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A series of Co,_,RuMnSi (x = 0, 0.25, 0.5, 0.75, 1) Heusler compounds were
successfully synthesized. The heat-treatment conditions were crucial to make
the materials form a single phase with a Heusler structure. With increasing Ru
content, the half-metallic gap, lattice parameters and magnetization are
continuously adjustable in a wide range. The Co,_RuMnSi (x = 0, 0.25)
compounds are rigorous half-metals and show a T dependence of resistance at
low temperature. The Co,_,Ru,MnSi (x = 0.5, 0.75, 1) Heusler compounds are
the nearly half-metallic materials and show a semiconductive dependence of
resistance at low temperature. The experimental magnetization is consistent
with that in theory and follows the Slater—Pauling rule. The Curie temperature is
higher than 750 K for all Co,_,Ru,MnSi Heusler compounds.

1. Introduction

Half-metals, a class of materials with 100% spin polarization of
conduction electrons, have attracted considerable attention
owing to their potential applications in spintronic devices.
Since De Groot et al. first reported that the NiMnSb Heusler
compound has half-metallic (HM) characteristics, Heusler
compounds have become a focused field to develop materials
with a high spin-polarized ratio of conduction electrons (De
Groot et al., 1983). In the last two decades, a large number of
theoretical searches for half-metals in Heusler compounds
have been carried out based on first-principles calculations
(Rached et al., 2015; Zenasni et al., 2013; Dahmane et al., 2016;
Wei et al., 2017; Zhang et al., 2019; Picozzi et al., 2002; Wang et
al., 2017). According to these theoretical results, many
experiments to synthesize Heusler compounds have also been
performed (Taskin et al., 2017; Zhao et al., 2019; Alzyadi et al.,
2016; Umetsu et al., 2004; Dai et al., 2009; Du et al., 2013). In
particular, more attention has been paid to Heusler
compounds with stoichiometric composition. Basic physical
properties, such as magnetic, electronic and transport prop-
erties were also investigated for many Heusler compounds
with half-metallicity or nearly half-metallicity (Raphael et al.,
2001; Bombor et al., 2013; Rani et al., 2018; Prestigiacomo et
al., 2014). Although a large number of theoretical and
experimental works have been carried out, the HM material
systems with high Curie temperatures, continuously adjustable
magnetism, flexible lattice parameters and different HM band
gaps are still highly desired at present.

Co,-based Heusler compounds are very promising for
spintronics applications, including giant magnetoresistance
devices (Du et al., 2015), magnetic tunnel junctions (Hu et al.,
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2016) and spin injection into semiconductors (Uemura et al.,
2015), owing to their high Curie temperatures, high spin
polarization and high magnetization. As we know, the
Co,MnSi Heusler compound is a good half-metal with a Curie
temperature higher than 985 K and a total magnetic moment
of about 5 up per unit cell (Webster, 1971). Hu et al. experi-
mentally investigated the temperature dependence of spin-
dependent tunneling conductance of magnetic tunnel junc-
tions with HM Co,MnSi electrodes (Hu et al., 2016). Some
investigations on the doping effect have also been performed
for the Co,MnSi Heusler compound (Rani et al., 2018; Pres-
tigiacomo et al., 2014; Umetsu et al., 2008; Kubota et al., 2009;
Jia et al, 2008; Guezlane et al, 2016;). For instance, the
magnetic, structural and transport properties of Co,Mn-
Si;_,Al, compounds have been investigated (Umetsu et al.,
2008; Kubota et al., 2009; Jia et al., 2008). Jia et al. have
predicted that Co,MnSi;_,Al, compounds have spin-polar-
ized charge carriers and carrier-dependent magnetotransport
measurements should provide interesting electrical conduc-
tion properties when the Fermi level is systematically shifted
through majority/minority spin bands by doping (Jia et al.,
2008).

One of the most attractive features of Heusler compounds is
the possibility to continuously tune their saturation magneti-
zation (M,), Curie temperature (7¢) and Fermi level position
by changing the number of valence electrons (Z,). In this
paper, we discuss our detailed theoretical and experimental
studies on the effect of Ru-doping to the structural, electronic,
magnetic and transport properties of the Co,MnSi Heusler
compound. Firstly, the Co,_,Ru,MnSi (x =0, 0.25, 0.5, 0.75, 1)
Heusler compounds have been successfully synthesized by a
proper heat-treatment condition and HM gap; secondly, the
lattice parameters and magnetization are continuously adjus-
table over a wide range with increasing Ru content; thirdly, the
compounds exhibit a real half-metallicity when x < 0.7 and
nearly half-metallicity when x > 0.7.

2. Computational and experimental methods

The density of states, band structures and magnetic moments
were calculated by the Cambridge Serial Total Energy Package
(CASTEP) code where the pseudo-potential plane-wave
method was implemented (Segall et al., 2002). The interactions
between the atomic core and the valence electrons were
described by the ultra-soft pseudo-potential approach. The
generalized gradient approximation (GGA) was adopted for
the exchange-correlation potential (Perdew et al, 1992). A
plane-wave energy cutoff of 500 eV was used for all of the
calculations. A k-point mesh of 12 x 12 x 12 was used for
Brillouin zone integration. The calculations continued until
the energy deviation was less than 1 x 107 eV per atom.
The polycrystalline ingots of Co,_,Ru,MnSi (x =0, 0.25, 0.5,
0.75, 1) were prepared by arc melting pure metals (>99.99%)
under an argon atmosphere. The ingots were melted four
times to ensure chemical homogeneity. Then, the ingots were
sealed in a quartz tube under high vacuum and annealed at
1173 K for 48 h. The ingots were subsequently cooled down to

Table 1

The equilibrium lattice parameters, total and partial spin moments of the
Co,_,RuMnSi (x = 0, 025, 0.5, 0.75, 1) series alloys obtained by
theoretical calculation and geometry optimization.

Ru content ELP M, Mcoicy  Mcoa)y Mruc)y Mamm)y Msio
(x) (A (us) (i) () (i) () ()

0 5.66 5.00 0.86 0.86 - 3.40 —0.12
0.25 570 475 084 0.84 —0.14 3.42 —0.12
0.50 574 450 0.86 0.80 —0.12 3.44 —0.10
0.75 578 425 084 0.78 —0.12 3.44 —0.08
1.0 581 401 - 0.76 —0.10 3.40 —0.06

room temperature in the furnace. We analyzed the structures
of all the samples using powder X-ray diffraction (PXRD)
with Cu Ko radiation at room temperature. Magnetization and
thermo-magnetic curves were obtained using a vibrating
sample magnetometer attached to the physical property
measurement system (PPMS). We measured the magnetiza-
tion in fields up to 5 T at 2 K and the thermo-magnetic curves
under a field of 1000 Oe. The resistance measurements were
performed using the four-probe method in PPMS.

3. Results and discussions
3.1. Electronic structures and half-metallicity

The equilibrium lattice parameters (ELPs) in theory were
achieved by geometry optimization to minimize the total
energy and are gathered in Table 1 for the Co,_, Ru,MnSi (x =
0, 0.25, 0.5, 0.75, 1) Heusler compounds. All of the following
theoretical calculations were performed based on the ELP.
Fig. 1 shows the band structures of the Co,_,Ru,MnSi (x = 0,
0.25, 0.5, 0.75, 1) compounds. It is clear that for all the
Co,_,Ru,MnSi (x =0, 0.25, 0.5, 0.75, 1) compounds, the Fermi
level has a metallic intersection with some of the bands in the
spin-up channel. This indicates that the spin-up electrons have
a strong metallic characteristic in these compounds. However,
in the spin-down band structures, we can see that there exists a
band gap near the Fermi level for all the Co,_,Ru,MnSi (x =0,
0.25, 0.5, 0.75, 1) compounds. For further detailed observation,
it can be found that Fermi level lies in the band gap for the
Co,_,Ru,MnSi compounds with x = 0, 0.25, 0.5, indicating that
these compounds are rigorous HM materials. For the cases
where x = 0.75 and x = 1, their Fermi level slightly crosses
through the top of the valence bands at the G point in the spin-
down channel. That is to say, CoRuMnSi and Co; ,sRuy7sMnSi
are not rigorous HM materials and are usually referred to as
nearly HM materials (Continenza et al., 2001). Nearly HM
materials can be generated by the 100% spin-polarization of
one of two kinds of carriers participating in electrical
conduction.

It is known that the band gap and the spin-flip band gap in
the spin-down channel are very important to achieve a stable
high spin polarization of carriers in practical applications. The
spin-flip band gap refers to the smaller of the conduction band
minimums (CBM) and the absolute value of the valence band
maximum (VBM) (Guo et al., 2018). The larger both the gap
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Calculated band structures of Co,_,Ru,MnSi alloys for (a) x =0, (b) x = 0.25, (¢) x = 0.5, (d) x = 0.75 and (e) x = 1 at their optimized lattice parameters.
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Figure 2
(a) CBMs and VBMs in the minority spin channel as functions of the
Co,_,RuMnSi (x =0, 0.25, 0.5, 0.75, 1) alloys. (b) Calculated band gap
and HM band gap as functions of the Co,_,Ru,MnSi (x =0, 0.25, 0.5, 0.75,
1) alloys.

and the spin-flip band gap are, the more stable the high spin
polarization will be. Fig. 2(a) shows the CBM and VBM
dependence on Ru content for the Co,_,Ru,MnSi
compounds. In Fig. 2(a), it can be observed that the CBM
monotonically increases with increasing Ru content, and VBM
decreases with increasing Ru content up to x = 0.7, where the
VBM becomes positive and the half-metallicity disappears.
Fig. 2(b) shows the band gap and the spin-flip band gap
dependence on the Ru content for the Co,_,Ru,MnSi
compounds. The band gap is larger than 0.45 eV and varies
only slightly with the change in Ru content. And the spin-flip
band gap decreases with increasing Ru content because the
Fermi level moves towards lower-value bands when Ru is
substituted for Co in Co,_,Ru,MnSi compounds. When Ru
content is higher than 0.7 (x > 0.7), the Fermi level crosses
through the top of the lower-value band and the spin-flip band
gap no longer exists. It should be noted that, although the
Co,_RuMnSi compounds are no longer rigorous HM
materials when x > 0.7, they still have a very high spin-
polarization of conduction electrons which can be confirmed
from the DOS patterns shown in Fig. 3. Furthermore, for
Co,_,Ru,MnSi (x > 0.7) compounds, it can be pointed out that
the electron carriers are in 100% spin-polarization based on
the band structure features near the Fermi level.

Fig. 3 shows the spin-projected TDOS (total density of
states) and PDOS (partial density of states) patterns for the
Co,_,RuMnSi (x = 0, 0.25, 0.5, 0.75, 1) compounds. Fig. 3
shows that the DOS on both edges of the band gap in the spin-
down channel is mainly composed of the hybridized 3d states
of Co(A) and Co(C)/Ru(C) atoms, and the Mn(B) atom has a
larger band gap containing the band gaps of Co(A) and

IUCr) (2020). 7, 113-120

Zhang et al. + Physical properties of Co,_,Ru,MnSi compounds 115



research papers

sl TDOS 0L Ao N TDOS 12f TDOS
N NNA S/~
0 0 0
wf Y e N 12}
'g r 3fF Co(A) = 3t Co(A)
_3F Co(A T g
E ot SN - g0 ANV 8o
20 @' 3L c3t
£l % 3t Co(C) g 3t Co(C)
2 =0 <0
S 3f Co(C) > of S~V > .f
> /\J\MJJ\"’V\_,/\\,\_\ ° 3 0-3
0 - 3F Ru(C) g 2f Ru(C)
§ al % (| SAS N LA m § N
cAl; Mn(®) z H: VB ;"’rg : Mn®)
2 > aF E
8 0 N'/\_’\'M—‘* 8 0 AANY _~//\’\’\ ) 8 0 /\,\
Al \w 3t W 1
; 05F Si 5F Si
06} S‘j 0.0 ALY 0.0 r
NN\ ¢ H
0.0 /N osf/MVY osl/
08} ; ; ' : -4 3 2 -1 0 1 3 -4 3 2 1 0 1 3
4 3 - 1 0 1 3 Energy(eV) Energy(eV)
Energy(eV)
(a) () ()
0 TDOS 8l TDOS
0 ,\h/\,\/\/—'\_/-/\/\
20 W 0 /W
=3f Co(A) 8r
e NN~ —~al
g g \F‘f\/\/\f = ) e~ -
o Eo
EK GOl E4f il
< o
> 2 WAy | e = 3f Ru(C)
Q0 W
23 Ru(C) E 0
2 %
s 0 L3
1Z) <
;;:35 ; Mn(B) 23t AN ME
8 o AV Lo VAVAAS
al A3t
05f St o5l St
N
_gg NV <3 0.0 A [VL\\A)
4 3 2 1 0 1 2 3 05 [m/” ; ; ; ;
Energy(eV) 4 3 2 0 1 2 3
Energy(eV)
. (d) (e)
Figure 3

Calculated TDOS and PDOS of Co,_,Ru,MnSi alloys for (a) x =0, (b) x =0.25, (c) x = 0.5, (d) x = 0.75 and (e) x = 1 at their optimized lattice parameters.

Co(C)/Ru(C) atoms. This suggests that the band gap is
determined by the Co(A) and Co(C)/Ru(C) atoms. In asso-
ciation with the band structures in Fig. 1, we can identify that
the states on both edges of the band gap are the doubly
degenerate e, states and triply degenerate f, states, which
only originate from the hybridization with Co(A) and Co(C)/
Ru(C) d states. The e, and #;, orbitals cannot couple with any
of the Mn(B) d orbitals as these are not transformed with the u
representations (Galanakis et al, 2002; Liu et al., 2008).
Therefore, it is clear that the band gap of the Co(A) and
Co(C)/Ru(C) atoms is the d—d band gap arising only from the
e,—t, splitting generated mainly by the crystal field, which is
similar to the reported Co,MnZ and Mn,CoZ alloys with the
stoichiometric ratio of Heusler compounds (Galanakis et al.,
2002; Liu et al., 2008). The exchange splitting will shift the
Fermi level to the appropriate position. Comparing the PDOS
pattern of a Co atom with that of Ru shows that Ru has a
smaller spin-splitting than Co and hardly affects the band gap.
Since Ru has one less valence electron than Co, the Fermi
level has to shift to a lower energy with increasing Ru content,
which leads to the continuous change of the spin-flip band gap
with Ru content. This indicates that Co, ,RuMnSi (x = 0,
0.25,0.5,0.75, 1) compounds are a series of HM materials with
adjustable spin-flip band gaps.

3.2. Preparation and crystal structure

Room-temperature PXRD patterns of arc-melt Co,_,.
Ru,MnSi (x =0, 0.25,0.5,0.75, 1) ingots are shown in Fig. 4(a).
The diffraction peaks are indexed and the corresponding
Miller indices are also tagged in the patterns. In Fig. 4(a), it
can be seen that not all the Co,_,Ru,MnSi (x = 0, 0.25, 0.50,
0.75, 1) compounds can be synthesized as single phase only by
using the arc-melt method. For the Co,_,Ru,MnSi (x =0, 0.25)
compositions, all the principal reflection peaks of a body-
centered cubic (b.c.c.) structure are observed without the
other secondary peaks in the PXRD patterns, indicating that
the Co,_,RuMnSi (x = 0, 0.25) compounds form the pure
b.c.c. structure. However, for the Co;s5RuysMnSi,
Co1,5Ru(75MnSi and CoRuMnSi compositions, it is clear that
there are two sets of reflection peaks of a b.c.c. structure in the
PXRD patterns, which indicates that two phases were formed
in the arc-melt Co,_,Ru,MnSi (x = 0.5, 0.75, 1) ingots. As a
typical representative composition, the metallographic
specimen of the arc-melt Co;,sRup7sMnSi was observed by
SEM and the images are shown in Fig. 4(c). It is very clear that
there are two different areas. In the images, the red box and
red cross are the measuring points of the energy-dispersive
X-ray spectroscopy (EDS), respectively. By EDS, the
Co, 7Ru(3MnSi and Ru,MnSi compositions can be detected in
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(a) PXRD patterns of arc-melt Co,_,Ru,MnSi (x = 0, 0.25, 0.50, 0.75, 1.00) ingots. (b) PXRD patterns of arc-melt Co,_,Ru,MnSi (x = 0, 0.25, 0.50, 0.75
and 1.00) ingots annealed at 1173 K for 2 days. (¢) SEM image of the metallographic specimen of the arc-melt Co,,5Ru,75sMnSi.

the arc-melt Co;,s5Rup7,sMnSi composition. In association
with the PXRD patterns, we can determine that two phases
with Co;;Ruy3MnSi and Ru,MnSi compositions and b.c.c.
structures are formed in the arc-melt Co,_,RuMnSi (x = 0.5,
0.75, 1) ingots.

In order to obtain a single phase of the Co,_,Ru,MnSi (x =
0.5, 0.75, 1) compositions, annealing experiments at various
temperatures were carried out. It was found that a heat-
treatment process of 1173 K for 48 h is suitable to form a
single phase with a b.c.c. structure for the Co, ,Ru,MnSi (x =
0.5, 0.75, 1) compositions. The PXRD patterns are shown in
Fig. 4(b) for the arc-melt Co,_,Ru,MnSi (x =0, 0.25, 0.5, 0.75,
1) ingots annealed at 1173 K for 48 h. It can be seen that all the
annealed Co,_,Ru,MnSi (x =0, 0.25, 0.5, 0.75, 1) compositions
have a single phase with a b.c.c. structure. Furthermore, it was
known that for Heusler compounds, the (111) and (200)
diffraction peaks correspond to the order-dependent super-
lattice reflections (Bacon & Plant, 1971). It can be found that
the (111) and (200) superlattice reflection peaks occur on all
the PXRD patterns of the arc-melt Co,_,Ru,MnSi (x =0, 0.25,
0.5,0.75, 1) ingots annealed at 1173 K for 48 h, which strongly
suggests that a highly ordered L2; structure has been formed
in these ingots. A highly ordered crystal structure is necessary
to obtain high spin polarization in these materials (Felser et al.,
2007). However, it should be noted that for the Co,MnSi
compound (namely, the case of x = 0), the result is consistent
with early reports (Rabie et al., 2017).

The Rietveld refinement was used to fit the experimental
PXRD data for the lattice parameters. The experimental
lattice parameters are gathered in Table 1 and plotted as a
function of Ru content in Fig. 5. The Ru-content dependence
of ELP in theory is also shown in Fig. 5 for the Co,_,Ru,MnSi
(x =0,0.25, 0.5, 0.75, 1) compounds. It should be pointed out
that the theoretical data values are slightly larger than the
experimental results. This phenomenon is observed in many
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Figure 5
Ru-level dependence of the ELP in theory (black dot + line) and the
experimental lattice parameter (red dot + line).

Heusler compounds and can be attributed to the over-
estimation of lattice parameters by GGA in first-principles
calculations (Picozzi & Freeman, 2015; Aguayo & Murrieta,
2011; Page et al., 2015). In Fig. 5, it can be seen that the lattice
parameter increases with the increase in Ru content due to the
larger atomic radius of Ru than Co. The range of experimental
lattice parameters is between 5.646 and 5.786 A for the
Co,_,RuMnSi (x =0, 0.25, 0.5, 0.75, 1) compounds, indicating
that the lattice parameter can be tunable up to 2.5% by Ru-
doping.

3.3. Magnetic properties

From the TDOS (in Fig. 3) and band structures (in Fig. 1), it
is clear that the e, states are above the Fermi level, whereas
the 11, states are just below the Fermi level in the spin-down
channel. So, the total eight minority d bands are filled in the
spin-down channel for the Co,_,RuMnSi (x = 0, 0.25, 0.5,

IUCr) (2020). 7, 113-120
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0.75, 1) compounds. According to the explanations of Gala-
nakis et al. on the origin of the band gap and Slater—Pauling
rule in HM Heusler compounds (Galanakis et al., 2002), the
Co,_,RuMnSi (x = 0, 0.25, 0.5, 0.75, 1) compounds should
follow the Slater—Pauling rule: M, = Z, — 24 (M, and Z, are the
spin magnetic moment and the number of valence electrons
per unit cell). The magnetization curves were experimentally
detected and shown in Fig. 6(a) for the Co,_,RuMnSi (x = 0,
0.25, 0.5, 0.75, 1) compounds. In Fig. 6(a), it shows that the
Co,_,RuMnSi (x = 0, 0.25, 0.5, 0.75, 1) compounds exhibit
ferromagnetic behavior with a small coercive field. The
calculated total magnetic moments and experimental satura-
tion magnetization dependence on Ru content are plotted in
Fig. 6(b). It is clear that the experimental results are in good
agreement with the theoretical results, with an error of less
than 1%. The total magnetic moment (per unit cell) follows
the M, = Z, — 24 Slater—Pauling rule and changes continuously
from 5 to 4 up on increasing Ru content from x = 0 to 1. We
know that the greater the spin-splitting between spin-up and
spin-down states, the larger localized spin magnetic moments.
From the PDOS patterns shown in Fig. 3, it can be seen that
Mn and Co atoms have a strong spin-splitting and the spin-

splitting of Ru is small and almost negligible, which indicates
that Mn and Co atoms are the major contributors to the total
magnetic moment in Co,_,Ru,MnSi compounds. In order to
illustrate the magnetic structure and how the atomic magnetic
moments change with the doping Ru content, the calculated
atomic magnetic moments based on the PDOS were gathered
and plotted in Fig. 6(c) for the Co,_,Ru,MnSi (x =0, 0.25, 0.5,
0.75, 1) compounds. It is clear that the Co atoms have a
magnetic moment of 0.86 ug and the Mn atoms 3.4 ug The
magnetic moments of Co and Mn atoms are parallel and
remain stable throughout the whole composition range from
Co,MnSi to CoRuMnSi. Therefore, the decrease of the total
magnetic moment with the increase in Ru content can only be
attributed to the decrease in the number of Co atoms and the
doped Ru atoms have no effect on the magnetic moment of
the other atoms.

The Curie temperature is an important parameter for the
application of HM materials. A high Curie temperature
usually implies stable magnetism and half-metallicity in a wide
temperature range, which is conductive to practical applica-
tions. Here, Curie temperatures were measured using M-T
curves and plotted as a function of Ru content in Fig. 6(d). For

the Co,MnSi compound, our result is

consistent with that previously reported
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. . . . . : : ; ; ; . ; kawa, 2000). Fig. 7(a) shows that the
000 025 050 075 100 360 480 600 720 840 960 1080  cyryves of resistance dependence on
Doping (Zu level Temp?;a;ture(K) temperature for the Co,_,Ru,MnSi (x =
Figure 6 0,0.25,0.5,0.75, 1) compounds. It can be

(a) Magnetization curves (M-H curves) of Co,_,Ru,MnSi (x = 0, 0.25, 0.5, 0.75, 1) alloys recorded
at 3 K in the field range +5 T. (b) Experimental and theoretical magnetization as a function of the
Ru-doping level. (¢) Calculated atomic magnetic moments and total magnetic moments as a
function of the Ru-doping level. (d) Magnetization curves (M-T curves) of Co,_,Ru,MnSi (x = 0.25,
0.5, 0.75, 1) alloys at 310-1000 K.

observed that the resistance linearly
increases with increasing temperature in
the high-temperature range for all
Co,_,RuMnSi (x =0, 0.25, 0.5, 0.75, 1)
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e 30 K. The phenomenon can be inter-
preted with the band structures shown
in Figs. 1(c¢), 1(d) and 1(e) again. As
illustrated in  Section 3.1, the
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092 om - 0-906 _ which leads to a decrease in resistance.
= » i, . . .
Gooo / o o oK . Obviously, in the spin-up channel, a
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‘mef 0.002 o e observed. This means a competition of
090 1 1 1 1 1 1 1 1 . . . . .
0 20 40 e0 80 100 120 50x10°  10x10°  15¢10°  2.0x10° resistance behavior in two spin direc-
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Figure 7 @ ) 4. Conclusions

(a) Local magnification of the 7T-plot at low temperature with inserts that are the curves of resistance
with temperature for Co,_,Ru,MnSi (x = 0, 0.25, 0.5, 0.75, 1) compounds. (b) T>-plot of the
resistance R(T) at low temperature for all the Co,_,Ru,MnSi (x = 0, 0.25, 0.5, 0.75, 1) compounds.

compounds (note: compounds with different compositions
have different temperature ranges). The linear dependence of
resistance with temperature is similar to the reported HM
Heusler compound Co,MnSi (Raphael et al., 2002). However,
in the low-temperature range, the dependence of the resis-
tance on temperature deviates from linear behavior. In order
to understand the low-temperature behavior of resistance, we
use R(T) =R, + AT" (where R is the resistance, Ry is the
residual resistance, T is temperature, A is a coefficient and n is
the power exponent) to fit the experimental data. Fig. 7(b)
shows the T -plot of the resistance R(T) and local magnifi-
cation of the T-plot at low temperature for all of the Co,_,.
Ru,MnSi (x = 0, 0.25, 0.5, 0.75, 1) compounds. In Fig. 7(b), it
can be clearly observed that the resistance data fit well in the
form R(T) = R, + AT" with n = 3 in the low-temperature
region for Co,MnSi and Co; 75Ru,sMnSi. Nobuo Furukawa
pointed out that 77 resistance can be used as a probe to
investigate whether a given compound is a half-metal (Furu-
kawa, 2000). The 7> resistance of Co,MnSi and
Co, 75Ruq,sMnSi indicates well that these two compounds are
HM, which is also consistent with the prediction based on their
band structures as illustrated in Section 3.1.

Furthermore, the semiconductive/half-metallic resistance
characteristics were observed in the temperature range below
25, 15 and 30K for the Co,_,RuMnSi (x = 0.5, 0.75, 1)
compounds with high Ru content. In other words, the resis-
tance decreases with increasing temperature in these
compounds when the temperature is lower than 25, 15 and

We have successfully synthesized a
series of Co,_,RuMnSi (x = 0, 0.25,
0.5, 0.75, 1) Heusler compounds by
annealing the samples at 1173 K for 48 h. The electronic
structures achieved by first-principles calculations indicate
that the Co,_,Ru,MnSi (x < 0.7) compounds are rigorous half-
metals and the Co,_,Ru,MnSi (x > 0.7) compounds are nearly
half-metals. Structural measurements show that the lattice
parameters change from 5.646 to 5.786 A on increasing the
Ru-doping level. The magnetic moments follow the Slater—
Pauling rule and can be continuously tuned in the range 4—
5 up. The doped Ru atom does not affect the band gap but
leads to the continuous change of the spin-flipping band gap.
The resistance shows a 7° dependence behavior which further
indicates the half-metallicity of Co, ,Ru,MnSi (x = 0, 0.25).
The Curie temperatures of all the Co,_,Ru,MnSi (x =0, 0.25,
0.5, 0.75, 1) Heusler compounds are above 750 K. The results
reveal that the Co,_,Ru,MnSi (x =0, 0.25,0.5,0.75, 1) Heusler
compounds are a series of real highly spin-polarized materials
and good candidates for spintronics applications.
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