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Site occupancies of Co, Y(Y=Ti, V, Cr, Mn and Fe) and Ga atoms for the L2; phase in Co, YGa alloys annealed
at 773 K were precisely investigated by powder neutron diffraction measurement. While Co atoms in all
the five alloys almost perfectly occupy the x (2a) site, the occupancy of the z(4b) site by Ga atoms depends
on the kind of Y atom, and it decreases with increasing number of valence electrons except for Co,CrGa

alloy. Degrees of long-range order on the z site occupancy of Ga atoms experimentally determined for
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all the alloys are in good agreement with those thermodynamically estimated from their order-disorder
transition temperatures using the Bragg-Williams-Gorsky approximation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Half-metallic ferromagnets (HMFs) with a high spin polar-
ization, P have been investigated intensively in the field of
spintronics because magnetic tunnel junctions (MT]Js) or current-
perpendicular-to-plane (CPP) type spin valves consisting of HMFs
are expected to have a huge tunnel magneto-resistance (TMR)
or a giant magneto-resistance (GMR) [1-4]. Furthermore, HMFs
are expected to be good candidates as ferromagnetic materials in
spin-filter devices [5,6]. From theoretical 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 structure is per-
fect, namely, P=100% [7]. Kiibler et al. have also pointed out that
the density of state (DOS) in the minority spin state at the Fermi
energy (Eg) vanishes in Coo,MnAl and Co,MnSn Heusler alloys [8].
Subsequently, electronic structures and high values of P for various
L24 (full-Heusler)-type alloys, such as Co,MnSi and Co,MnGe, have
been calculated [9-12]. Recently, theoretical investigations have
pointed out that the degree of long-range order for the Co-based L2
phase (Co,YZ) is closely related to magnetic properties and P. For
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example, Co-Y-type disordering significantly influences the mag-
netic properties [13-15] although Y-Z-type disordering does not
affect those properties so much.

Our group has systematically investigated the L2;-phase stabil-
ity for the various Co-based Heusler alloys because phase stability is
also one of the most important factors for the materials applicable
to spintronics devices [15-19]. Fig. 1 indicates the order-disorder
transformation temperatures from the L2 to the B2 phase, T-1/52,
and Curie temperatures, T, for the L2 phase in Co, YGa(Y=Ti, V, Cr,
Mn and Fe) alloys [19]. Here, while being directly determined from
the differential scanning calorimetric measurements for Co,CrGa,
Co,MnGa and CoyFeGa, for the rest, the T-1/B2 was estimated by
extrapolation from the experimental data for non-stoichiometric
alloys because the T-%1/82 of Co,TiGa and that of Co,VGa alloys are
higher than their melting points [18,19]. In this figure, T}21/52 tends
to decrease with an increasing number of valence electrons, except
in the case of the Co,CrGa alloy whose T21/82 is the lowest of the
five alloys. Thermodynamic stability of the L2, ordered phase can
be discussed with TF?1/82, because the alloy with a high TF21/82 js
presumed to have a high degree of order of the L2 structure at
room temperature or at the temperatures practically important
for its use or fabrication process. However, determination of the
degree of order for the L2 phase in the Co,YGa Heusler alloys
using conventional powder X-ray diffraction is not easy because
elements located in the same period of the periodic table show val-
ues of atomic scattering factor close to one another. On the other
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Fig. 1. Order-disorder transformation temperature from the L2; to the B2 phase
T'21/82 and the Curie temperature Tc for the L2; phase in Co,YGa (Y=Ti, V, Cr, Mn
and Fe) alloys [19].

hand, neutron diffraction (ND) has an advantage for examination
of atomic ordering since the neutron scattering which occurs for
atomic nucleus is basically independent of order in the periodic
table. There have been many studies on various Co-based Heusler
alloys except Co,CrGa alloy using ND. For instance, investigations
using powder ND have been performed for Co,TiGa [20], Co,VGa
[21] and Co,MnGa [22] alloys, and polarized ND for single crystals
has been studied for Co,MnGa and Co,FeGa alloys by Brown et al.
[23]. The ND examinations for the Co-based Heusler alloys reported
in these literatures, however, have focused on the magnetic prop-
erties, and no systematic study on degree of long-range order of the
Heusler structure has been performed. In the present study, degrees
of long-range order of the L2 structure in the Co,YGa (Y=Ti, V, Cr,
Mn and Fe) Heusler alloys obtained in the same annealing con-
ditions were systematically investigated using powder ND in a
wide temperature range from 35 to 650K, basically including both
the ferromagnetic and the paramagnetic states. Correspondence
between the estimated degree of long-rang order and the reported
order-disorder transition temperature for the Co,YGa alloys was
also evaluated with a thermodynamic consideration.

2. Experimental procedures

Five Heusler alloys of Co,YGa (Y=Ti, V, Cr, Mn and Fe) were fabricated by lev-
itation melting and conventional induction melting under an argon atmosphere,
respectively. The obtained ingots were annealed at 1373 or 1473 K for three days,
followed by quenching in ice water. The microstructure of the annealed specimens
was checked by an optical microscope, and alloy composition was evaluated by an
electron probe microanalyzer (EPMA), where deviation from the nominal compo-
sition was confirmed to be less than 1 at.% for every element. The powder samples
grained from the annealed bulk specimens were finally annealed at 773K for 1h
in order to remove the slip defects and to heighten the degree of order of the L2,
structure. Powder ND measurements with high efficiency and resolution were car-
ried out at temperatures ranging from 35 to 650 K with HERMES of the Institute
for Materials Research (IMR), Tohoku University installed at the JRR-3M reactor in
Japan Atomic Energy Agency (JAEA), Tokai, where neutrons with wave length of
0.18265nm obtained by {331} reflection of a Ge monochromator were utilized.
Fitting analyses for the experimental ND data were performed using the software
“RIETAN-2000" [24] under the assumption that the alloy composition for every spec-
imen is stoichiometric, where the refined parameters were within from 1.2 to 1.5
in the present refinement [24].

Fig. 2 shows the L2;-type structure of X, YZ Heusler alloy which is regarded as a
structure consisting of eight bcc unit cells. Corner positions of the bcc unit cells (8c:
x site) are occupied by X atoms and eight body-centered positions are alternately
occupied by Y atoms (4a: y site) and Z atoms (4b: z site).

For ternary X, YZ-type Heusler alloy with three sublattices, x, y and z, the atomic
fraction of I atom occupying j site,fi’, is perfectly expressed with nine quantities
which connect with the following six equations [26-29]:

[+ =+ f + =+ +fF =1, (1)

e Jrf;(fy +ff = ff +ny y+ 5 =cv, fif +fyzfy +fif=cz (2)

Fig. 2. Structure of the L2;-phase of the Co,YZ Heusler alloy.

where ¢ is the atomic fraction of element I, f; is the fraction of site i and f; =0.5,
fy=0.25 and f; =0.25 in the present case. Since the last equation of Eq. (2) is preceded
by Eq. (1) and the remaining two equations of Eq. (2) and the number of relations
is five, four quantities among the nine quantities are independent. This means that,
in order to perfectly express the atomic configuration of the Heusler structure, four
ordered parameters are required. The quantities, fX, fZ, fZ and fX, are selected as
independent variables and then ordered parameters, S, S2, S3 and Sy, are defined,
respectively, by

=K X F-f A1
= =2f -1 = =
S1 £y , S -5 3

1-f
Si—fE fo—f
e fz

For an alloy with a stoichiometric composition, namely, cx=0.5, cy=0.25 and
cz=0.25, in the case of a perfectly ordered state, fX =fZ =1 and fZ =ff =0 and
then Sy =S, =S3 =54 =1, while in the case of disordered state, A2 state fX = fX = 0.5
and fZ = fZ = 0.25, and then S; =S, =S3 =S4 =0. In the intermediate state of atomic
arrangement, the S takes some values between zero and unity. For example, in the
B2 phase where the x sites are perfectly occupied by X atoms, fX = 1, fZ = 0.5 and
fX¥=f#=0,and thenS; =S3=S,=1and S, =1/3.

For the Heusler phase, because conventional diffraction examination gives only
two kinds of relations on the site occupancy obtained from intensities of the
{111}-type and the {200}-type superlattice reflections, two of the four order
parameters are still independent. This means that no one can experimentally deter-
mine the atomic configuration for a Heusler phase only using the ND. Recently, the
order—disorder transformation temperature from the B2 to A2 phase in the binary
CoGa alloy was evaluated as being about 2550K [25]. This suggests that at the
annealing temperature of 773K in the present study, it is difficult for the Co and
Ga atoms to swap atomic sites with each other and that the f£° and f&* can be
approximately zero. Therefore, fGC;’ :fgj =0, ie, S3=S4=1, have been assumed in
the present analysis. Under this assumption, the S; and S, in Eq. (3), which are the
rest of the independent variables, are determined by the ND examination, and the
atomic configuration of the Heusler structure can be perfectly estimated. Thus, the
¢1=51 and ¢, =S, are defined as long-range order parameters:

o1 =2fC° -1, (4)
¢2 = (42 - 1), (5)

where the ¢, is actually the order parameter between Co and Mn atoms in the
first nearest neighbors and the ¢, is mainly that between Ga and Mn in the second
nearest neighbors.

PR Y R et A ) G)

3. Experimental results
3.1. CoyTiGa

Fig. 3(a) and (b) shows the powder ND patterns at 300 and 35 K
taken from Co,TiGa alloy, respectively, where the experimental
data and the calculated fitting curves are indicated by dots and
solid red lines, respectively, and the blue lines at the bottom show
the difference between them. Since the Curie temperature T¢ of the
Co,TiGa alloy has been reported to be about 130K [20,30,31], the
profiles of (a) and (b) are in a paramagnetic and a ferromagnetic
state, respectively. From the fitting analysis for the experimental
ND obtained at 300K in the paramagnetic region, the site occu-
pancies f£° and f£? are estimated to be 0.98 and 0.99, respectively,
suggesting that the Co, TiGa alloy exhibits an almost perfect degree
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Table 1

The site occupancies of Co and Ga atoms on x and z sites, f£° and f£2, respectively, for Co,YGa (Y=Ti, V, Cr, Mn and Fe) Heusler alloys, the lattice constant (nm), order-disorder
transition temperature from the L2 to the B2 phase T!21/52 (K), and the Curie temperature Tc (K) of the L2, phase in Co,YGa alloys. ¢3*” and ¢5*® are obtained from f£° and
G2 with Egs. (4) and (5), respectively, and (pZBWG is the degree of long-rang order parameter evaluated by the Bragg-Williams-Gorsky approximation with Eq. (11) [26-29].

Y atom in Co,YGa Lattice constant (nm) Occupancy TEEZ ([9) Tc (K) @7 at 35K @3 P at 35K 7
Co Ga
X z
Ti 0.5858 (at 300K)0.5837 (at 35K) 0.98 0.99 0.990.99 2390 128 0.97 0.99 1.00
\% 0.5781 (at 300K)0.5769 (at 35K) 0.9920.992 0.990.99 1970 341 0.96 0.99 0.99
Cr 0.5793 (at 573 K)0.5741 (at 35K) 0.99 0.98 0.900.88 1050 495 0.97 0.84 0.86
Mn 0.5803 (at 650K)0.5746 (at 35K) 0.99 0.98 0.940.93 1195 685 0.98 0.91 0.92
Fe 0.5725 (at 35K) 0.99 0.92 1093 1093 0.97 0.89 0.88

2 The site occupancy f£° is fixed as 0.99 for Co,VGa alloy.

of order as the L2; phase. The site occupancies determined from
the pattern at 35K in the ferromagnetic region with the effect
of magnetic scattering being taken into account are almost the
same as those at 300K as listed in Table 1. Since the atomic shift
parameter strongly affects both the site occupancy and the mag-
netic scattering, we first evaluated the shift parameter using some
peaks located at higher angles (26 > 80°) and then analyzed the site
occupancy and the magnetic moments under fixed shift param-
eter. The magnetic moments estimated for Co and Ti atoms are
about 0.38 and —0.084/atom, respectively, being consistent with
theoretical data [32] (0.59 and —0.08up/atom) calculated with
the linear muffin-tin orbital atomic sphere approximation (LMTO-
ASA), respectively, and the reported experimental results obtained
by ND (0.40..5/atom for Co atom)[20,32]. All of the present numer-
ical results for the lattice constant a (nm) and the occupancy of the
Co and Ga atoms on the x and z sites, the degree of long-range order

parameter ¢7*?, 93P being defined from Eqs. (4) and (5), long-range
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Fig. 3. Neutron powder diffraction patterns of Co,TiGa alloy measured at 300K (a)
and at 35 K (b). The points are the observed counts and the solid lines the calculated
one. The line at the bottom represents the difference between the observed and the
calculated patterns.

order parameter evaluated by the Bragg-Williams—Gorsky approx-
imation, 8¢ and magnetic moments are listed in Tables 1 and 2,
together with the theoretical and the experimental data on the
magnetic moment reported in the previous papers.

3.2. CoyVGa

Fig. 4(a) and (b) shows the powder ND patterns at 300 and
35 K taken from Co,VGa alloy, respectively. Although the measured
temperature Ty, (=300K) for the pattern of Fig. 4(a) is lower than
the Tc (=342 K) [18,21], the contribution of the magnetic scattering
was neglected in the analysis because the temperature difference
was slight. Because the neutron scattering length of vanadium is
almost zero, one more constrained condition should be added to
determine the atomic configuration. The fitting analysis was per-
formed under the assumption that the f£° is 0.99 as well as the
other alloys in the present study. As listed in Table 1, it was deter-
mined that £ = 0.99 and that the lattice constants at 300 and
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Fig. 4. Neutron powder diffraction patterns of Co,VGa alloy measured at 300K (a)
and at 35K (b), displayed in the same way as in Fig. 3.
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The magnetic moments of Co and Y (Y=Ti, V, Cr, Mn and Fe) obtained from the present neutron diffraction measurements at 35K for Co,YGa alloys, m®*P and reported
experimental results from neutron diffractions me*PIRef] together with the theoretically calculated values taken from the literature, m®!, and total magnetic moment M

(up/f.u.). Magnetic moments of Cr, Mn and Fe on the z site are also listed in parentheses.

Magnetic moment, m (itg)

Total magnetic moment, M (ug/f.u.)

mexp mexplRef.] meallRef] Me*P (by ND) VexplRef] (by SQUID) McallRef.]

Co,TiGa Co 0.38 0.40 [20] 0.59 [9] 0.68 0.81[31] 0.97 [9]
Ti —0.08 ~0[20] -0.19 9]

Co,VGa Co 1.04 1.05 [21] 0.95[18] 233 1.95[18] 1.92[18]
\% 0.05 ~0][21] 0.05 [18]

Co,CrGa Co 0.68 0.90 [15] 2.80 3.01[15] 3.01[15]
Cr 1.72 (-0.64) 1.28 [15]

Co,MnGa Co 0.58 0.52 [22] 0.77 [18] 3.85 4.07 [18] 4.11[18]
Mn 2.55 (4.56) 3.01[22] 2.70 [18]

CozFeGa Co 1.28 1.06 [23] 1.19 [15] 5.18 5.17 [15] 5.04[15]
Fe 2.77 (0.89) 2.56 [23] 2.76 [15]

35K were 0.5781 and 0.5769 nm, respectively. It can be concluded
that almost all the atoms are located at the proper sites for the
L21 phase, being similar to the Co,TiGa alloy. From the analysis
including magnetic scatterings for the ND pattern taken at 35K,
the magnetic moments of Co and V were evaluated to be about
1.08 and 0.17p/atom, respectively.

3.3. CoyCrGa

Fig. 5(a) and (b) shows powder ND patterns at 573 and 35K, cor-
responding to those in a paramagnetic and a ferromagnetic state,
taken from Co,CrGa alloy, respectively. Here, while additional small
peaks from the second phase appeared at around 26 =45° and 95°,
they were excluded from both the ND patterns for the fitting anal-
ysis. From the analysis of Fig. 5(b), the values of the f° and f52 at
35 Kwere estimated to be 0.98 and 0.88, respectively. This suggests
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Fig. 5. Neutron powder diffraction patterns of Co,CrGa alloy measured at 495K (a)
and 35K (b), displayed in the same way as in Fig. 3.

that although the Co atoms almost perfectly occupy the x site, the
Ga and Cr atoms in the y and z sites are comparatively loose. This
result accords with the fact that the T'?1/82 of the Co,CrGa alloy
is relatively low, as shown in Fig. 1. The magnetic moment of Co
is defined to be 0.68pp and that of Cr on the y and z sites to be
1.78 and —0.64up, respectively. In the case of Co,CrGa, Co,MnGa
and Co,FeGa alloys, the magnetic moments of Y atoms have a com-
paratively large value, being contrary to that for the Co,TiGa and
Co,VGa alloys. Thus, we also refined the magnetic moments of Cr,
Mn and Fe atoms located on the z site. The magnetic moment of
Cr on the y site is larger than theoretical values of 1.14up [14] and
1.2814 [15,16]. As deduced from comparison between the patterns
of Figs. 5(a) and (b), the magnetic scattering is very weak and error
for the determined values for the magnetic moments might be a
little large.

3.4. CopMnGa

The ND patterns at 650 and 35K taken from Co,MnGa are
shown in Fig. 6(a) and (b), respectively, where a small extra peak
appearing at around 20=43° due to the Mn oxides is excluded.
Although the measured temperature Ty, (=650K) for the pattern
of Fig. 6(a) is lower than the T¢ (=685K), the contribution of the
magnetic scattering was neglected in the analysis as well as for
the Co,VGa. It was estimated that ££° = 0.99 and f£? = 0.94 for
the pattern of 650K and that f£° = 0.98 and f£2 = 0.93 for that of
35K, where these sets of the data are consistent with each other.
In addition, this result basically accords with the report that a
small degree of disorder (fM" = f ~ 0.04) exists [23]. The mag-
netic moment of Co determined from the pattern of 35 Kis 0.58 g,
and Mn on the y and z sites are 2.55 and 4.56ug, respectively,
being comparable to the data reported in previous ND studies
[22,23].

3.5. CoyFeGa

Fig. 7 shows the ND pattern measured at 35K for the Co,FeGa.
It is impossible to measure the ND for the specimen with no or
very weak spontaneous magnetization because the T¢ (=1093 K) of
the Co,FeGa [16] is significantly higher than the limitation tem-
perature (650K) for the measurement in the ND facility. It was
found that f£° = 0.99 and f&2 = 0.92, and that the lattice constant
at 35K is 0.5725 nm. The magnetic moment of Co was estimated
to be 1.28up, and those of Fe on the y and z sites to be 2.77 and
0.89.4, respectively.

All the results on the atomic occupancies and the magnetic
moments for the Heusler alloys obtained by the present study are
listed in Tables 1 and 2. In Table 2, the total magnetic moments
experimentally reported by the magnetic measurements with a
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Fig. 6. Neutron powder diffraction patterns of Co,MnGa alloy measured at 650 K
(a) and 35K (b), displayed in the same way as in Fig. 3.

SQUID magnetometer and theoretically reported with the LMTO-
ASA method are also added.

4. Discussion

The site occupancies, f° and f©2, extracted from the ND pat-
terns of 35K are plotted in Fig. 8. The f£° is almost the same in all
the alloys, being close to unity, and the Co atoms almost perfectly
occupy the x sites. On the contrary, although the f&2 for Y=Ti and
V are also close to unity, those for Y=Cr, Mn and Fe are located at
around 0.9. As shown in Fig. 1, this behavior is very similar to that
of the TF21/82 plotted as a function of Z;.

40000 ] Co,FeGa at 35K |
(T,=1093 K)
7 30000 * obs | 7]
E :::la
Q
~ 200001 1
£
g
2 g g s
= 10000 a l g 1
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Fig. 7. Neutron powder diffraction pattern of Co,FeGa alloy measured at 35K, dis-
played in the same way as in Fig. 3.

1.0
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—]
o

—O—Co on the x site

—@— Ga on the z site Co,YGa

0.8 1 1 1
Y=Ti Vv Cr Mn Fe

Fig. 8. Site occupancies of the Co and Ga atoms on the x and z sites, respectively, for
the L2 phase in the Co,YGa Heusler alloys.

The degree of long-range order in ordered phase depends on
temperature and many kinds of thermodynamic approximations
to describe the degree of order have been proposed. In the present
study, the obtained degree of order for the Heusler alloys was evalu-
ated using Bragg-Williams-Gorsky (BWG) approximation [26-29].
In the BWG approximation [26,27], Gibbs energy is approximately
given as the sum of the total bonding energy between the atomic
pairs in the nth nearest neighbor, Ej;;, and the configuration entropy
term, —T®, where T and & are temperature and configuration
entropy, respectively. In the case of the ordered Heusler-phase, one
takes into account the bond energies only for n < 2, the free energy,
F, being given by

F=E{ +E, - T®. (6)

When the pair-wise interchange energies of the I-J pair in the nth
nearest neighbors are defined as follows using bonding energies of

; (n) /() (n).
I-1,]-] and I-] pairs, V};, V]] and Vl] :
(n) 1 (n) () (n)
wg =§(v,, + Ve )—VU : )
if the W,(jz) are neglected, the temperature dependence of the order
parameter @1 for the B2-type phase in the stoichiometric X, YZ alloy
is simply given by

keT In UF91) 5 (2W§QY) 2wl - W(y})) @1, (8)

(1-¢1)
where kg is Boltzmann’s constant [29]. In a stoichiometric B2
alloy of the X-Y binary system, Wé)l() can be replaced by W)((ly) and
Wi,}) =0 in Eq. (8). Since the relation between the W)((]Y) and the
B2/A2 order-disorder transition temperature, TtBZ/A2

by kBTth/A2 = 4W)(<},), Eq. (8) is modified as follows:

r 2¢4
TF220 ™~ In (1 +¢1)/(1 - ¢1))

, is expressed

(9)

whichis an expression well-known for binary systems. On the other
hand, temperature dependence of the ¢, in the stoichiometric X, YZ
alloy is dependent on the ¢ and given [29] by

(1+3¢,)
(14291 —3¢,)
When ¢ =1 is assumed for simplicity, since the T:?1/82 is given by
kTF21/B2 = 3W§,?, Eq. (10) is rewritten as

r _ (B3gx —1)
TIABZ ~ n ((1+3¢2)/(3 = 3¢2))

kT In =3W2(3¢2 — ¢1). (10)

(11)
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Fig. 9. (a) Degree of long-range order ¢, for the L2; phase calculated using Eq. (11)
under an assumption that the Co atoms perfectly occupy the x sites, where the ¢, is
defined by Eq. (5), g2 =1 (f° = 1) means a perfect order state for the L2; structure
and ¢, = 1/3 (f%? = 0.5) the perfect B2 structure expressed with Co,(Y,Ga). (b) Rela-
tion between theoretical and experimental degrees of long-range order, 8¢ and
@3, respectively.

Here, Eq. (11) is equivalent to Eq. (9) and the difference in the
notation is only due to the definition of order parameters.

Fig. 9(a) shows the ¢, calculated by Eq. (11) against the tem-
perature normalized by TF?1/82, As mentioned above, under the
condition ¢ =1, =1(f£2 = 1) means the perfect order state of L2
structure, and @, =1/3 (f£2 = 0.5) is a “perfect” B2 state in which
only the Y and Ga atoms randomly occupy the y and z sites. The
experimental values of 3™ obtained from the f£2 of 35K for all
the alloys were compared with those calculated by Eq. (11) ¢5W¢,
as shown in Fig. 9(b) and listed in Table 1, where for the T of
the experimental data, a final annealing temperature of 773 K was
used. Although the experimental order parameters (pf"p for the Co
atoms are not perfect, as shown in Table 1, the values of 5" are in
good agreement with the corresponding ones of ¢5"C. This means
that the temperature dependence of the order parameter ¢, in the
Co,YGa phase can be predicted using Eq. (11) based on the BWG
approximation, if the T/TF1/82 js known.

5. Conclusions

Site occupancies of the Co, Y (Y=Ti, V, Cr, Mn and Fe) and Ga
atoms in the L2; phase of the Co,YGa alloys were precisely deter-
mined by the powder neutron diffraction measurements. While
the Co atoms in all five alloys almost perfectly occupy the x site,
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the occupancy of the Ga atoms on the z site depends on the kind
of the Y atoms. That is, although being almost perfect in Ti and
V alloys, the site occupancy of Ga atoms is around 0.9 in Cr, Mn
and Fe alloys. This behavior is consistent with the variation of the
order-disorder transition temperature from the L2; to the B2 phase
of the Co,YGa alloys. The order parameters of the site occupancy
of Ga atoms on z sites experimentally obtained by the ND exami-
nations are in good agreement with the theoretical data evaluated
by the Bragg-Williams—Gorsky approximation. This means that for
the Co, YGa Heusler alloys the site occupancy of Ga atoms on z sites
at a given temperature can easily be evaluated with the master
curve shown in Fig. 9, if the T21/82 of the alloy is known.
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