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Magnetic and half-metallic properties of Co2�Cr1−xFex�Ga Heusler alloys have been investigated. In the
entire concentration range, the L21-type ordered phase is obtained. The saturation magnetic moment Ms at
4.2 K for x=0.0 ��Co2CrGa� is 3.01�B / f.u., in agreement with the generalized Slater-Pauling line and con-
sistent with the theoretical value. The experimental value of Ms increases with increasing x, slightly larger than
that of the theoretical value above x=0.60. The Curie temperature TC also increases with x, and qualitatively
accords with the theoretical values estimated from the effective exchange constant J0. The present theoretical
results disclose that not only the L21-type ordered phase but also the B2-type phase exhibits high values of the
spin polarization ratio P in a low concentration range of x. The ratio P of the L21- and B2-type phases
decreases with increasing x, because the large peak of the density of states at the Fermi energy for Cr in the
majority spin band becomes smaller and a strong hybridization between Co-3d and Fe-3d makes a gap
narrower in the minority spin band.

DOI: 10.1103/PhysRevB.72.214412 PACS number�s�: 75.30.Cr, 75.50.Cc, 71.20.Be

I. INTRODUCTION

Half-metallic ferromagnets �HMFs� with a high spin po-
larization ratio have been investigated intensively in fields of
spintronics because magnetic tunnel junctions �MTJs� con-
sisting of HMFs are expected to have a large tunnel
magneto-resistance �TMR�. Therefore, they are considered to
be promising candidates for spintronic devices such as the
magnetic random access memories �MRAMs� and magnetic
sensors.1 From band calculations, it has been first pointed out
by de Groot et al. that the spin polarization ratio in the den-
sity of states �DOSs� for C1b �half-Heusler�-type alloys of
NiMnSb and PtMnSb is 100%.2 Subsequently, electronic
structures of L21 �full-Heusler�-type various HMFs have
been calculated and experimental investigations have been
made from the practical viewpoints.3–8 The L21 and B2-type
phases of Co2CrAl alloys have also been reported to exhibit
a characteristic evidence of HMFs in their DOSs.9–12 How-
ever, the saturation magnetic moment of the B2-type
Co2CrAl alloy is significantly smaller than the theoretical
value.13 For the study of MTJs in Co2�Cr1−xFex�Al alloy sys-
tem, moreover, it has been reported that the spin polarization
ratio P estimated from using Julliére’s model and the TMR
ratio of x=0.40 are rather higher than those of x=0.0.14 This
behavior contradicts the theoretical results that the ratio of P
decreases with increasing x for the L21- and B2-type phases
of Co2�Cr1−xFex�Al alloy system.14 Recently, it has been
verified that an inevitable two-phase separation due to a spin-
odal decomposition occurs in a low concentration range of x
and results in a significant reduction of the half-metallic
properties.15 The thermodynamical calculations reveal that
the equilibrium two phases are CoAl-rich B2 phase and the

CoCr-rich A2 phase.16 It has been reported that the phase
stability of the B2 phase in a bulk specimen is enhanced with
increasing of x and a single phase of B2-type is obtainable
more than x=0.40.15

In our previous experimental and theoretical investiga-
tions, it has been demonstrated that the experimental value of
the saturation magnetic moment Ms of the L21-type ordered
Co2CrGa alloy coincides with the theoretical value, and both
the L21 and B2 phases of Co2CrGa exhibit a half-metallic
behavior in their electronic structures.17 Comparing the
phase diagram of Co-Cr-Ga �Ref. 18� with that of Co-Cr-Al
�Ref. 19� ternary alloy systems, the single phase of B2 region
in the former is much wider than that in the latter. Therefore,
in light of phase stability, the two-phase separation due to the
spinodal decomposition would not occur, and hence,
Co2CrGa alloy is expected to be more practical. For applica-
tions, it is also very important to exhibit a high Curie tem-
perature TC as well as high value of P because the high TMR
ratio should be kept above room temperature. The value of
TC for the L21-type ordered Co2CrGa alloy has been reported
to be 495 K.17 The partial substitution of Fe for Cr is ex-
pected to enhance the Curie temperature in analogy with the
Co2�Cr1−xFex�Al alloy system.15 In the present study, we
have investigated the magnetic and half-metallic properties
of both the L21- and B2-type phases for the Co2�Cr1−xFex�Ga
alloy system.

II. EXPERIMENT

The specimens were made by melting in an induction
furnace in an argon gas atmosphere and annealed at 1373 K
for 72 hours, and quenched into ice water. The alloy with
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x=0.0 ��Co2CrGa� was additionally annealed at 973 K for
1 week for comparison. The compositions of the samples
were confirmed with an electron probe microanalyzer, and
the deviation from the stoichiometric composition was less
than 1%. The microstructural observations were carried out
with an optical microscope. The crystal structure of the
specimens was identified as the L21-type by x-ray powder
diffraction �XRD� and transmission electron microscopy
�TEM�. The magnetic measurements were made with a su-
perconducting quantum interference device �SQUID� magne-
tometer and a vibrating sample magnetometer �VSM�. The
Curie temperature was determined by differential scanning
calorimetry �DSC� and VSM measurements.

III. MORPHOLOGY OF THEORETICAL CALCULATIONS

The linear muffin-tin orbital �LMTO� method combined
with the atomic sphere approximation �ASA� was used
within the framework of the local spin density �LSD� func-
tional approximation.20–22 The coherent potential approxima-
tion �CPA� was complemented for the calculation of the
B2-type phase. In the LMTO scheme, the effective exchange
constant J0 is given by the following expression:23,24

J0 = −
1

4�
Im �EF

d� Trlm��0����g�00
↑↑

��� − g�00
↓↓

����

+ �0���g�00
↑↑

����0���g�00
↓↓

���� , �1�

where g��� is the so-called auxiliary Green function given

by g������= ��p���−S�−1�ij
��� which constitutes the potential

function p���� and the structure constant S defined in the
LMTO method, and �i is given as �i�����pi

↑���− pi
↓����.

The potential function p���� can be determined self-
consistently within the LSD functional approximation. In Eq.
�1�, Tr stands for the trace over the orbital �l ,m�, and the
integration is performed up to the Fermi energy EF. If one
refers to the classical Heisenberg model, the Hamiltonian is
given by H=−	i,jJijei ·e j, where ei denotes unit vector, J0 in
Eq. �1� corresponds to J0=	i�0Ji0 and then can be regarded
as an effective exchange constant, a magnitude of the ex-
change field, acting on the moment at the 0th site. Hence, we
can use J0 for the estimation of the Curie temperature by
adopting the molecular field approximation �MFA� for the
spin system by24

TC =
2J0

3kB
, �2�

where kB is the Boltzmann constant.
The spin polarization ratio P is computionally given as

follows:25

P�%� = 
N↑�EF� − N↓�EF�
N↑�EF� + N↓�EF�


 � 100, �3�

where N↑�EF� and N↑�EF� denote the density of states
�DOSs� at the Fermi energy EF of the majority spin state and
the minority spin state, respectively.

IV. RESULTS AND DISCUSSION

Figures 1�a�–1�c� show the room temperature x-ray dif-
fraction �XRD� patterns by using CoK� radiation for
Co2�Cr1−xFex�Ga alloys with x=1.00, 0.40, and 0.0 quenched
from 1373 K, respectively. �d� is that with x=0.0 annealed at
973 K for 1 week after quenched from 1373 K. The XRD
patterns for �a�, �b�, and �c� are identified as the L21-type
ordered structure, the superlattice diffractions 111 and 200
can be observed. The ordering between the �Cr, Fe� and Ga
sublattices is confirmed by the presence of the 111 superlat-
tice diffraction and the ordering of the Co sublattice is iden-
tified by the presence of the 200 superlattice diffraction. The
observed intensities of the superlattice diffractions are in ac-
cord with the calculated ones. With increasing x, the intensity
of the 200 diffraction increases and that of the 111 diffraction
decreases, showing the substitution effect of Fe for Cr. These
superlattice diffractions are also confirmed by electron
diffractions.26 Therefore, it is said that the L21-type ordered
structure is obtained in the entire concentration range of x,
different from the case of Co2�Cr1−xFex�Al alloy system.15

The room temperature lattice constants a for x=1.00 �a�,
0.40 �b�, and 0.0 �c� are 0.5741, 0.5757, and 0.5765 nm,
respectively, consistent with available data.13 In the XRD
pattern of �d�, several extra peaks due to the precipitates are
observed. The existence of the precipitates is clearly shown
in the microstructural observations as discussed below.

The optical micrographs are shown in Figs. 2�a� and 2�b�
for the alloy with x=0.0 quenched from 1373 K, and an-
nealed at 973 K for 1 week after quenching, respectively. It
is confirmed that �a� is in the single phase state, on the con-
trary, many precipitates are clearly observed in �b�. From our
previous systematic investigations for the ternary phase dia-
gram of Co-Cr-Ga system,27 it was disclosed that the single
phase of B2 exists above 1073 K for the alloy with x=0.0,
and 	 �A3-type� and � �D8b-type� phases coexist with the
L21-phase below 1073 K.

Figure 3 shows the magnetization curves at 4.2 K for the
L21-type Co2�Cr1−xFex�Ga alloys with x=0.0, 0.25, 0.50,

FIG. 1. X-ray diffraction patterns for Co2�Cr1−xFex�Ga alloys by
using CoK� radiation. �a�, �b�, and �c� are the XRD patterns for x
=0.0, 0.40, and 1.00 quenched from 1373 K, respectively. �d� is for
x=0.0 annealed at 973 K for 1 week after quenching from 1373 K.
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0.60, 0.80, and 1.00. The saturation magnetic moment Ms for
x=0.0 ��Co2CrGa� alloy is 3.01�B / f.u., in accord with the
generalized Slater-Pauling line, that is, Mt=Zt−24. Here, Mt
and Zt represent the total spin magnetic moment per formula
unit and the total number of valence electrons,
respectively.5,28 For the Co2CrGa alloy, the total number of

valence electrons is 27, and hence the total spin magnetic
moment is calculated to be 3. The curve for x=0.0 annealed
at 973 K for 1 week is also given in the same figure. The
value of Ms is obtained to be 2.40�B / f.u., significantly lower
than the theoretical value. It is reasonable that the reduction
of Ms comes from the coexistence of precipitates in the
present annealed specimen. The ternary phase diagram27 tells
us that the single phase of the stoichiometric composition is
not equilibrium state below 1073 K. In this connection, the
magnetic state of the �-phase of CoCr alloy is
paramagnetic29 and the magnetic moment of the ferromag-
netic 	-phase is smaller than that of the L21-type Co2CrGa
alloy.30

The saturation magnetic moment Ms for the L21-type
Co2�Cr1−xFex�Ga alloy system as a function of the number of
the valence electrons is plotted in Fig. 4, together with the
total spin magnetic moment Mt obtained from the general-
ized Slater-Pauling line; Mt=Zt−24. In the figure, the corre-
sponding concentration is also given in the upper x axis. In
the concentration range below x=0.50, Ms increases linearly
with increasing x, and then slightly deviates from the gener-
alized Slater-Pauling line above x=0.60. For x=1.00, the
value of Ms is about 5.17�B / f.u., larger than the expected
value of 5�B / f.u. from the generalized Slater-Pauling line. A
similar larger value of Ms for the L21-type ordered Co2FeGa
alloy has also been reported by several authors.13,31,32 One
may notice that the L21-type ordered Co2FeGa alloy is out of
accord with half-metallic ferromagnets31,32 and its electronic
structures and the spin polarization ratio will be discussed in
connection with Figs. 7 and 8. In order to discuss the larger
value of Ms, the effects of the disordering of atoms on the
magnetic moments should be taken into account. However, it
is unnecessary in the present case because the value of Ms of
the B2-type disordered phase is slightly lower than that of
the value of L21-type ordered one. Furthermore, if the disor-
dering between the Co and �Cr, Fe� sites occurs, the total

FIG. 2. Optical micrographs of x=0.0 ��Co2CrGa�, �a�
quenched from 1373 K, and �b� annealed at 973 K for 1 week after
quenching from 1373 K.

FIG. 3. Magnetization curves at 4.2 K for the L21-type
Co2�Cr1−xFex�Ga alloys obtained by quenched from 1373 K, to-
gether with that for x=0.0 annealed at 973 K.

FIG. 4. The saturation magnetic moment at 4.2 K Ms and the
total spin magnetic moment Mt obtained from the generalized
Slater-Pauling line for the L21-type Co2�Cr1−xFex�Ga alloy system
as a function of the number of the valence electrons Zt. The corre-
sponding concentration x is also given in the upper x axis.
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magnetic moment should be reduced. From theoretical inves-
tigations for Co2�Cr0.6Fe0.4�Al alloy, it has been reported that
the total magnetic moment decreases with proceeding the
disordering between the Co and �Cr, Fe� sites.11 In addition,
it has been pointed out that the displacement of atoms be-
tween Co and �Cr, Fe� sites is energetically hard. That is, the
total energy per unit cell for the alloy having a displacement
of 1 /5 of Cr into the Co site is about 0.25 eV higher than
that of the L21-type ordered Co2CrAl alloy.12 In addition, the
magnetic moment is reduced to about 2.6�B / f.u. when such
displacement occurs. Therefore, we should give another ex-
planation for the present larger values of Ms of the L21-type
ordered Co2�Cr1−xFex�Ga alloys above x=0.6.

Recent theoretical studies of the spin-orbit coupling for
the Heusler alloys have pointed out that the orbital magnetic
moments are negligibly small33,34 because of a high symme-
try of the cubic lattice of Heusler alloys, accompanied by no
large magnetic anisotropy. In the Co2�Cr1−xFex�Al alloy sys-
tem, however, it has been reported from magnetic circular
dichroism �MCD� measurements that the orbital magnetic
moments of Co atom for x=0.40 and 1.00 are about 10% and
14% of its spin magnetic moment, respectively.35,36 In addi-
tion, in several Co-based Heusler alloy systems, it has also
been reported from the MCD measurements that the magni-
tude of the orbital magnetic moment is about 5%–10% of the
spin magnetic moment.31,37 Therefore, it is expected that the
present large value of the magnetic moment would be ex-
plained by taking the contribution from the orbital magnetic
moment into consideration.

Figure 5 shows the temperature dependence of magneti-
zation measured in a magnetic field of 0.5 T for the L21-type
Co2�Cr1−xFex�Ga alloys. In the figure, the arrows indicate the
Curie temperature TC obtained from the DSC measurements.
The value of TC increases with increasing x and about
1093 K for x=1.00 ��Co2FeGa�. The concentration depen-
dence of the Curie temperature determined from the DSC
curves TC

exp is shown in Fig. 6, together with the calculated
TC for L21-type TC

cal �L21� and B2-type TC
cal �B2� phases ob-

tained from the effective exchange constant J0 using Eqs. �1�

and �2� in the MFA scheme. Although the value of TC
cal tends

to be overestimated because of the MFA, the concentration
dependence of TC is qualitatively in accord with the experi-
mental results TC

exp. That is, the value of TC
cal is higher than

TC
exp, except for the value at x=0. As discussed below, the

magnetic moment of Fe is about twice, comparing with that
of Cr, and hence the substitution of Fe for Cr significantly
enhances the ferromagnetic interaction. Comparing the L21-
and B2-type phases for TC

cal in Fig. 6, the value of TC
cal �L21�

is higher than that of TC
cal �B2�. For the Co2�Cr1−xFex�Al al-

loy system, it has also been pointed out from the Korringa-
Kohn-Rostoger �KKR� method with the coherent potential
approximation that the energy difference between the ferro-
magnetic state and the nonmagnetic state for the L21-type
phase is larger than that of the B2-type phase.12 Both of the
L21 and the B2-type phases can be obtained after an appro-
priate heat treatment in the concentration range above x
=0.70 in Co2�Cr1−xFex�Al alloy system.15 In our previous
work, we tried to investigate the difference between TC in the
L21- and the B2-type phases of Co2�Cr1−xFex�Al. Unfortu-
nately, TC of B2-type phase cannot be obtained because the
B2-type phase transforms into the L21-type phase in the heat-
ing process for the thermomagnetization curves. In making
processes of films, a metastable state is often obtained. For
example, it has been reported that the crystal structure of the
films with a high spin polarization ratio for Co2�Cr1−xFex�Al
�Ref. 14� and Co2MnAl �Ref. 38� is identified as the B2-type
phase. Therefore, the theoretical calculations for the B2-type
phase of Co2�Cr1−xFex�Ga alloy system is also meaningful
for practical applications.

The density of states of the Co2�Cr1−xFex�Ga �x=0.0,
0.25, 0.50, and 1.00� alloys are illustrated in Fig. 7. The left-
and right-hand panels exhibit the DOSs for the L21-type �a�–
�d� and the B2-type phases �a��– �d��, respectively. The up-
per and lower curves in each panel correspond to the major-
ity and the minority spin states, respectively. For the
calculations for the DOSs for the B2-type phase, the coherent
potential approximation was adopted. For the L21-type phase

FIG. 5. Temperature dependence of the magnetization measured
in a magnetic field of 0.5 T for the L21-type Co2�Cr1−xFex�Ga al-
loys. The arrows indicate the Curie temperature TC.

FIG. 6. Concentration dependence of the Curie temperature TC
exp

obtained from the temperature dependence of magnetization and the
DSC curves �Ref. 26�, together with the calculated Curie tempera-
ture TC

cal for the L21- and B2-type phases of Co2�Cr1−xFex�Ga alloy
system.
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from �a� to �d�, the large peak of Cr at the Fermi energy EF
observed in the majority spin state decreases with increasing
x, in addition, the peak of Co at EF in the majority spin state
moves to an energy region below EF. As a result, the total
DOSs at EF in the majority spin states for x=1.00
��Co2FeGa� is relatively low. Furthermore, a large peak of
Fe in the minority spin states is found to be close to EF,
being about 0.05 Ry above EF. It is noted that EF is not
located in the gap but the edge of the peak. As pointed out
from other theoretical studies for L21-type Co2FeGa alloy by
Zhang et al.32 and Deb et al.,39 this effect is due to strong
hybridization between the Co-3d and Fe-3d, resulting in a
marked reduction of the spin polarization ratio P for

Co2FeGa alloy. A similar substitution effect of Fe on the
DOSs is also observed in the B2-type phase of
Co2�Cr1−xFex�Ga alloy system. In other words, the half-
metallic properties are also kept in the B2-type phase in
lower concentration range of x. This implies that the charac-
ter of DOSs is dominated regardless of the order of Co at-
oms, similar to the Co2�Cr1−xFex�Al alloy system, in which
the systematic theoretical calculations have been carried
out,11,12 and pointed out that the disordering between the Al
and the �Cr, Fe� sites scarcely degrades the value of P. On
the other hand, the disordering between the Co and the �Cr,
Fe� sites brings about a significant reduction of the value of
P.11,12 The calculated values of magnetic moment of each

FIG. 7. Density of states of the
Co2�Cr1−xFex�Ga �x=0.0, 0.25,
0.50, and 1.00� alloys. The left-
and right-hand panels set out the
DOSs for the L21- and B2-type
phases, respectively. The upper
and lower curves in each panel
stand for the majority and the mi-
nority spin states, respectively.
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atom Mcal ��B/atom�, total spin magnetic moment Mt
cal

��B / f.u.� and spin polarization ratio P �%�, the experimental
values of the saturation magnetic moment at 4.2 K Ms
��B / f.u.�, the calculated and experimental Curie tempera-
tures TC

cal and TC
exp �K� of the Co2�Cr1−xFex�Ga alloys for the

L21- and B2-type phases are listed in Table I. The present
theoretical values of the magnetic moment of Co and Fe for
the L21-type Co2FeGa alloy are 1.187�B and 2.762�B, re-
spectively, in agreement with the reported theoretical values
of 1.20�B and 2.66�B.39 Note that the magnetic moment of
Fe is much larger than that of bcc Fe and the magnetic mo-
ment of Co increases with x.

Shown in Fig. 8 is the concentration dependence of the
spin polarization ratio P �%� defined from Eq. �3� for the
L21- and B2-type Co2�Cr1−xFex�Ga alloy systems obtained
from the present band calculations. As shown in the figures
and the table, the value of P becomes smaller with increasing
x, and the value of B2-type phase is lower than that of the
L21-type phase in the entire concentration range of x. Espe-

cially, in higher concentration of x, the difference between P
in both the phases becomes significant. For x=1.00
��Co2FeGa�, the ratio of P for the L21-type phase is 37%,
resulting in a remarkable reduction of a half-metallic prop-
erty in a similar manner as the reported results.32,39 For prac-
tical applications, the half-metallic ferromagnets having a
high spin polarization ratio P with a high Curie temperature
TC are highly desired. Accordingly, high values of the spin
polarization ratio and the Curie temperature are obtainable
by adjusting the amount of Fe for Cr in the Co2�Cr1−xFex�Ga
alloy system.

V. CONCLUSION

In order to investigate the substitution effects of Fe for Cr
on the magnetic and half-metallic properties of the
Co2�Cr1−xFex�Ga alloy system, the measurements of the con-
centration dependence of the saturation magnetic moment
and the Curie temperature for the L21-type phase of
Co2�Cr1−xFex�Ga alloys have been carried out. Next, the den-
sity of states, the spin polarization ratio and the effective
exchange constant have also been calculated for both the
L21-type and B2-type phases. From the present results, it is
clear that the Curie temperature TC of the L21-type phase of
Co2�Cr1−xFex�Ga alloys increases, whereas the spin polariza-
tion ratio P decreases with increasing x. Main results are
summarized as follows:

�1� The L21-type phase is obtained in the entire concen-
tration range by quenching from high temperatures, say
1373 K. For x=0.0 ��Co2CrGa�, the precipitation is caused
by low temperature annealing at 973 K.

�2� The saturation magnetic moment Ms at 4.2 K in lower
concentration ranges of x is in good agreement with the the-
oretical values, following the generalized Slater-Pauling line.
The experimental values of Ms in higher concentrations
above x=0.60 are slightly larger than the theoretical ones.

�3� The Curie temperature TC increases with increasing x,
and its concentration dependence qualitatively agrees with
the theoretical results estimated from the effective exchange

TABLE I. The calculated values of the magnetic moment of each atom Mcal ��B / atom�, total spin magnetic moment Mt
cal ��B / f.u.�, spin

polarization ratio P �%�, and the experimental value of the saturation magnetic moment at 4.2 K Ms ��B / f.u.�, together with the calculated
and experimental Curie temperatures TC

cal and TC
exp �K� of the L21- and B2-type phases of the Co2�Cr1−xFex�Ga alloys.

x Phase
MCo

cal

��B / atom�
MCr

cal

��B / atom�
MFe

cal

��B / atom�
MGa

cal

��B / atom�
Mt

cal

��B / f.u.�
P

�%�
Ms

��B / f.u.�
TC

cal

�K�
TC

exp

�K�

0.00 L21 0.901 1.283 −0.074 3.011 95 3.01 419 495

B2 0.823 1.437 −0.058 3.025 84 295

0.25 L21 0.909 1.364 2.764 −0.067 3.466 90 3.49 1378 692

B2 0.896 1.380 2.740 −0.067 3.445 79 1153

0.50 L21 1.018 1.375 2.733 −0.068 4.023 85 3.98 1495 858

B2 0.986 1.386 2.728 −0.069 3.960 65 1256

1.00 L21 1.187 2.762 −0.095 5.042 37 5.17 1767 1093

B2 1.105 2.722 −0.085 4.847 26 1501

FIG. 8. Concentration dependence of the spin polarization ratio
of the L21- and B2-type phases of the Co2�Cr1−xFex�Ga alloy
system.
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constant J0.
�4� Large ratios of the spin polarization P are obtained

not only in the L21-type phase but also in the B2-type phase,
although the values of the latter are smaller than those of the
former.

�5� The half-metallicity becomes weaker with increasing
x, because a large DOS for Cr at EF in the majority spin band
disappears and the gap in the minority spin band becomes
narrow due to the hybridization between Fe-3d and Co-3d
bands.
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