conductance curve obtained for Co,Mn(Sig75Sng2s5) alloy at Z=0. Spin polarization versus interfacial scattering parameter Z data obtained for
(c) CoaMn(Sip25Sn0.75) and (d) Co,Mn(Sig5Sngs) alloys have been extrapolated to Z=0 for estimating the intrinsic spin polarization.
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Fig. 5. Composition dependence of the intrinsic spin polarization (P) of
Co,Mn(SiySn;_y) alloys. Open circles are data taken from Refs. [15,17]. Dotted line
drawn merely connects adjacent data points and serves as a guide to the eyes.

Co,Mn(Sig25Sng.75) and Co,Mn(Sig5Sng 5) have estimated intrinsic
Pvalues of 0.65 +0.01 and 0.67 £ 0.01, respectively.

The composition dependence of intrinsic P of Co,Mn(SixSn;_y)
alloys is shown in Fig. 5. Intrinsic spin polarization values estimated
for Co,MnSi[15] and Co,MnSn [17] are also shown in the figure for
comparison. According to the ab initio calculations for the DOS for
Co,MnSn and Co,MnSi alloys [4,17,23], a band-gap exists in the
spin-down bands for the both cases, with the center of the gap
shifted towards the left and right of the Fermi level, respectively.
Thus, the substitution of Sn for Sn in Co,MnSi alloy is expected
to shift the Fermi level to the center of the minority electron gap.
In this work, maximum spin polarization has been observed for
the quaternary Heusler alloy with equal amounts of Si and Sn in
accordance with this expectation. The high spin polarization for
x=0.5 alloy could be attributed to the high degree of L2; ordering
in the dual phase alloy and the Fermi level tuning.

4. Conclusion

The effect of substitution of Sn with an isovalent element
Si on the structure, magnetization and spin polarization of bulk
Co,MnSn was investigated. Co,Mn(SixSn;_y) alloys exhibit a two-
phase L2; structure due to phase separation during solidification
due to the positive heat of mixing of Si and Sn. The two-phase
structure does not interfere with the saturation magnetization,
suggesting a strong ferromagnetic interaction between the two

phases. Co,Mn(Sip 5Sng 5) exhibits the highest spin polarization of
0.67 +0.01, which is considerably higher than the parent ternary
alloys and relatively high for Co based ferromagnetic Heusler
alloys. The high spin polarization in the quaternary alloy has been
attributed to the improved L2 ordering and the Fermi level tun-
ing. The two phase alloy may provide intrinsic pinning sites for
magnetic domain wall motion, thus the highly spin polarized fer-
romagnetic two phase alloy found in this work may lead to some
unique applications in the spintronics area.
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