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Magnetic properties, phase stability, electronic structure, and spin polarization ratio of L2;-type phase in
Co,(V{_Mn,)Ga Heusler alloys have been investigated experimentally and theoretically. The experimental
magnetic moments M, at 4.2 K linearly increase with increasing x, in situ with the generalized Slater-Pauling
rule. The experimental Curie temperature T’?p" exhibits a maximum value of about 704 K at x=0.75. The latter
behavior is comparable to the calculated Curie temperature chf‘lc‘ from the theoretical effective exchange
constant Jj. Although the order-disorder transition temperature Tthl/Bz from the L24- to B2-type phase linearly
decreases with increasing x, it is relatively high enough in the entire concentration region. The high value of
7’%2‘/32 means that the L2-type phase can exist stably, which is very important for practical uses. The calcu-
lated density of states by the linear-muffitin orbital method with the atomic sphere approximation disclosed that
the spin polarization ratio P of the alloy with x=0.75 is the highest in the present substituted alloys.
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I. INTRODUCTION

Half-metallic ferromagnets (HMFs) with a high spin po-
larization ratio P have been investigated intensively as spin-
tronic devices because magnetic tunnel junctions (MTJs) us-
ing the HMFs are expected to exhibit a large tunnel
magnetoresistance (TMR). The MTJs are required for spin-
tronic devices such as magnetic random access memories
and magnetic sensors.! From band calculations, it has been
pointed out by de Groot et al. that the value of P in NiMnSb
and PtMnSb alloys with the C1, (half-Heusler)-type struc-
ture is perfect, namely, P=100%.? Kiibler et al. have pointed
out that the density of state (DOS) in the minority spin state
at the Fermi energy (E) vanishes in the Co,MnAl and
Co,MnSn Heusler alloys.> Subsequently, electronic struc-
tures and the high values of P for various L2, (full-Heusler)-
type alloys, such as Co,MnSi and Co,MnGe, have been
calculated.*-® Experimental investigations on the TMR of
L2,-type alloys have been carried out intensively because the
phase stability and the Curie temperature 7 should be high
enough from practical viewpoints.®~!3

According to available band calculations, Co,CrAl alloy
with the L2;-type structure seems to be one of promising
candidates for practical applications because Ej is just lo-
cated at a large peak of the DOS due to the Cr atoms in the
majority spin state situated in a gap of the minority spin
state.'4-16 However, the expected value of TMR is not yet
experimentally obtained for Co,CrAl films.!”!'® From our
systematic studies of the phase stability for Co,(Cr,_,Fe,)Al
and Co,Cr(Al,_,Ga,) alloys, it has been revealed that a phase
separation due to a spinodal decomposition, which cannot be
suppressed even by water quenching,'®?" takes place in the
lower concentration range of x, resulting in a low value of
TMR. This fact strongly suggests that the phase stability is
also very important as well as the high values of P and T
for practical applications of HMFs.

It has been pointed out that a single phase of Co,CrGa
alloy with the L2,-type structure can be obtained by quench-
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ing, and experimental magnetic properties are consistent
with theoretical calculations, although the precipitation oc-
curs after a long-time annealing.?'">? The value of T, of the
Co,CrGa alloy, however, is not so high enough for appli-
cable materials.>!"*? In our previous works, the magnetic
properties, phase stability, and electronic structures of the
Co,(Cr,_,Fe,)Ga alloys were investigated and demonstrated,
which the partial substitution of Fe for Cr enhances the phase
stability and T..2>?3 On the other hand, P decreases with
increasing Fe content.?> Accordingly, it is necessary to de-
velop other Co-based Heusler alloys having more excellent
properties for practical applications. Under such recent cir-
cumstances, theoretical and experimental investigations for
various pseudobinary Heusler alloys have been extensively
investigated.!4-101931 However, the phase stability has not
been considered in many cases for applicable materials. Sys-
tematic experimental researches for the phase stability and
magnetic properties of Co,YZ (Y=Ti, V, Cr, Mn, and Fe, Z
=Al and Ga) Heusler alloys have been carried out by
Ishikawa’? and the present authors.} It has been pointed out
that there is a tendency that the order-disorder transition tem-
perature T,Lz'/BZ from the L2,- to B2-type phase decreases
with increasing the number of valence electrons.’® However,
Tlel/Bz of the Co,CrAl and Co,CrGa alloys deviates from
this trend, suggesting that the phase stability of the L2-type
phase of the both alloys falls below the mark. Actually, it is
consistent with our previous results that the single phase of
the L2;-type phase of the Co,CrAl alloy cannot be
obtained.'>2% In addition, it should be noted that the Heusler
alloys are constituted of several kinds of elements, and their
phase diagrams are often complicated due to precipitations
and phase separations. Compared with a large number of the
theoretical reports for the DOS, there are not so many reports
on the phase stability for pseudobinary Heusler alloys,
restricted to Co,(Cr,_,Fe,)AL'>?* Co,(Cr,_,Fe,)Ga,?>?
Co,(Mn,_,Fe,)Si,® and Co,Fe(Al,_,Si,).?° Therefore, it is
meaningful to investigate the phase stability and magnetic
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properties of the pseudobinary Heusler alloys from practical
viewpoints for spintronic devices.

In the present paper, the magnetic properties and
phase stability are experimentally investigated for
Co,(V,_,Mn,)Ga alloy system. Note that the average number
of the valence electrons in the alloy with x=0.5 corresponds
to that in Co,CrGa alloy. Next, for discussions of the phase
stability, we have investigated the order-disorder transition
temperature Tf‘zl/g % from L2,- to B2-type phase because the
height of T,Lzl/ B2 closely correlates with the interchange en-
ergy between the V(Mn) and Ga atoms. Finally, the elec-
tronic structures and spin polarization ratios are theoretically
studied.

II. EXPERIMENTAL PROCEDURE

Several kinds of ingots of the Co,(V,_Mn,)Ga alloys
were made by arc and levitation-meltings under an argon
atmosphere. The specimens cut out from the ingots were
annealed at 1373 K for 72 h, and subsequently quenched
into ice water. The compositions of the samples were deter-
mined with an electron probe microanalyzer and confirmed
that the deviation from the nominal composition was less
than 1 at. %. From x-ray powder diffraction (XRD) measure-
ment and transmission electron microscopic (TEM) observa-
tion, the crystal structure of all the specimens was identified
as the L2,-type single phase in the entire concentration range
of x. In order to calibrate the lattice constant, powdered Si
was mixed with each powdered specimen for reference. The
differential scanning calorimetric (DSC) measurement was
carried out to evaluate the order-disorder transition tempera-
ture. The magnetic measurements were performed with a su-
perconducting quantum interference device magnetometer at
low temperatures and with a vibrating sample magnetometer
at high temperatures.

III. THEORETICAL MORPHOLOGY OF CALCULATIONS

Within the framework of the local-spin-density functional
approximation (LSDFA),3*-3¢ we employ the tight-binding
linear-muffin-tin orbital (TB-LMTO) method in order to treat
properly the substitutional disorder under the coherent poten-
tial approximation (CPA). The virtue of adopting the TB-
LMTO method enables us to evaluate the Green functions
which are necessary to calculate the effective exchange con-
stant given below.

The effective exchange constant J is given by the follow-
ing expression within the linear-muffin-tin orbital (LMTO)
scheme:37-38

1 Fr
‘,() = — 4— Im f dw Trlm[Qo(w){g(T)(T)(w) - g(l)é(w)}

v

+ Qo(@)ghy(@) Qg(w)gsi(@)], (1)

where g(w) is the so-called auxiliary Green function given
by 77" (w)=[[p(w)-ST"']j"", which constitutes of the po-
tential function p(w) and the structure constant S defined in
the tight-binding LMTO method, and Q,(w) is given as

Q(w)= p;(w) —p}(w). Within the local spin-density func-
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FIG. 1. The magnetization curves at 4.2 K for the L2;-type
Co,(V_Mn,)Ga alloys with x=0.0, 0.25, 0.50, 0.75, and 1.00.

tional approximation, the potential function p(w) can be de-
termined self-consistently. In Eq. (1), the integration is per-
formed up to the Fermi energy Er and Tr stands for the trace
over the orbital (I, m). In the classical Heisenberg model, the
Hamiltonian is given by H=-X; J;e;-e; where e; and e;
denote the unit vectors, and J, in Eq. (1) corresponds to J,
=2,,0Ji0- Hence, J, can be regarded as the effective ex-
change constant, that is, a magnitude of the exchange field
acting on the moment at the Oth site. By using J,, therefore,
we can estimate the Curie temperature Y?IC‘ from the follow-
ing equation within the mean-field approximation for spin
systems.?®

2y

Tcalc —
T 3k

: (2)
where kp is the Boltzmann constant. From the calculated
results, on the other hand, the spin polarization ratio P is
obtained from the following expression:
N(Ep) —N|(E
S e S R el 24
P(%) = ‘ (Ep) =N\ (Ep) X 100, (3)
N(Ep) + N|(Ep)

where N(Er) and N|(Ef) denote the DOS at Ey in the ma-
jority and the minority spin states, respectively.

IV. RESULTS AND DISCUSSIONS
A. Experimental results

Figure 1 shows the magnetization curves at 4.2 K for sev-
eral kinds of L2;-type Co,(V,_Mn,)Ga alloys with x=0.0,
0.25, 0.50, 0.75, and 1.00. Shown in Fig. 2 is the saturation
magnetic moment at 4.2 K M for the L2;-type phase in the
Co,(V_Mn,)Ga alloys obtained from Fig. 1 and the gener-
alized Slater-Pauling (GSP) rule as a function of the number
of the valence electrons Z,. The corresponding concentration
x is also given in the upper x axis. Here, the GSP rule is
given by M,,=Z,—245739-41 with the total spin magnetic
moment M. Available data (A) for Co,VGa (Ref. 42) and
Co,MnGa (Ref. 43) alloys are also added in the same figure.
In the case of L2,-type Co-based Heusler alloys, the minority
band involves 12 electrons per unit cell, that is, 4 electrons of
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FIG. 2. The saturation magnetic moment at 4.2 K M, and the
generalized Slater-Pauling (GSP) rule for the L2,-type phase in the
Co,(V;_Mn,)Ga alloys as a function of the number of the valence
electron Z,, together with literature data (A) (Refs. 42 and 43) The
corresponding concentration x is also given in the upper x axis. The
solid straight line stands for the GSP rule, M ,,=Z,—24 (Refs. 6, 7,
and 39-41).

them occupy the low lying s and p bands and 8 electrons are
in the Co-like minority d bands.” It is well-known that the
magnetic moment takes an integral number in the wug/f.u.,
following the GSP rule for the HMFs. The experimental M
linearly increases with increasing x, in good agreement with
the GSP rule, as seen from Fig. 2. It should be noted that the
agreement of the experimental saturation magnetic moment
with the GSP rule does not always give the identification
whether the ferromagnetic material is a HMF or not. In con-
junction with the experimental results of the saturation mag-
netic moment, the total magnetic moment M, given by the
GSP rule and the electronic structures, the theoretical spin
polarization ratio and the spin magnetic moment are neces-
sary to discuss with respect to the half-metallicity of ferro-
magnetic alloys. In the present study, the theoretical spin
polarization ratio P will be discussed later.

Figures 3(a) and 3(b), respectively, show the DSC curves
and the temperature dependence of the magnetization
(M-T) measured in a magnetic field of 5 kOe for the
Co,(V,_,Mn,)Ga alloys. In these figures, the solid and
dashed arrows indicate To®" and the order-disorder transition
temperature T,L21/B2 from the L2,- to B2-type structure, re-
spectively. The value of T increases with increasing x, and
the values for x=0.0 (=Co,VGa) and for x=1.00
(=Co,MnGa) are 341 and 686 K, respectively, in good
agreement with available values.*>* On the other hand,
Tf‘zl/g 2 which is a measure of the phase stability of the or-
dered L2,-type phase decreases with increasing x, i.e., with
increasing number of the valence electrons Z,.

In the DSC curves, exothermic behaviors are observed at
around 1000 K, and there is a tendency that the peaks be-
come sharp with increasing x. Such behaviors would be cor-
related with structural relaxations during the increase of tem-
perature. For the present Heusler alloy ystem, T,LZ'/B2 was
also confirmed by the TEM observations.** The lower the
alloy composition of x, the higher the order-disorder transi-
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FIG. 3. The (a) DSC curves and the (b) temperature dependence
of magnetization measured in a magnetic field of 5 kOe for the
L2,-type Co,(V_Mn,)Ga alloys. The solid and dotted arrows, re-
spectively, indicate the Curie temperature 7 and the order-disorder
transition temperature T,Lz‘/B2 from the L2, to the B2 phase.
tion temperature szl/Bz, indicating a high phase stability.
Therefore, the specimens quenched from the same tempera-
ture exhibit no exothermic behavior.

The temperatures of 7. and Tthl/Bz obtained from the
DSC and M-T curves are plotted against the number of va-
lence electrons in Fig. 4, together with the data for Co,YGa
alloys (Y=Ti, Cr, and Fe).3> The solid circles and squares
indicate the present data, the open circles and squares stand
for our previous results,’>** and the open triangles are the
literature data.*>#>*5 There is a tendency that 7-%"5* mono-
tonically decreases with increasing Z;, except for the
Co,CrGa alloy which exhibits the lowest value among the
five alloys. This implies that the phase stability of the
L2,-type ordered structure is relatively low. Actually, it has
been pointed out that the o and y phases easily precipitate in
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FIG. 4. The Curie temperature 7 and the order-disorder transi-
tion temperature T,Lzl/ B2 from the L2, to the B2 phase as a function
of valence electron numbers, together with available data on 7 for
Co,YGa (Y=Ti, V, and Mn) alloys (A) (Refs. 32 and 42-45). Note
that the dashed line gives a linear extrapolation.
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the L2,-type phase in the Co,CrGa alloy.?!*? Such behaviors
are very similar to those in Co,YAl and Ni,YAl (Y=Ti, V,
Cr, Mn, and Fe) alloys. Concretely speaking, Y=Cr, namely,
in Co,CrAl and Ni,CrAl alloys, T,Lzl/ B2 becomes the lowest,
hence no L2;-type single phase can be stabilized due to the
phase separation,'%:20:46-48

According to the Bragg-Williams-Gorsky approxima-
tion,*>30 TX2'B2 of X, YZ Heusler alloys is given simply from
the following relation under the assumption that the degree
of order of the X element in the B2 phase is perfect at T,Lzl/ B2,

that is, all the X atoms occupy at the X site at 7215231
2)
T 32“:}/2 7 @)
B

where W(YZZ) is the interchange energy of the Y-Z bonds be-
tween the second nearest neighbors and kg the Boltzmann
constant. The W(fz) (=W§Q) is defined as

W=V V-2, 8

where V(Q is the energy of j-k atomic bonding between the
ith nearest neighbors. Equation (4) stands for that there is a
linear relation between the 7-*% and W<YZZ), and that 752152
is only a function of W(Y2 ), independent of the other pairwise
interactions. It is evident that W(\%a is larger than W(IjLGa
from the fact that TZLZI/ B2 of the Co,VGa alloy is higher than
that of the Co,MnGa alloy, as seen from Fig. 4 and our
previous data.3> Since the interchange energy W<Y22) of the
substituted alloys is given by the weighted mean, it is ex-
pected to exhibit a linear concentration dependence of TZLZI/B 2
by changing V into Mn in the Y site. Note that the extrapo-
lation is reasonable as given by the dashed line. In Fig. 4, it
is interesting to note that T-*1"%% of the Co,(V,sMnys)Ga
with Z,=27, being the same as that of the Co,CrGa alloy, is
clearly higher than that of the Co,CrGa alloy. The low
TtL21/B % in the Co,CrGa alloy means the low value of WCZI)Ga
but the reason in such an extremely low value of Wgr)Ga is not
clear at the present stage.

In Fig. 4, T of the L2,-type phase in the Co,YGa (Y
=Ti, V, Cr, Mn, and Fe) alloys increases with increasing Z,
and T of the Co,FeGa alloy is high enough and coincides
with 7525222 Tt has been reported by our study for the
Co,(Cr,_,Fe,)Ga alloys that the substituted Fe enhances the
magnetic moment of Co, and 7¢" linearly increases with
increasing Fe content.”? The concentration dependence of
TEP for the present Co,(V;_,Mn,)Ga alloys is not mono-
tonic, but rather convex upward. The maximum 73" appears
in the vicinity of x=0.8, which is higher than that of the
L2,-type Co,CrGa Heusler alloy.?!?> The details of the con-
centration dependence of 7~ will be discussed in the follow-
ing section, in connection with the theoretical calculations.
The concentration dependence of the room temperature lat-
tice constant of the Co,(V,_,Mn,)Ga alloys is shown in Fig.
5. The lattice constant linearly decreases with increasing x.
Available data denoted by the symbol (A) for Co,VGa (Ref.
42) and Co,MnGa (Ref. 43) are plotted in the same figure.
These data are close to the present results.
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FIG. 5. Concentration dependence of the room temperature lat-
tice constant of the L2-type phase in Co,(V;_,Mn,)Ga alloys, to-
gether with available data on Co,VGa (Ref. 42) and Co,MnGa (A)
(Ref. 43).

B. Theoretical results

The total density of states of the L2;-type
Co,(V_,Mn,)Ga (x=0.0, 0.25, 0.50, and 1.00) alloys calcu-
lated by the LMTO method with the atomic sphere approxi-
mation (ASA) is displayed in Fig. 6. In each panel, the inset
shows an expanded scale around the Fermi energy Er. The
upper and lower curves correspond to the majority and the
minority spin states, respectively. For the theoretical calcula-
tions, the room temperature lattice constants obtained by
XRD measurements were used, and the CPA was adopted for
the substituted alloys with x=0.25, 0.50, and 0.75. Recently,
theoretical calculations for the electronic structure of the
L2,-type phase in the Heusler alloys including electron-
electron correlation U have been investigated. Depending on
calculation methods, different results have been pointed out
in several literatures.?’=319253 Although the LMTO-ASA
method would be conventional, it seems to be suitable to
discuss systematically the aspects of DOS as well as the
effective exchange constant J, which gives an estimation of
the Curie temperature in the present substituted alloys. In
addition, it is useful to compare with our previous results for
the Co,(Cr,_,Fe,)Ga alloys.?> The values of the spin mag-
netic moment of each alloy and spin polarization ratio ob-
tained from these theoretical calculations are listed in Table
I. A classification scheme for half-metallic ferromagnets has
been reported by Coey and Venkatesan,’* and Felser et al.>
According to their classification, a material exhibiting metal-
lic conductivity and having a semiconducting DOS at one
hand spin state is classified into the type I. Among them, the
half-metallic Heusler alloys containing first-row transition
metals and heavy main-group elements, including the present
alloy system, are further divided into the type IA because the
transition metal 3d levels are lowered below the 4s band
edge due to the hybridization. In all of the present composi-
tions, the large peak at E associated with Cr in the L2,-type
Co,CrGa alloy is absent.?!?> Large peaks of both the Mn and
Co in the majority spin states are located in the energy region
lower than Er. Focusing on the minority spin state, E in the
Co,VGa alloy (x=0.0) is located at around the upper end of
the very low density of states defined as the pseudogap in the

104422-4



MAGNETIC PROPERTIES, PHASE STABILITY....

PHYSICAL REVIEW B 77, 104422 (2008)

40 40 . r = :
il \ Er F
20 20 ° 4
| 10
0.0 0 0.05
0 1) S T~

20+ 4 20 4
= [ Co,VGa (@) Co,(V,sMny 75)Ga (d)
.a 40 1 1 1 1 40 1 1 L 1
7

40 40
g wf I Ex I Ey I wf I\/EF I 2 I

S ~———1 ~—
= 201 ' 4 20F° " 4
g 10} m 10 /L// \
0.0 0.05 0.0 .05
 ool— 0y —
s
H V‘_\’\—\(\_\/“
8 20 4 20t 4
0,(Vy7sMn,,)Ga 0,MnGa

= Co,y(V.75Mny 55)G (b) Co,MnG (e)
- 40 1 1 1 1 40 1 1 L 1
E - -0.8 -0.6 -0.4 -0.2 0 0.2
=
= B ' Ep Energy (Ry)

20 | A
[ Co,(Vy50Mn, 5,)Ga (c)
40 1 1 1 1
-0.8 -0.6 -0.4 -0.2 0 0.2
Energy (Ry)

present paper. In the Co,MnGa alloy (x=1.00), E contacts
with the lower edge of the pseudogap in the minority spin
state, and the DOS in the majority spin state is not so high.

FIG. 6. The total density of
states (DOS) for five kinds of al-
loys with x=(a) 0.0, (b) 0.25, (c)
0.50, (d) 0.75, and (e) 1.00. The
upper and lower curves in each
panel correspond to the majority
and the minority spin states, re-
spectively. The inset is the ex-
panded scale around the Fermi en-
ergy Er in each panel.

As a result, P of Co,MnGa alloy is lowened by about 48%.
Theoretical results using the full-potential nonorthogonal
local-orbital minimum-basis band structure scheme for the

TABLE 1. The experimental room temperature lattice constant, the calculated values of the magnetic moment of each atom A<
(wp/atom), total spin magnetic moment M (up/f.u.), the experimental value of the saturation magnetic moment at 4.2 K M, (up/f.u.),

tot

spin polarization ratio P (%), together with the calculated and experimental Curie temperatures Tg“lc‘ and T?p“ (K) of the L2,-type phase in

Co,(V,_Mn,)Ga alloys.

Co,(V_Mn,)Ga

(Lattice constant) Mg M M Mg M M, P TS oo
(nm) (up/ atom) (up/ atom) (! atom) (! atom) (up/au.) (up/fu.) (%) (K) (K)

x=0.0 0.95 0.05 -0.02 1.92 1.95 75 247 341

(0.5783)

x=0.25 0.78 -0.01 2.99 -0.03 2.26 2.50 20 737 436
(0.5782)

x=0.50 0.79 -0.13 2.93 -0.05 2.93 2.96 57 858 615
(0.5778)

x=0.60 3.27 668
x=0.70 3.39 700
x=0.75 0.76 -0.29 2.84 -0.08 3.49 3.51 79 865 704
(0.5775)

x=0.90 3.87 696
x=1.00 0.77 2.70 -0.13 4.11 4.07 48 778 685
(0.5772)
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same alloy have been reported by Ozdogan et al.’® The value
of P seems to be different from the present result because the
position of E is slightly different. However, there is no basic
contradiction in both the aspects of DOS, and the results of
the spin magnetic moments are in good accordance with each
other. Furthermore, Sargolzaei et al.’” reported that the the-
oretical calculation of P for L2;-type Co,MnGa alloy is
81%, almost twice as high as the present result. Such dis-
crepancy is mainly brought about by the difference in the
lattice constants for the calculations. That is, in their calcu-
lations, the theoretical lattice constant obtained by the (LS-
DFA) total-energy calculations was adapted, while the ex-
perimental lattice constant listed in Table I was used in the
present calculation. In the same way, Sargolzaei et al
pointed out that the total magnetic moments are different,
depending on the lattice constants determined by experi-
ments and LSDFA calculations.”’

The DOS for the substituted alloys with x=0.25, 0.50, and
0.75 is broad because of the CPA calculations. Among them,
the DOS around E in the minority spin state is the lowest
for x=0.75 in Fig. 6(d) and results in P of about 80%, which
is the highest in the present substituted alloys of
Co,(V;_,Mn,)Ga. At the present, we are not able to decline
that a finite value of the DOS is due to the broadening of the
DOS by the CPA or due to the band crossing at Ef.

Collected in Table I are the calculated values of the spin
magnetic moment of each atom M ¢ (u/atom), total spin
magnetic moment M (u/f.u.), and spin polarization ratio
P (%), the experimental values of the saturation magnetic
moment at 4.2 K M, (up/f.u.), and the calculated and ex-
perimental Curie temperatures 7¢' and TSP (K) of the
L2,-type Co,(V;_,Mn,)Ga alloys. The room temperature lat-
tice constants obtained by x-ray powder diffractions, which
were used for the present theoretical calculations, are added
to the same table. The largest magnetic moment of Co is
about 0.95u; in the alloy with x=0.0 (Co,VGa), and the V
atoms in this alloy have a small positive magnetic moment of
about 0.05up. The sign of the magnetic moment of V
changes from positive to negative when the Mn atoms are
substituted in the V sites, and the magnitude of the moment
increases with increasing x. The magnetic moment of Mn,
which is almost 3.0ug at x=0.25, is over three times that of
Co and slightly decreases with increasing x. In the case of
Ga, the magnetic moment is negative and very small in the
entire concentration range of x. The saturation magnetic mo-
ment M linearly increases with increasing x, as given in Fig.
2, and the theoretical results of the total spin magnetic mo-
ment are in good agreement with the experimental data.

For Husler alloys, the magnetic moments have been cal-
culated within the local-(spin)-density approximation
[L(S)DA] including the generalized gradient approximation
38 or the electron-electron Coulomb repulsive energy (U). On
the basis of the LDA+ U calculations, Kandpal et al. pointed
out, from the systematic theoretical investigations of both
Co,FeSi and Co,MnSi alloys, that the on-site electron corre-
lation will play an important role in Mn compounds with
localized magnetic moments.”>3 They explain successfully
the experimental results of Co,FeSi alloy. In addition, they
suggest that the low value of P in Co,MnSi is caused by U.>?
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FIG. 7. Concentration dependence of the experimental Curie
temperature TSP and the calculated Curie temperature 7&'“ of the
L2,-type Co,(V;_,Mn,)Ga alloys, together with available experi-
mental data for Co,VGa and Co,MnGa alloys (A) (Refs. 42 and
43).

On the other hand, very recently, a very high P value of
about 90% for Co,MnSi has been demonstrated by Sakuraba
et al.>® For magnetic moment of the Heusler alloys, the con-
tribution from the orbital moments has been pointed out.>”-%
For the spin polarization ratio P, it seems to depend on
sample qualities including atomic disorder effects.? In such
circumstances, it seems to be difficult to select one calcula-
tion method being applicable to various Heusler alloys.

The concentration dependences of T&P" and TS are plot-
ted in Fig. 7. In the evaluation of YCC"‘IC', the effective ex-
change constant J;, in each composition was calculated from
Eq. (1), and the magnetic interaction was assumed to be
ruled over by the magnetic element having the highest value
of Jo. It can be seen from Fig. 7 that &' is not increased
linearly with increasing x, being convex upward, and has a
maximum value of 865 K at x=0.75, which is qualitatively
consistent with the experimental data of T¢®", although the
magnitude of 78" is about 100 to 300 K higher than T
except for the value of Co,VGa. Such a discrepancy results
from the estimation based on the mean-field approximation.

Kiibler discussed the Curie temperature 7~ of various
magnetic materials.®! He showed that the order of magnitude
T for CoNi alloy system is given as TI\CAF > Tlép > TZF . Here,
superscripts MF, RP, and SF stand for the mean-field ap-
proximation, random phase approximation, and spin fluctua-
tion approximation, respectively. Experimental values of
Tg‘pt' for FeNi and CoNi are close to T%P , but those for CoNis
and Mn,VAl prefer T3 %" The proof of the relation 73"
>TléP for the collinear magnetic state with multiple sublat-
tices was made by Rusz et al.%> For Co,MnSi, the value of
TlgF calculated by Sasioglu et al. comes close to TSP, How-
ever, Kiibler e al. pointed out that their result of Ty is very
close to Tg‘pt'.“ In this manner, the theoretical results sensi-
tively depend on the calculation conditions. At the present
stage, it is difficult to say which is more advantageous or not
in order to estimate 7. Although the present method for the
estimation of T from J is conventional, it is useful to dis-
cuss systematically for various alloys.®*

The value of T for the Co,y(V,_,Mn,)Ga alloys almost
linearly increases with increasing x, being different from that
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for the Co,(Cr,_,Fe,)Ga alloys.?? In the Co,(Cr,_,Fe,)Ga al-
loys, the hybridization between the Fe-3d and Co-3d bands
enhances the magnetic moment of Co and the value of the
spin magnetic moment of Co increases with increasing Fe
content.?> Consequently, the spin magnetic moments of Co
for Co,CrGa and Co,FeGa alloys are 0.90ug/atom and
1.19ug/atom, respectively.”? In addition, the spin magnetic
moment of Fe is almost invariable in the entire range of x.
On the contrary, in the present Co,(V,;_,Mn,)Ga alloys, the
spin magnetic moment of Co of 0.95up/atom at x=0.0 de-
creases to 0.77ug/atom at x=1.00. Furthermore, the spin
magnetic moment of Mn also decreases with increasing x.
These would be the reasons why the concentration depen-
dence of T, of the Co,(V,_,Mn,)Ga alloy system is different
from that of the Co,(Cr,_,Fe,)Ga alloy system. Finally, it
should be noted that 7o of 615 K for the alloy with x
=0.50 in the present alloy system Co,(V,_,Mn,)Ga is higher
than that of Co,CrGa alloy of 495 K in which the number of
the valence electrons corresponds with each other.?!?2

V. CONCLUSION

The magnetic properties, phase stability, electronic struc-
ture, and spin polarization ratio P of the L2,-type
Co,(V,_,Mn,)Ga alloys were systematically investigated
from both experimental and theoretical viewpoints. The mag-
netic and the DSC measurements have been carried out, and
the phase stability was discussed, correlating with the order-
disorder transition temperature. Furthermore, the DOS, the
spin polarization ratio P, and the effective exchange constant
Jo have been evaluated by the LMTO-ASA method with the
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CPA. Main results are summarized as follows:

(1) The saturation magnetic moment M at 4.2 K linearly
increases with increasing x, in good agreement with the GSP
rule supported by the total spin magnetic moment obtained
from the theoretical calculations.

(2) The order-disorder transition temperature Tthl/B 2 from
the L2, to B2-type phase linearly decreases with increasing
x, and TF"52 of the Co,(V(sMnys)Ga alloy is higher than
that of the Co,CrGa alloy, exhibiting that the phase stability
of the former is higher than that of the latter. The high value
of szl/ B2 means that the L2,-type phase is thermally stable,
which is practically important for spintronic devices.

(3) The DOS calculated by the LMTO-ASA method ex-
hibits that the spin polarization ratio P of the alloy with x
=0.75 is the highest of about 80% in the present substituted
alloys.

(4) The experimental Curie temperature T9™" increases
with increasing x and exhibits a convex upward with a maxi-
mum of about 704 K at x=0.75, qualitatively in accordance
with the calculated Curie temperature TCCalC' estimated from
the effective exchange constant J,.
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