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We study the effect of the nonmagnetic 3d atoms on the magnetic properties of the half-metallic �HM�
semi-Heusler alloys Co1−xCuxMnSb and Ni1−xCuxMnSb �0�x�1� using first-principles calculations. We de-
termine the magnetic phase diagram of both systems at zero temperature and obtain a phase transition from a
ferromagnetic to an antiferromagnetic state. For low Cu concentrations the ferromagnetic Ruderman-Kittel-
Kasuya-Yosida �RKKY�-type exchange mechanism dominates, while the antiferromagnetic superexchange
coupling becomes important for larger Cu content. A strong dependence of the magnetism in both systems on
the position of the Fermi level within the HM gap is found. Obtained results are in good agreement with the
available experimental data.
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I. INTRODUCTION

In half-metallic semi-Heusler alloys with the chemical
formula XMnZ, where X is a high-valent transition metal
atom and Z is an sp element, the magnetization is usually
confined to the Mn sublattice and the total magnetic moment
assumes integer values given by the Slater-Pauling rule.1 Ad-
ditionally, the Mn-Mn distance is rather large and thus the 3d
states belonging to different Mn atoms do not overlap con-
siderably. The ferromagnetism of the Mn moments stems
from an indirect exchange interaction mediated by the con-
duction electrons. Therefore, the magnetic properties of these
systems strongly depend on the nonmagnetic 3d �X� and sp
�Z� atoms. Early measurements by Webster and Ziebeck2 on
several quaternary Heusler alloys as well as recent studies of
Walle et al.3 on AuMnSn1−xSbx demonstrated the importance
of the sp electrons in establishing the magnetic properties.
On the other hand, the importance of the nonmagnetic 3d
atoms for the magnetism of Heusler alloys was revealed re-
cently by the experimental studies of Duong et al.4 and Ren
et al.5 The authors showed the possibility of tuning the Curie
temperature of Co1−xCuxMnSb and Ni1−xCuxMnSb alloys by
the substitution of Cu for Co and Ni, respectively. Further-
more, a phase transition from a ferromagnetic to an antifer-
romagnetic state is detected in both systems close to the stoi-
chiometric composition �x�1�. We have to note here that
CuMnSb is a well-known antiferromagnet and has been ex-
tensively studied both experimentally6 and theoretically.7

The purpose of the given work is to investigate the influ-
ence of the nonmagnetic 3d atoms on the magnetic proper-
ties of the half-metallic semi-Heusler alloys Co1−xCuxMnSb
and Ni1−xCuxMnSb. We determine the magnetic phase dia-
gram of both systems at zero temperature. In agreement with
the experiments, we obtain a phase transition from a ferro-

magnetic to an antiferromagnetic state around x�0.8 and x
�0.6 for the Co-based and Ni-based systems, respectively.
The physical mechanisms behind the magnetic phase transi-
tion are revealed.

The electronic structure calculations are performed using
the full-potential nonorthogonal local-orbital minimum-basis
band-structure scheme �FPLO� and employing the coherent
potential approximation �CPA� to simulate disorder in a ran-
dom way.8 The FPLO-CPA method has been already em-
ployed by the authors to study the case of quaternary9 and
quinternary10 half-metallic full-Heusler alloys and its results
were in agreement with the ones provided earlier by the
well-established Korringa-Kohn-Rostoker �KKR�-CPA
method.11 We have used the theoretical equilibrium lattice
constants 5.73 Å for CoMnSb, 5.83 Å for NiMnSb, and
5.99 Å for CuMnSb, while the experimental ones are 5.87,
5.93, and 6.09 Å, respectively.2 For the intermediate concen-
trations, we have assumed linear variation of the lattice con-
stants. We should also note here that contrary to NiMnSb and
CuMnSb, the perfect CoMnSb alloy does not crystallize in
the C1b structure of semi-Heusler alloys but shows a more
complex magnetic and lattice structure. This latter structure
has been well understood using ab initio calculations in Ref.
12 as an alternation of Co2MnSb and MnSb structural units.
However, around the phase transition, which is of interest for
us, the Co1−xCuxMnSb alloy crystallizes in the C1b structure
assumed in our calculations.4

II. RESULTS AND DISCUSSION

The electronic and magnetic structure of the end com-
pounds, i.e., CoMnSb, NiMnSb and CuMnSb has been ex-
tensively studied earlier and the reader is referred to Refs. 7
and 13 and the references therein for a detailed overview.
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Here we focus on the effect of the Cu doping on the mag-
netic characteristics of CoMnSb and NiMnSb, and we dis-
cuss the origin of the observed magnetic phase transition on
the basis of the Anderson s-d mixing model. The discussion
is divided into two parts. First, we study the influence of the
Cu doping on the half-metallic gap; and second, we focus on
the origin of the magnetic phase transition upon Cu doping
including also a discussion on the role played by the mag-
netic reference state in interpreting the exchange mecha-
nisms.

A. Effect of Cu doping on half-metallicity of CoMnSb
and NiMnSb

In Fig. 1 we present the atom-resolved and total magnetic
moments in Co1−xCuxMnSb and Ni1−xCuxMnSb as a function
of the Cu content for the ferromagnetic state. For comparison
the Mn magnetic moment corresponding to the antiferromag-
netic state is given. Note that in the antiferromagnetic �AFM�
state, the magnetic moments of Co�Ni� and Cu are zero for
symmetry reasons, while Sb has a very small magnetic mo-
ment �0.01–0.03�B� As seen from Fig. 1, for x=0 the corre-
sponding parent compounds are half-metallic with total inte-

ger magnetic moments of 3�B and 4�B for CoMnSb and
NiMnSb, respectively. As the Cu concentration increases, the
total spin magnetic moment follows the Slater-Pauling rule
up to x�0.6 �x�0.2� for the Co-based �Ni-based� system
and then it becomes almost constant. Thus the half-
metallicity is retained up to these particular values of the Cu
concentration. This can also be seen from the total density of
states �DOS� shown in Fig. 2, where the Fermi level cross
the spin minority states for the corresponding values of x.
Furthermore, the variation of the total magnetic moment is
around 1.25�B in the Co-based systems, which mainly
comes from the Mn and Co atoms, whereas this is rather
small ��0.25�B� in the Ni-based systems. The behavior of
the induced moments in Cu and Sb atoms only weakly de-
pends on the x concentration. It should be noted that as seen
from Fig. 1, the Mn moment is insensitive to the magnetic
order revealing the localized nature of magnetism in half-
metallic �HM� semi-Heusler alloys. It is important to note
that similarity of the Mn magnetic moments in two different
states is the consequence of the similarity of the Mn DOS, as
shown in Fig. 3 for CuMnSb. These features justify the use
of the Anderson s-d model in the interpretation of the results
obtained from first principles.15 Finally, we should note that
the abrupt change in the magnetic moment in Ni1−xCuxMnSb
observed in experiments for x�0.8 �Ref. 5� might be due to
short-range correlations which are not captured by CPA cal-
culations and thus it is not present in our results.

B. Origin of magnetic phase transition

In order to understand the origin of the experimentally
observed magnetic phase transition, we calculate the total
energies corresponding to the ferromagnetic �FM� and the
AFM configurations of the Mn magnetic moments. We have
used for all energy calculations the large AFM unit cell. The
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FIG. 1. �Color online� Calculated atom-resolved and total spin
moments �in �B� in Co1−xCuxMnSb and Ni1−xCuxMnSb as a func-
tion of the Cu concentration �x�. The atom-resolved spin moments
for Co�Ni� and Cu have been scaled to one atom. Solid lines rep-
resent the Slater-Pauling rule. In the AFM case we provide the total
spin moments per primitive unit cell since the total magnetization is
zero.
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FIG. 2. �Color online� Spin-resolved total density of states
�DOS� of Co1−xCuxMnSb and Ni1−xCuxMnSb around the Fermi
level for selected values of x. Vertical dotted lines denote the Fermi
level. Positive values of DOS correspond to the majority-spin elec-
trons and negative values to the minority-spin electrons.
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zero-temperature magnetic phase diagram is determined as
the difference of the corresponding total energies �EAFM
−EFM� per AFM unit cell and is presented in Fig. 4. In agree-
ment with the experiments for both compounds, we obtain a
phase transition from a ferromagnetic state to an antiferro-
magnetic one at a certain value of the Cu concentration x. As
seen from Fig. 4 the critical x value for the Ni-based alloys

�x�0.6� is somehow smaller than the experimental value
�0.9�x�1�, while in the Co-based compounds the transi-
tion point �x�0.8� is closer to the measured value �0.9�x
�1�. The smaller concentration for the phase transition pre-
dicted by theory is probably due to the smaller lattice param-
eters used in the calculations since compression of the lattice
shifts the Fermi level to higher energies, increasing conse-
quently the weight of the AFM superexchange contribution.
The HM character, as discussed above, is lost before reach-
ing the transition point and the Fermi level crosses the
minority-spin conduction band but the ferromagnetism per-
sists up to the transition point. Finally, for CuMnSb our cal-
culated energy difference is �200 meV, while in Ref. 7 it is
around 50 meV. The difference may be due to different ori-
entations of Mn magnetic moments ��001� in the present
work and �111� in Ref. 7� and the smaller lattice parameter
used in the present work �5.99 Å instead of 6.09 Å�.

As shown in Ref. 16 the observed magnetic phase transi-
tion in these systems can be qualitatively accounted for in
terms of the competition of the ferromagnetic Ruderman-
Kittel-Kasuya-Yosida �RKKY�-type exchange and antiferro-
magnetic superexchange. Note that a detailed discussion of
the exchange mechanism in local-moment systems and ap-
plications to different systems can be found in Refs. 17 and
18. Here we will give the expressions for both exchange
couplings in the q→0 limit for the analysis of the obtained
results. For q=0 the RKKY-type coupling takes a simple
form, which is JRKKY�0�=V4D��F� /Eh

2, where V is the cou-
pling between the Mn 3d levels and the conduction-electron
states. The mixing interaction V induces a spin polarization
in the conduction-electron sea, and the propagation of this
polarization gives rise to an effective indirect exchange cou-
pling between distant magnetic moments. D��F� is the den-
sity of states at the Fermi level and Eh is the energy required
to promote an electron from the occupied 3d levels to the
Fermi level. It is worth noting that the parameter Eh is not
well defined for the present systems because of the broaden-
ing of the Mn 3d levels into the energy bands crossing the
Fermi level. Thus the only parameter which can be used to
estimate the relative contribution of the ferromagnetic
RKKY-type coupling is the spin polarization of the conduc-
tion electrons. On the other hand, the superexchange cou-
pling does not possess a simple limit; for q=0 it becomes
JS�0�=V4�nk��F−�nk−Eh�−3, where the sum is taken over the
unoccupied states and the terms in this sum drop off quickly
as �nk increases. Thus, the structure of the DOS above the
Fermi level plays a key role in determining the strength of
this coupling. We should finally note that we have not ex-
tracted from our calculations the exchange constants and
consequently the Curie temperature since �i� methods such as
frozen-magnon approximation for calculation of former
quantities is not implemented in FPLO and �ii� we cannot
use alternatively the energy differences in Fig. 4 due to the
long-range character of the interactions. This latter approach
can be used for systems having short-range �nearest-
neighbor� exchange coupling.

Now we return to the discussion of the phase diagram in
terms of these two mechanisms. Qualitative information on
the variation of the RKKY-type and superexchange contribu-
tions can be obtained from the analysis of the conduction-

����������
����������

����������
����������
����������
����������
����������
����������

Total (FM)
Total (AFM)

�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������

�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������
�����������������������

-6 -4 -2 0 2
E-EF (eV)

-6

-3

0

3

6

D
O

S
(s

ta
te

s/
eV

)
Mn (FM)
Mn (AFM)

CuMnSb

FIG. 3. �Color online� Spin-resolved Mn density of states of
CuMnSb for FM and AFM configurations of the Mn magnetic mo-
ments. In the inset we show the total DOS around Fermi level.
Broadening of the bands in AFM state might be due to strong hy-
bridization with Cu and Sb atoms since large exchange splitting of
the Mn 3d states prevents mixing of the spin-up and spin-down
states of the Mn atoms at different sublattices. Note that in AFM
state the local atomic spin-up states of one sublattice and local
atomic spin-down states of other sublattice have the same projec-
tion on the global spin-quantization axis and can hybridize with
each other �Ref. 14�.
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FIG. 4. �Color online� Ground-state magnetic phase diagram
and total energy differences between AFM and FM configurations
of the Mn magnetic moments in Co1−xCuxMnSb and Ni1−xCuxMnSb
as a function of the Cu concentration �x�. In the inset we show the
total spin polarization of the conduction electrons of X �Co, Ni, Cu�
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electron spin polarization and from the structure of the DOS
above the Fermi level. As seen in Figs. 2 and 4 when we
substitute Cu for Co�Ni�, the spin polarization decreases and
at the same time the position of the Fermi level moves to-
ward higher energies; i.e., the number of the states just above
the Fermi level increases. This gives rise to an opposite be-
havior in the relative contributions of the exchange mecha-
nisms: a decrease in the RKKY-type coupling and an in-
crease in the superexchange mechanism. In the large part of
the phase diagram, the former coupling dominates. This is
reflected as a correlation between the spin polarization and
the total energy differences given in Fig. 4. On the other
hand, the superexchange coupling becomes important for
larger values of the Cu concentration, i.e., for x�0.5. As
seen from Fig. 4 at the transition points both mechanisms
compensate for each other, giving rise to a spin-glass-like
behavior.19 Further increase in x leads to an antiferromag-
netic order in both compounds due to the dominating char-
acter of the superexchange mechanism. On the other hand,
the sign of the calculated spin polarization is an important
quantity in classifying the present systems and revealing the
coupling mechanism between conduction electrons and local
moment. Note that this coupling stems from two distinct pro-
cesses: electrostatic Coulomb exchange and sp-d mixing in-
teraction. The former mechanism induces a net positive spin
polarization, while the contribution of latter is always nega-
tive and disappears in strong magnetic limit.20 As seen from
Fig. 4 up to the phase transition points, both systems possess
negative spin polarization, i.e., sp-d mixing is dominating.
At the magnetic phase transition point, spin polarization
changes sign; and afterward in a very small region, it be-
comes positive. This behavior shows that up to the very large
Cu concentrations, both systems can be characterized as
weak ferromagnets.

As discussed above the magnetic interactions in HM
semi-Heusler alloys are sensitive to the width of the gap and
the position of the Fermi level within the gap. Systems that
have large HM gaps and a Fermi level far from the right edge
of the gap are strongly ferromagnetic and possess very high
Curie temperatures.21–25 This is due to the fact that in this
case the superexchange mechanism is less efficient since the
gap in the spin-down channel decreases the number of avail-
able minority-spin states just above the Fermi level. Thus,
the position of the Fermi level within the gap is an important
parameter in determining the magnetic characteristics of the
HM ferromagnets. These findings suggest a way for tuning
the magnetic properties of the HM ferromagnets and allow
the fabrication of materials with predefined characteristics. It
should be noted that, as shown in Ref. 16, the variation in the

sp-electron �Z atom� concentration is an alternative route for
tuning the magnetic properties of the Heusler alloys. How-
ever, in HM compounds both kind of atoms give rise to
similar effects, as demonstrated by recent experiments.3,5

Finally, we would like to comment on the discussion of
exchange mechanisms with respect to different reference
state. So far we consider only FM state as a reference state
for interpretation of the first-principles calculations. How-
ever, for ideal local-moment systems any reference state �FM
or AFM� can be used for calculation of exchange constants.
Sandratskii et al.26 gave a detailed analysis of the issue con-
sidering AFM Fe monolayer on top of W�001�. Using frozen-
magnon technique, the authors demonstrated that the study
of the instability of the ferromagnetic state predicts the
ground-state antiferromagnetic structure. However, the ex-
change constants calculated for FM and AFM reference
states appeared to be quite different and this discrepancy was
attributed to the limitations of the Heisenberg model in the
description of the magnetism in the Fe/W�001� system. Since
in Mn-based Heusler alloys the Mn magnetic moments are
well localized compared to other 3d intermetallics,27,28 one
expects a different situation for the exchange interactions;
i.e., any reference state yields similar pattern of exchange
parameters. However, consideration of the AFM state as a
reference state does not provide a clear picture for the inter-
pretation of the exchange mechanisms. Although the Mn
DOS in transition from FM to AFM state remains qualita-
tively the same �see Fig. 3�, the spin polarization of the con-
duction electrons vanishes due to symmetry properties. Thus,
AFM reference state does not seem to be appropriate for a
qualitative interpretation of the exchange mechanisms in
Heusler alloys within the Anderson s-d mixing model.

III. CONCLUSIONS

In conclusion, we study the effect of the nonmagnetic 3d
atoms on the magnetic properties of the half-metallic Mn-
based semi-Heusler alloys Co1−xCuxMnSb and
Ni1−xCuxMnSb �0�x�1� within the framework of the
parameter-free density-functional theory. We show that the
magnetic interactions in these systems strongly depend on
the position of the Fermi level within the gap. We show that
for Cu concentrations preserving the half-metallic character,
the ferromagnetic RKKY-type exchange mechanism domi-
nates, while the antiferromagnetic superexchange coupling
becomes important for larger Cu concentrations and it is re-
sponsible for the observed magnetic phase transition in both
compounds. These findings can be used as a practical tool to
design materials with given physical properties.
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