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Thermal vacancy formation was studied for the Heusler-type ferromagnetic alloys Co,MnZ (Z = Si, Ge, Sn)
as a function of temperature (773-1273 K) by the density, electrical resistivity and positron annihilation
measurements. The vacancy concentration increased with increase in quenching temperature and par-
ticularly, a high vacancy concentration exceeding 2% was observed in Co,MnGe and Co,MnSn. Estimated
vacancy formation and migration energies were comparable with those for B2-type FeAl and CoGa alloys
with high vacancy concentration. Further, the vacancy type and the vacancy site were examined for alloys
quenched from 773 K. As a result, it was suggested that the mono-vacancies are randomly distributed over

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Co-based Heusler-type ferromagnetic alloys Co,YZ (e.g., Y=Cr
and Mn and Z=Si, Ge, Sn and Al) are prospective candidates for
application in the spin electronics devices because these are the-
oretically predicted to be half-metal ferromagnets with 100% spin
polarization due to a gap at the Fermi level in the minority-spin
band [1-3]. Despite the theoretical prediction, it is difficult to
demonstrate the half-metallicity for these compounds. Some fac-
tors such as atomic disorder, nonstoichiometry and oxidation in the
bulk and interface are thought to lead to degradation of the half-
metallicity [2-4]. The Heusler (L2 )-type structure with a chemical
formula of X,YZ consists of four fcc sublattices (symmetry group
Fm3m), but as shown in Fig. 1, it can be also regarded as the
structure consisting of eight bcc unit cells in which eight cube
corner positions, X-sites, are occupied by X atoms, while eight body-
centered positions are occupied alternately by Y atoms (Y-site) and
Z atoms (Z-site). Atomic disorder occurs by deviating the composi-
tion from the stoichiometry or by elevating temperature from 0K.
Effect of this atomic disorder on the magnetic properties as well as
the half-metallicity in the Co-based Heusler alloys Co,;YZ (X =Co)
was recently examined from theoretical viewpoint [4-7].
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A degree of atomic disorder can be well controlled by quench-
ing from appropriate temperatures, because it varies depending
on temperature. Recently, we have studied a relation between
the atomic disorder and the magnetism for B2- and Heusler-
phase CoFeq_,Aly alloys [8,9] quenched from various temperatures.
As a result, it was shown that atomic disorder on the Co-site,
Co-type disorder, leads to degradation of the magnetism in the
B2-phase, while the Fe-Al-type disorder (disorder between the Fe-
and Al-sites) affects hardly the magnetism in the Heusler-phase.
More recently, the same problem was studied for Heusler alloys
Co,MnZ (Z=Si, Ge and Sn) by our group [10], where the Co-type
and Mn-Z-type defect concentrations have been determined by X-
ray integrated intensity measurement for many reflections. It was
found that both the defect concentrations increase with increase
in quenching temperature in Co,MnSi and Co,MnGe, whereas
in Co,MnSn, only the Mn-Sn-type disorder proceeds. A relation
between the atomic disorder and the mean magnetic moment
observed in these alloys was also examined and it was concluded
that the Co-type disorder leads to degradation of the magnetism,
while the Mn-Z-type disorder affects hardly the magnetism. In this
work [10], however, one problem remained to be solved, namely,
about the change in lattice constant, a, with quenching temper-
ature, Tq. Fig. 2 shows the results for these alloys. The lattice
constant a decreases with increase in Tq up to 1073 K in Co;MnSi
and Co,MnGe, rather slowly in the former and steeply in the latter,
while in Co,MnSn, it shows a steep decrease up to 1273 K. Further,
an anomalous change in a occurs in Co,MnSi and Co,MnGe, i.e.,
the curves show an inflection above 1073 K. The authors [10] con-
cluded that such behaviors cannot be systematically understood
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Fig. 1. Heusler (L2, )-type X,YZ ordered structure.

through a relation to the magnetic behavior, unlike the cases of B2-
phase Coq_xFex and CoFe;_yxAly alloys [8,11], and then, they [10]
suggested a possibility of formation of large amount of thermal
vacancies.

Other than the antisite atoms that cause an atomic disorder
mentioned above, vacancies are one of the major point defects. It is
well recognized that some B2-type and DOs-type binary alloys, XY
(e.g., NiAl, CoGa and FeAl) and X3Y (Fes3Si and FesAl), form a com-
paratively large amount of vacancies by deviating a composition
from the stoichiometry or by elevating temperature [e.g., 12-18].
In particular, B2-phase Fe;_yAly alloys are known to retain eas-
ily a high concentration of thermal vacancies by quenching from
high temperatures [15]. Then, the lattice constant shows a certain
decrease with increase in quenching temperature, accompanying
an increase in the retained vacancy concentration. The Heusler
(L2 )-type structure is thought to belong to the same family of bcc-
based structures as the B2- and DOs3-type structures (as seen from
Fig. 1, L2 is reduced to B2 when taking the atoms as Y=Z, and to
D03 when X=Z,in binary alloy case). Thus, a possibility of formation
of large amount of thermal vacancies can be reasonably expected.
Such a situation has not been yet recognized experimentally for
the Heusler-type alloys to date within the authors’ knowledge.
These basic structural data will give meaningful information for
understanding the various physical and mechanical properties. In
the present paper, we investigate the formation of thermal vacan-
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Fig. 2. Quenching temperature dependence of the lattice constant a in Co,MnSi,
Co,MnGe and Co,MnSn alloys. These data are quoted from Ref. [10].

cies as a function of temperature (quenching temperature) for the
Heusler Co,MnZ (Z =Si, Ge and Sn) alloys. The density measurement
is employed for determination of the vacancy concentration. The
electrical resistivity and the positron annihilation measurements
that are the excellent method for studying vacancy behaviors are
also employed. The former is for estimation of vacancy migration,
while the latter for examination of the vacancy type and the vacancy
site.

2. Experimental procedures

Co,MnZ(Z=Si, Ge and Sn) alloys were prepared by arc melting Co and Mn (purity
of 99.99%) and Si, Ge and Sn (99.999%). Weight losses were less than 0.5%. Each
ingot was homogenized at 1273 K for 50 h in a sealed silica tube filled with argon.
The plate samples with a size of about 10 mm x 5mm x 1 mm were prepared for
density measurement. They were annealed at 1173 K for 2 h in silica tubes filled
with argon, followed by cooling to room temperature at a rate of 2 K/min. Individual
samples were again annealed at various temperatures from 773K to 1273K and
then water-quenched (in quenching from temperatures above 973 K, the silica tubes
were immediately crushed in water). Quenching temperature Tq and holding time
are, 773K (25-50 d), 873K (14-21 d), 973K (5-7 d), 1073 K (24 h), 1173 K (5h) and
1273 K (1 h). The density measurement was performed based on the Archimedes
method using distilled water in the same way as described in [8,13-16]. The vacancy
concentration, cy, can be obtained from [13]

Ny dx — dobs
= =2 _“ob 1
& N+ Ny dx 1

where N and Ny represent the total number of atoms and vacancies, respectively, and
dx the X-ray density which is evaluated from the observed lattice constant (Fig. 2)
and d,p,s the observed density. As pointed out previously [12,13], the use of bulk
material for obtaining d,ps can lead to incorrect results due to micropores generated
during solidification, the existence of which always makes the apparent value small,
resulting in overestimation of cy. In order to check a reliability of estimation of cy by
the plate samples, powdered samples with a size of 60-160 pm were also prepared,
similarly as used in previous work [13-15], and the density was measured for some
quenching temperatures. In Co,MnGe and Co,MnSn, evaluated cy values for powder
samples quenched from T =773 K showed a certain decrease from those for plate
samples at the same Ty; the deviations of cy (%) were 1.2% in Co,MnGe and 0.3% in
Co,MnSn. Consequently, for all the cy data by the plate samples, they were corrected
by subtracting this deviation.

The plate samples (about 1 mm x 1 mm x 15 mm) for the electrical resistivity
measurement were prepared for Co,MnGe and Co,MnSn. It was performed by a
standard DC four-terminal method in a similar way as in [8]. The resistivity mea-
surement has been frequently employed for estimating the vacancy formation and
migration [e.g., 19-22]. Ordinary way to evaluate the activation energy of the vacancy
migration is that change in the resistivity during ageing at lower temperatures is
measured by using the samples quenched from higher temperatures. In the present
study, however, we adopted the following conventional way for rough estimation of
the vacancy migration for these Co,MnGe and Co,MnSn alloys. Namely, the samples
slow-cooled from 1173 K were used for ageing experiment. Each sample was set in
the furnace and first heated from room temperature to 1173 K at a rate of 5 K/min. At
this temperature, it was held for 15 min. Then, after furnace-cooled down to desired
temperatures of 773-873K at averaged rate of about 50-60 K/min, the electrical
resistivity was measured at intervals of 10 or 20 s, keeping the temperature constant
within £0.25 K. The measurement was made for five (Co,MnGe) or four (Co,MnSn)
different ageing temperatures. For comparison, another ageing experiment was also
performed based on the ordinary way mentioned above by using the quenched sam-
ple of Co,MnGe; the sample was first water-quenched from 1173 K in a similar way
as in the density measurement (without crushing silica tube) and then, after heated
from room temperature to 773 K at a rate of about 70 K/min, the measurement was
started.

Further, the other plate samples (about 5 mm x 5 mm x 1 mm) for positron anni-
hilation measurement were prepared for Co,MnSi, Co,MnGe and Co,MnSn. In a
similar way as in the density measurement, after these plate samples were slow-
cooled from 1173 K, they were again heated to 773 K and then water-quenched. A
22NaCl positron source with an activity of 680 kBq sealed by kapton films with 6 wm
thickness was used for the positron lifetime and coincidence Doppler broadening
(CDB) measurements. This film was sandwiched between two identical samples.
Positron lifetime measurement was made with the conventional fast-fast coin-
cidence circuit with a BaF, scintillator with the time resolution of 190-200 ps
at room temperature [23]. The CDB measurement was made by recording the
energy shifts of two annihilation 511 keV photons in coincidence [24]. The spec-
trometer consists of two pure Ge detectors facing each other, where the sample
sandwich was placed in the center. As reference samples, plate samples of pure
Co, Mn, Si, Ge and Sn were also prepared for the CDB measurement. The positron
lifetime and CDB spectra consisted of 1.0 x 106 and more than 10° counts, respec-
tively.
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Fig. 3. Quenching temperature dependence of the vacancy concentration cy for
Co,MnSi (a), Co,MnGe (b) and Co,MnSn (c) alloys. The open triangles and cross-
marks represent the data by the plate samples and powder samples, respectively.
The open circles represent the corrected plate sample data (see Section 2). Error bars
are omitted from the figure, since the size is nearly the same as that of symbol marks
used.

3. Results and discussion
3.1. Vacancy concentration

The quenching temperature dependence of the vacancy concen-
tration cy is shown in Fig. 3 for Co,MnSi in (a), Co,MnGe in (b) and
Co,MnSn in (c). The open triangles and cross-marks represent the
results obtained for the plate samples and the powder samples,
respectively. As mentioned in previous section, the plate sample
data are corrected for Co,MnGe and Co, MnSn, which are plotted by
the open circles (Fig. 3(b) and (c)). Agreement with corresponding
powder sample data is good. The solid and dotted curves repre-
sent the fitting curves, which are mentioned in later Section 3.4.1.
The vacancy concentration cy increases with increase in quenching
temperature T up to 1073 K in Co,MnSi and Co,MnGe and up to
1273 K in Co,MnSn. The slope is rather gradual for Co,MnSi, while
very steep for Co,MnGe and Co,MnSn, corresponding well to the
observed trend in the lattice constant a shown in Fig. 2. Further-
more, in Co,MnSi (Fig. 3(a)) and Co,MnGe (Fig. 3(b)), reduction of
cy values from the dotted curves is recognized above 1073 K, which
just corresponds to the inflection found in a of these alloys (Fig. 2).
Therefore, it can be said that there is a certain correlation between
changes in the vacancy concentration and the lattice constant in
the present Heusler alloys. As to the reduction of ¢y in Co,MnGe, it
is discussed in later Section 3.4.2.

3.2. Electrical resistivity

Prior to the ageing experiment, we have measured the change
in electrical resistivity, p, with temperature, T, for Co,MnGe and
Co,MnSn, at heating and cooling rates of 2 K/min. The results are
shown in Fig. 4 by the solid curves (heating process) and dotted
ones (cooling process). In both alloys, an inflection is clearly found,
which will be due to a magnetic transition since the inflection points
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Fig. 4. Change in the electrical resistivity p with temperature T in Co,MnGe and
Co,MnSn alloys. Heating and cooling rates are 2 K/min. The arrows represent the
Curie temperature [25]. The dot marks represent the final resistivity pf in ageing
experiment (Fig. 5) for Co,MnGe (Section 3.4.2).

are close to the Curie temperature, Tc [25], shown by the arrows. A
feature to be noted is that the resistivity p shows a slight decrease
after reaching its maximum above T¢. Such a negative temperature
dependence of p in arange T> T, has been already reported in some
DO0s-type ferromagnetic ternary alloys (Fe;_yMy)3X (e.g., X=Ga and
Si,and M=Ti and V) [26,27].

The change in the electrical resistivity p with ageing at three
different temperatures of 773K (or 783K) to 873K is shown in
Fig. 5(a)-(c) for Coo,MnGe and Fig. 6(a)-(c) for Co,MnSn. In Fig. 5(c),
theresult obtained for the quenched sample is shown (similar result
was also obtained for the slow-cooled sample). The resistivity p is
found to decrease exponentially with ageing time for any ageing
temperature, indicating a typical relaxation behavior. The rate con-
stant, 7 (defined in later Section 3.4.2) becomes larger with decrease
in ageing temperature as found from the values given in the figures.

3.3. Positron annihilation

The results of positron lifetime for the samples quenched from
773 K were:

150 + 2 psfor Co,MnSi, 160 + 2 ps for Co,MnGe

and 175 + 2 ps for Co,MnSn.

These were evaluated from single component analysis. We
attempted also to analyze the lifetime spectrum of these alloys
based on the two-state (defect free and defect) trapping model [28],
but the defect component intensity became 100% in practice, which
means that all the positrons are trapped and annihilated at defect
(i.e., vacancy) sites [23]. It is noted that measured lifetime value in
present Co,MnZ alloys becomes larger in the order of Z=Si, Ge and
Sn, just corresponding to the order found in the lattice constant dif-
ference at To =773 K between these alloys (Fig. 2). Therefore, it can
be said that the present lifetime has a similar feature as in the delo-
calized positron lifetime (bulk lifetime) in many metals and binary
alloys, where it tends to increase with increase in free volume of
vacancy, i.e., decrease in the electron density [29].

Fig. 7 shows the CDB spectrum (the thick solid curves) for
Co,MnSi in (a), Co,MnGe in (b) and Co,MnSn in (c), as a function
of electron momentum, P, in mgc-unit (mg the electron mass at
rest and c the light velocity). In the figure, spectrum of pure Co,
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Fig. 5. Change in the electrical resistivity p with ageing time t in Co,MnGe. Ageing
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slow-cooled from 1173 K, except for (c) where the quenched sample from 1173 K is
used.

- (@ CoM 7
235 0,MnSn d
- aged at 873K 4
o 7 =0.467h 4
2201 1
R R N AU N
0 0.4 0.8
“] 1 1 T T T 1 T T T ]

[*]

=

”
T

aged at 823K

T =1.75h
200—

185~ ey ]

Electrical Resistivity p (UQ cm)

A Y T T SN TN TN N B
0 2 4
180 | | 1 | | \
. (©) T
I~ aged at 783K T
165 - E
B 1 =5.91h
150 |— -

Aging Time t (h)

Fig. 6. Change in the electrical resistivity p with aging time ¢t in Co,MnSn. Ageing
temperatures are 873 K (a), 823 K (b) and 783 K (c). These results are for the samples
slow-cooled from 1173 K.

25 . I : T .
L (a) Co,MnSi 1

Ratio to pure—Mn

0 10 20 30
P, (10" mye)
25 T T T T T
t  (b) Co,MnGe E
2
[ =
=
é pure-Co
3 15
i)
pe)
T
x4
ure-Ge
05 g T
1 I L { 1
0 10 20 30
P, (107 mge)
25 T T T T T
L (c) Co,MnSn 4
5
=
=
b pure-Co
218 S ia
o 5
0
T
ure-Sn
05 E =
1 I L | 1
0 10 20 30
P, (10 "myc)

Fig. 7. Coincidence Doppler broadening (CDB) spectrum (thick solid lines) for
Co,MnSi (a), Co,MnGe (b) and Co,MnSn (c). These alloys were quenched from 773 K.
Each spectrum is normalized to that in pure Mn. In (a)-(c), the spectra for pure Co
and the corresponding pure Si, Ge or Sn are also shown (thin solid lines). The dotted
curves represent the calculated spectra under the assumption of random vacancy
distribution (see Section 3.4.3).

together with that of pure Si, Ge or Sn, is also given by the thin
solid line. These are given in the form of the ratio of the CDB inten-
sity to that for pure Mn. The CDB spectrum, particularly in higher
momentum side (about P, > 10~2mc), gives important information
about the atomic configuration around the vacancy sites (the sites
on which vacancies are located). This is because positrons trapped
at the vacancy sites will be annihilated with the inner shell elec-
trons (probably, d-electrons in the momentum range concerned
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Table 1

Formation and migration energies of thermal vacancy, Er and Ep,, for the present
Heusler (L2 )-type Co,MnZ alloys. For comparison, published experimental data for
some B2-type and DO3-type binary alloys are also listed. For the experimental data
of other binary alloys, see [18,30,31].

Alloy (structure)  Eg(eV) Em (eV)  Alloy (structure)  Ef(eV) Em (eV)
Co,MnSi (L24) 0.50(3) Co,MnGe (L21) 0.34(2) 2.0(2)
Co,MnSn (L27) 0.40(3) 1.8(1)
Feos6Alo.44 (B2) 0.832 1.67° FeAl (B2) 0.51(7)°
CoGa (B2) 0.68¢ 1.94 Fes;Al (DO3) 1.18(4)° 1.3(1)¢
3 [22].
b [21].
¢ [15].
4 118].
e [17).

here) of atoms adjacent to these vacancy sites. From Fig. 7, shape
of the spectrum for each sample is found to resemble that for pure
Co. Thus, the vacancy site seems to be the Mn-site or the Z-site or
both sites, because these sites are surrounded by the Co-sites (Co
atoms). However, the spectrum much more resembles the dotted
curve that represents the calculated spectrum, which is discussed
in later Section 3.4.3.

3.4. Discussion

3.4.1. Vacancy formation and its effective volume

As suggested previously [10], present results (Fig. 3) showed that
a large amount of vacancies are formed, particularly in Co,MnGe
and Co,MnSn alloys, where the vacancy concentration cy reaches
2.8% at Tq=1073K in the former and 4.4% at Tq=1273K in the
latter. Formation of a high thermal vacancy concentration, as men-
tioned in Section 1, has been already reported in some B2-type
and DOs3-type binary alloys. For example, in the B2 Fe_,Al alloy
(0.45<x<0.51) case, cy increases steeply with increase in quench-
ing temperature, e.g., in x=0.509, cy=1.2% at To=773K and 2.8%
at 1173 K [15]. Note that the present observation (Fig. 3(b) and (c))
indicates a comparable change with this. Following the previous
work [15], we attempted to estimate the vacancy formation energy,
Eg, for the present alloys, by assuming the following relation:

—E
cv=CcY+A exp (kBT;> (2)

where CS and A are constant quantity and kg the Boltzmann con-
stant. In the fitting calculation, all the ¢y data (Fig. 3) were used,
except for those at To > 1073 Kin Co, MnSi and Co,MnGe. The results
of E; are listed in Table 1. In this table, the values of vacancy migra-
tion energy, Em, described in next subsection, and for comparison,
published data for some B2- and DO3-type binary alloys are also
listed. The solid and dotted curves in Fig. 3 represent the numerical
results obtained by using Eq. (2). The calculation (solid curves) is
found to reproduce well the observation. Further, it is recognized
from Table 1 that the values of E¢ in the present alloys are compara-
ble with those for B2 FeAl and CoGa alloys (particularly in Co,MnGe,
it becomes rather small) and are quite smaller than for DO3 Fe3Al
alloy, indicating ease of thermal vacancy creation. As pointed out by
Schaefer and Bedula-Gergen [18], the formation energy is thought
to relate to the structure. For examples, L1,-type and L1j-type
structures belong to a group of fcc-based (closely packed) struc-
ture. In binary alloys with these structures, their formation energy
Ef tends to have much larger value than for the binary alloys with
bcc-based (loosely packed) structures; e.g., 1.82 eV for L1, NisAl
alloy and 1.4 eV for L1y TiAl alloy [18]. As mentioned in Section 1,
Heusler-type structure is the bcc-based structure and so, such lower
formation energy in the present alloys may be acceptable.

O CoMnSi _|
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] CoMnSn |

0.998

0.996 -
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ogoal | 1 114
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Vacancy Content A ¢, (%)

Fig. 8. Relation between the lattice constant ratio a/ap and the vacancy concen-
tration difference Acy in Co;MnSi (circles), Co,MnGe (triangles) and Co,MnSn
(squares). For comparison, the data for B2-type FeAl alloy [15] are also shown by
the cross-marks.

We next discuss a relation between the lattice constant a (Fig. 2)
and the vacancy concentration cy (Fig. 3). This is shown in Fig. 8
for Co,MnSi (circles), Co,MnGe (triangles) and Co,MnSn (squares),
where a is normalized to ag (the value at Tq =773 K) and plotted as
a function of Acy (the difference in cy from that at T =773 K). The
data of Tq > 1073 K in Co,MnSi and Co,MnGe are omitted from the
figure. A linear relation is clearly found between these. As noted in
previous work on B2 Fe;_,Al, alloys [15], the reduction of the lattice
constant may be understood as volume relaxation in unit cell due
to retained vacancies. Then, the change in a will be interpreted in
terms of atomic size effect and it is expressed as [15]

1/3
a = (16)/2{(1-c)2n+ vy}

N 1/3 IQA_QV
~ (16824) {]_3@\ oy (3)

where £2, represents the averaged atomic volume of Co,MnZ alloy
in vacancy free state and 2y represents the effective vacancy vol-
ume. From Eq. (3), the ratio a/ag can be approximated by a linear
form with respect to Acy as follows:

a 1QA—QV
% =1- §7.QA AC\/ (4)

Since effective vacancy volume 2y is smaller than £24, the ratio
alag is found to decrease linearly with increase in Acy. The volume
ratio §2y/$2, can be evaluated from Eq. (4) by using the data shown
in Fig. 8. The solid line in Fig. 8 indicates the numerical result for
§2y =0.565824. It is noted that almost all the data points are located
on this line, independent of alloy. For comparison, the result for B2
FeAl alloy [15] is shown by the cross-marks and the dotted line rep-
resents the numerical result for £2y =0.782524. The slope is found to
be steeper in the present Heusler alloys than in B2 FeAl alloy, which
means that a degree of volume relaxation due to vacancy formation
is larger in the present alloys. The volume ratio §2y /{24 that gives a
measure of volume relaxation will depend on alloy, e.g., its strength
of atomic bonding and its crystal structure, and further, on vacancy
type and vacancy site (described in later Section 3.4.3). So, the fea-
tures pointed out above will be understood by examining carefully
the relation to these factors. Further experimental and theoretical
studies are needed.
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3.4.2. Vacancy migration

Present observation of the electrical resistivity p certainly indi-
cated a relaxation behavior during ageing (Figs. 5 and 6). For
comparison, we performed a similar ageing experiment at 873 K
using pure Fe with high vacancy formation energy of 1.6eV [32].
As a result, any appreciable change in p could not be detected (it
was kept constant within £0.07%), which may be due to very small
vacancy content (about 1 ppm order at 1173 K). On the other hand,
the reduction of p during ageing reaches about 2-4% in Co,MnGe
and 4-20% in Co,MnSn. Therefore, the observed relaxation behav-
iorisinterpreted as annealing process toward equilibrium, in which
the retained excess vacancies by furnace-cooling from 1173 K will
be annealed-out during ageing through the vacancy migration. This
behavior may be well expressed as [17,19,20]

p(t) = ps + (pi — pr) exp (%t) (5)

where p(t) the resistivity p at ageing time t, oy and ps the initial
and final values of p and 7 the rate constant. Numerical results are
shown by the dotted curves in Figs. 5(a)-(c) and 6(a)-(c). Respective
curve is found to reproduce well the observation. Evaluated values
of rate constant t are also given in the figures. The final resistivity pf
(Eq. (5)) may give the equilibrium value at respective ageing tem-
perature. We can compare pf with the corresponding value of p in
Fig. 4 (cooling process) which shows the temperature dependence
of p. Dot marks in Fig. 4 represent the values of pr in the Co,MnGe
case. Their difference is found to be not so large (less than 6%). How-
ever, in the Co,MnSn case (Fig. 6(b) and (c)), it becomes rather large
(about 13-20%). The reason of this large difference is not clear.

For rough estimation of the vacancy migration energy E,, for
Co,MnGe and Co,MnSn alloys, we adopted the following relation
[17,19,20,33]:

1 —Em
T =C exp (E) (6)
where Cis a constant quantity and T, represents the ageing temper-
ature. In(l/7) vs. 1/T plot is shown in Fig. 9 for Co,MnGe (circles) and
Co,MnSn (triangles). The cross-mark at T=Ta = 773 Krepresents the
result obtained from the quenched sample of Co,MnGe (Fig. 5(c)),
which agrees well with corresponding result by the slow-cooled
sample. The solid and dotted lines represent the numerical results
for CooMnGe and Co,MnSn, respectively. The migration energy Er,
for these alloys can be evaluated from the slope of respective line.

The results are listed in Table 1. A comparatively large error size
may come from small number of data and some scattering of data
points. Taking into account this size, distinct difference in Ey, is not
recognized between these alloys. Further, their values are found to
be comparable with those for B2 Feg 55Alg 44 and CoGa alloys.

As mentioned in Section 3.1, observed vacancy concentration
cy in Co,MnSi and Co,MnGe showed a deviation from the theo-
retical curve given by Eq. (2) at high quenching temperatures of
Tq >1073 K (Fig. 3(a) and (b)). Similar behavior was also observed
in B2 Fe1_xAly alloys [15]. In general, the mobility of vacancies that
will lead to elimination of vacancies during quenching is enhanced
as the temperature becomes higher [15]. In order to retain the
vacancy concentration at high temperatures, rapid quenching that
overcomes the vacancy mobility will be needed. So, when the
quenching rate is not so high as to prevent the elimination of
vacancies, retained vacancy concentration will be lowered from the
expected value (Eq. (2)), as observed in Co,MnSi and Co,MnGe
alloys. On the other hand, in Co,;MnSn, such a deviation is not
detected until Tq =1273 K (Fig. 3(c)) despite employing the same
quenching method. This suggests that vacancy mobility in Co,MnSn
is lower than that in other two alloys at higher temperatures. For
rough examination of this suggestion, we evaluated the rate con-
stant T for CooMnGe and Co,MnSn at high temperatures T, since
the vacancy mobility will relate to the rate constant t (i.e., higher
mobility results in a shorter rate constant). From Eq. (6), the ratio
T/to (T the rate constant at reference temperature Ty) is given in
terms of T, Tp and Ep, and thus, it can be obtained when using the
observed values of Ey, (Table 1). Taking the reference temperature
as To=873K (for 7y, cf. Figs. 5(a) and 6(a)), the evaluated values
of T were 6.4s at T=1073K, 1.0s at 1173 K and 0.2s at 1273 K for
Co,;MnGe, while 21s (1073 K), 4.1s (1173K) and 1.0s (1273 K) for
Co,MnSn, indicating a much longer rate constant in Co,MnSn (e.g.,
at T=1173 K, it becomes four times longer than in Co,MnGe). Conse-
quently, we can expect that the vacancy mobility becomes higher
for Co,MnGe in high-temperature region concerned and so, this
will result in reduction of the vacancy concentration in this alloy,
shown in Fig. 3(b).

Furthermore, such higher mobility in Co,MnGe may affect also
the electrical resistivity behavior due to ageing (Fig. 5), partic-
ularly for the initial resistivity p; (Eq. (5)). Namely, when the
sample is furnace-cooled from 1173 K, more excess vacancies will
be annealed-out so that the retained vacancy concentration in the
initial stage of ageing (corresponding to p;) will be rather close
to the final (or equilibrium) concentration at this ageing tempera-
ture (corresponding to the final resistivity pf). Comparatively small
difference between p; and pf in Co,MnGe (Fig. 5(b) and (c)), com-
pared with that in Co,MnSn (Fig. 6(b) and (c)), may come from this
situation.

3.4.3. Vacancy type and vacancy site

As mentioned in Section 3.3, present measured positron life-
time (150ps for Co,MnSi, 160ps for Co,MnGe and 175ps for
Co,MnSn) indicates the lifetime coming from annihilation of
positrons trapped at the vacancy sites. We first consider the
vacancy type appearing in the present Co,MnZ alloys, based on
the positron annihilation studies for many metals and binary alloys
[e.g.,17,18,23,24,29,30,32,34], where mainly the mono-vacancy and
sometimes the di-vacancy were investigated. Examples of the life-
time values are 175 ps for pure Fe and 160 ps for pure Ni [29] in
the metal case, and, about 180 ps for B2 Fe;_,Aly (x <0.41) [30],
173 ps for DO3 Fe3Al [30], 184 ps for B2 NiAl [29] and 181 ps for
L1, Ni3Al [29] in the binary alloy case, which are thought to be for
the mono-vacancy. Present result is comparable with these data
and thus, we can suppose that the vacancies formed in the present
alloys are mono-vacancies. In B2 Fe;_,Al, alloys, however, other
than the mono-vacancy located on the Fe-site (Vg ), formation of
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di-vacancy was also reported in higher Al concentration (x > 0.42)
and higher temperature (above 1000 K) ranges where the vacancy
concentration becomes higher [23,24,30,34]. In the FegsyAlg4s
alloy case, the lifetime value increased from 185 ps below about
1000K to 194 ps above about 1200K [30]. This was interpreted as
the change in the kind of di-vacancy, i.e., from two vacancies located
on the second nearest neighboring Fe-sites (2Vge) to those on the
nearest neighboring Fe- and Al-sites (Vg.Vp;) [30]. Note that the
present result is only for quenching temperature of To =773 K. Since
the vacancy concentration becomes higher by further increase in
Tq (Fig. 3), there is a possibility of formation of such di-vacancies at
high temperatures.

Next, we examine on which site the vacancies are located. In
Heusler Co,MnZ alloys, there are three kinds of mono-vacancy;
Co-vacancy V¢, (vacancy on the Co-site), Mn-vacancy Vy, and Z-
vacancy Vz. As mentioned in previous Section 3.3, the shape of
the CDB spectrum for each alloy resembles the spectrum for pure
Co (Fig. 7). This suggests a formation of mono-vacancies Vyy, or
V7 or both, because the positrons trapped at vacancy sites will be
annihilated with electrons of neighboring Co atoms. However, the
sample spectrum itself is rather far away from the Co spectrum in
the important region, indicating an existence of Co-vacancy V¢, in
addition to above two. For simplicity, we here consider only the
case in which all the vacancies are randomly distributed over the
sites. Then, the fractions of mono-vacancies Vo, Vmn and Vz are
given by 0.5, 0.25 and 0.25, respectively, so that expected sample
spectrum may be given as the summation of the Co, Mn and Z spec-
tra multiplied by the respective fractions. Calculated spectra are
shown by the dotted curves in Fig. 7. Agreement with the observa-
tion is found to be improved, particularly in Co, MnSi (Fig. 7(a)) and
Co,MnGe (Fig. 7(b)). In the Co,MnSn case (Fig. 7(c)), it is not still so
good and thus, this alloy may contain the Co-vacancies more than
Ny/2.

In the previous study [10], a distinct correlation between the
atomic disorder (antisite atoms) and the magnetism was found
in the present Heusler alloys. The formation of large amount of
thermal vacancies, which was confirmed by the present study, is
thought to affect various properties of these alloys. However, a dis-
tinct relation between the vacancy formation and the magnetism
is not recognized. If the state of random vacancy distribution men-
tioned above is unchanged even at higher temperatures and this
state affects hardly their magnetism, such situation may be accept-
able. Even in this case, however, the reason must be clarified. For
understanding the role of vacancies, much more detailed study on
the vacancy behaviors is needed from experimental as well as the-
oretical approaches.

4. Conclusion

Thermal vacancy formation was studied for the Heusler-type fer-
romagnetic alloys Co,MnSi, CooMnGe and Co,MnSn as a function
of temperature (quenching temperature). Concluding remarks are
as follows:

(1) The vacancy concentration determined from the density and
lattice constant [10] measurements increased with increase in
quenching temperature up to 1073 K or 1273 K. Particularly in
Co,MnGe and Co,MnSn, a high vacancy concentration exceed-
ing 2% was observed at high quenching temperatures. Further,

a distinct linear relation was found between the vacancy con-
centration and the lattice constant.

(2) Change in the electrical resistivity due to ageing at various
temperatures of 773-873 K showed a relaxation behavior in
Co,MnGe and Co,MnSn. This is due to annealing-out of the
excess vacancies retained during furnace-cooling from 1173 K.

(3) The vacancy formation and migration energies were evaluated
from the above measurements. These values are comparable
with those for B2-type FeAl and CoGa alloys generating a high
concentration of thermal vacancies.

(4) The vacancy type and the vacancy site were examined for the
quenched alloys from 773 K by the positron lifetime and coin-
cidence Doppler broadening measurements. As a result, it was
suggested that the mono-vacancies are randomly distributed
over the lattice sites.
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