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The interatomic exchange interactions and Curie temperatures in Ni-based full Heusler alloys Ni2MnX with
X=Ga, In,Sn, and Sb are studied within the framework of the density-functional theory. The calculation of the
exchange parameters is based on the frozen-magnon approach. Despite closeness of the experimental Curie
temperatures for all four systems, their magnetism appeared to differ strongly. This difference involves both the
Mn-Mn and Mn-Ni exchange interactions. The Curie temperatures,TC, are calculated within the mean-field
approximation by solving a matrix equation for a multisublattice system. Good agreement with experiment for
all four systems is obtained. The role of different exchange interactions in the formation ofTC of the systems
is discussed.
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I. INTRODUCTION

Much effort is currently devoted to the search for ferro-
magnetic materials suitable for application in semiconductor
spintronics devices. To allow efficient spin injection into the
semiconductor, these materials must satisfy a number of con-
ditions. In particular, they must have a Curie temperature
noticeably higher than the room temperature, be compatible
with the semiconductors used industrially, and possess a very
high spin polarization of the electron states at the Fermi
level.1 Some of the Heusler compounds were found to have a
half-metallic ground state,2,3 which is characterized by a
100% carrier spin polarization.

A feature of other Heusler alloys that is useful for spin-
tronic applications is the very small lattice mismatch with
widely employed semiconductors(e.g., Ni2MnIn and
InAs).4–6 Among further prominent physical properties of
this class of materials one can mention a martensitic trans-
formation in Ni2MnGa that takes place below the Curie
temperature.7 An interesting combination of physical proper-
ties makes Heusler alloys the subject of intensive experimen-
tal and theoretical investigations, which could motivate their
use as multifunctional materials in practical applications.8–14

In the present work we report the theoretical study of the
exchange interactions and Curie temperature of four full
Heusler compounds Ni2MnX with X=Ga, In, Sn, and Sb.
Experimentally, all of them are ferromagnetic and have simi-
lar values of the Curie temperature.20

The first important contribution to the density functional
theory study of these systems was made in an early paper by
Kübler et al.,15 where the microscopic mechanisms of the
magnetism of Heusler alloys was discussed on the basis of
the calculation of the ferromagnetic and antiferromagnetic
alignments of the Mn moments. Recently a detailed study of
the magnetic interactions in Ni2MnGa and Ni2MnAl was re-
ported by Enkovaaraet al..16 The authors used planar spiral
configurations and have shown that the Ni sublattice plays an
important role in the magnetic properties of the system.

The main purpose of the present work is a detailed study
of the exchange interactions in these systems. In particular

we report a systematic study of the exchange interaction be-
tween atoms of different sublattices and show that the pattern
of exchange interactions in these systems deviates strongly
from the physical picture that can be expected on the basis of
the experimental information available. Indeed, the common
crystal structure, similar chemical composition, and close ex-
perimental values of the Curie temperature make the as-
sumption natural in that the exchange interactions of these
systems are similar. Our study shows, however, that this as-
sumption is not correct. The exchange interactions vary
widely depending on theX constituent. In particular, the in-
tersublattice interactions change strongly from system to sys-
tem. We show that different exchange interactions lead, in
agreement with experiment, to similar values of the Curie
temperatures. We analyze the relation between the properties
of the exchange interactions and the Curie temperatures.

The paper is organized as follows. In Sec. II we present
the calculational approach. Section III contains the results of
the calculations and discussion. Section IV gives the conclu-
sions.

II. CALCULATIONAL APPROACH

The calculations are carried out with the augmented
spherical waves method17 within the atomic-sphere
approximation.18 The exchange–correlation potential is cho-
sen in the generalized gradient approximation.19 A dense
Brillouin zone (BZ) sampling 30330330 is used. In all
calculations the experimental values of the lattice parameters
are used(Table I).20 The radii of all atomic spheres are cho-
sen equal.

We describe the interatomic exchange interactions in
terms of the classical Heisenberg Hamiltonian

Hef f = − o
m,n

o
R,R8

smRÞnR8d

JRR8
mn sR

msR8
n . s1d

In Eq. (1), the indicesm andn represent different sublattices,
R andR8 are the lattice vectors specifying the atoms within
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sublattices, andsR
m is the unit vector pointing in the direction

of the magnetic moment at sitesm ,Rd. The systems consid-
ered contain three 3d atoms in the unit cell with positions
s 1

4 , 1
4 , 1

4
d for the Mn atom ands0,0,0d ands 1

2 , 1
2 , 1

2
d for two Ni

atoms.
We employ the frozen-magnon approach21–23to calculate

interatomic Heisenberg exchange parameters. The calcula-
tions involve few steps. In the first step, the exchange param-
eters between the atoms of a given sublatticem are com-
puted. The calculation is based on the evaluation of the
energy of the frozen-magnon configurations defined by the
following atomic polar and azimuthal angles:

u R
m = u, f R

m = q ·R + f m. s2d

In the calculation discussed in this paper the constant phase
f m is always chosen equal to zero. The magnetic moments
of all other sublattices are kept parallel to thez axis. Within
the Heisenberg model(1) the energy of such a configuration
takes the form

Emmsu,qd = E0
mmsud + sin2uJmmsqd, s3d

whereE0
mm does not depend onq and the Fourier transform

Jmnsqd is defined by

Jmnsqd = o
R

J0R
mn expsiq ·Rd. s4d

In the case ofn=m the sum in Eq.(4) does not includeR
=0. CalculatingEmmsu ,qd for a regularq mesh in the Bril-
louin zone of the crystal and performing back Fourier trans-
formation, one gets exchange parametersJ0R

mm for sublattice
m.

To determine the exchange interactions between the atoms
of two different sublatticesm andn, the frozen-magnon con-
figurations [Eq. (2)] are formed for both sublattices. The
Heisenberg energy of such configurations takes the form

Emnsu,qd = E0
mnsud + sin2u fJmmsqd + Jnnsqdg

+ 2 sin2 u Re Jmnsqd, s5d

where E0
mnsud is a q-independent part. Calculating

fEmnsu ,qd−Emnsu ,0dg and subtracting single-sublattice con-
tributions known from the previous step one finds
fRe Jmnsqd−ReJmns0dg. The back Fourier transformation of
this expression gives forRÞ0 the following combinations
of the interatomic exchange parameters:JR

mn; 1
2sJ0R

mn

+J0s−Rd
mn d. In general, one needs to perform similar calcula-

tions for different phasesf m in Eq. (2) to get another linear
combination of the parameters to be able to separate them.
For the systems considered these calculations can be avoided
by taking into account the symmetry of the lattice(see be-
low).

JR
mn does not contain information about the interaction of

the atoms within the first unit cell corresponding toR=0.
These exchange parameters can be found in the calculations
for magnetic configurations periodic with the periodicity of
the lattice. The atoms in the unit cell are separated into two
groups. Within each group the moments are parallel. The
moments from the different groups form an angleu. The
energies of such magnetic configurations are expressed
through the sumsJ0

mn;oRJ0R
mn. Since the sumsoRÞ0J0R

mn are
known from the preceding step the parameters withR=0
become accessible. The symmetry relationJ00

mn=J0R
mn for R

= s0, 1
2 , 1

2
d allows us to split the sumsJR

mn to individual param-
eters.

The Curie temperature is estimated within the mean-field
approximation(MFA) for a multisublattice material by solv-
ing the system of coupled equations24

ksml =
2

3kBT
o

n

J0
mnksnl, s6d

where ksnl is the averagez component ofsR
n . Equation(6)

can be represented in the form of the eigenvalue matrix prob-
lem

sQ − T I dS= 0, s7d

whereQmn=s2/3kBdJ0
mn, I is a unit matrix andS is the vector

of ksnl. The largest eigenvalue of matrixQ gives the value of
the Curie temperature.24

III. RESULTS AND DISCUSSION

In Table I we present calculated magnetic moments. For
comparison, the available experimental values of the mo-
ments and the results of previous calculations are presented.
The relative variation of the Mn moment is small. On the
other hand, the moment of Ni andX atoms show strong
relative variation and are in Ni2MnSb about two times
smaller than in Ni2MnGa or Ni2MnIn. The values of the
magnetic moments are in good agreement with the results of
previous calculations.

The calculated Heisenberg exchange parameters are pre-
sented in Fig. 1. As mentioned in the Introduction, the as-
sumption that the closeness of the experimental Curie tem-
peratures is the consequence of the similarity of the
exchange interactions is not confirmed by the calculations.

TABLE I. Experimental lattice parameters and magnetic mo-
ments(in mB) of Ni2MnX sX=Ga, In,Sn,Sbd.

a sa.u.d Mn Ni X Cell

Ni2MnGa 11.058a 3.570 0.294 −0.068 4.090

(3.43b) (0.36b) (−0.04b) (4.11b)

(4.17c)

Ni2MnIn 11.468a 3.719 0.277 −0.066 4.208

Ni2MnSn 11.419a 3.724 0.206 −0.057 4.080

(3.53d) (0.24d) (−0.03d) (4.08d)

Ni2MnSb 11.345a 3.696 0.143 −0.033 3.950

aReference 20.
bReference 25.
cReference 26(expt.).
dReference 27.
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We obtain strong dependence of the exchange interactions on
the type ofX atom. ForX=Ga andX=In, which belong to
the same column of the Mendelev’s table(see inset in Fig.
2), we obtain a similar pattern of Heisenberg exchange pa-
rameters. On the other hand, forX atoms belonging to dif-
ferent columns the changes in the exchange interactions are
very strong (Fig. 1). These changes concern both the
Mn-Mn intrasublattice interactions and the Ni-Mn intersub-
lattice interaction.

Considering the Mn-Mn interactions, we notice that in
Ni2MnGa and Ni2MnIn the interaction with the coordination
spheres from the first to the fourth is positive. The interaction
with the first coordination sphere is weaker than with the
following ones. The interaction with the fifth sphere is very
small. The interaction with the sixth sphere is negative. The
interaction with further coordination spheres is very weak.

In Ni2MnSn the interaction with the first sphere strongly
increases compared with Ni2MnGa and Ni2MnIn. On the
other hand, the interaction with the third sphere becomes
small. The interaction with the fourth sphere is strongly
negative. The interaction with further neighbors are weak.

The trend observed in transition from Ni2MnGa and
Ni2MnIn to Ni2MnSn becomes even stronger in the case of

X=Sb. Here the interaction with the first neighbor increases
further and is the only strong exchange interaction between
the Mn atoms.

The intersublattice Mn-Ni interaction behaves very differ-
ently. A sizable interaction takes place only between nearest
neighbors. This interaction is very strong in Ni2MnGa and
Ni2MnIn and quickly decreases forX=Sn and, especially,
X=Sb.

To reveal the physical origin of the strong difference in
the exchange parameters of these systems we plot in Fig. 2
the frozen-magnon energies as a function of wave vectorq
for one direction in the Brillouin zone.28 We remind the
reader that the interatomic exchange parameters are Fourier
transforms of theEsqd functions and therefore reflect their
form. Indeed,Esqd curves for Ni2MnGa and Ni2MnIn are
close to each other, leading to a similar set of interatomic
exchange parameters(Fig. 1). These curves deviate strongly
from a simple cosinusoid having a maximum atq about 0.6
and a rather weak variation atq.0.6.29 The complexity of
Esqd means that several Fourier components are needed to
describe the features of the function. This is reflected in the
Heisenberg parameters of Ni2MnGa and Ni2MnIn.

On the other hand, theEsqd curve of Ni2MnSb is well
described by one cosinusoid(Fig. 2) that results in a single
large Mn-Mn exchange parameter(Fig. 1). The Esqd of
Ni2MnSn assumes an intermediate position from the view-
point of the complexity of the function. This property is also
reflected in the exchange parameters(Fig. 1).

Note that the character of theq dependence of the energy
illustrated by Fig. 2 is a consequence of the properties of the
electronic structure of the compounds. Indeed, in Fig. 3 we
see that the electronic structures of Ni2MnGa and Ni2MnIn
are similar. Transition along the row In-Sn-Sb leads to in-
creasing difference in the electron spectrum. This increasing
difference can be traced back to the change in the number of
valence electrons: a Sb atom has two more valence electrons
than In and one more electron than Sn. As the result an
important difference in the electron structure of the system is

FIG. 2. Frozen-magnon energies as a function of the wave vec-
tor q (in units of 2p /a) in Ni2MnX for Mn-Mn (left) and Mn-Ni
interactions(right).

FIG. 1. The parameters of the Mn-Mn(intrasublattice) exchange
interactions and Mn-Ni(intersublattice) exchange interactions in
Ni2MnX sX=Ga, In,Sn,Sbd. The distances are given in the units of
the lattice constant. The significance of the oscillations of the ex-
change parameters is verified by varying theq mesh in the frozen-
magnon calculations.
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a relative shift of the Fermi level to a higher energy position
in the sequence In-Sn-Sb. This shift is clearly seen in the
density of states(DOS) presented in Fig. 4. The positions of
the same features of the DOS in different systems are well
described by linear functions with negative angle coeffi-
cients. For the Mn peaks all three lines are almost parallel.
This means that the change in the Mn DOS from system to
system can be treated as a rigid shift with respect to the
Fermi level. In the case of the Ni DOS the situation is more
complicated since, besides the variation of the electron num-
ber, an additional influence on the peak positions is exerted
by the variation of the Ni atomic moment(see Table I).

The Esqd curves determining the Mn-Ni interactions are
presented in Fig. 2. The form of the curves is in all cases
close to a cosinusoid. Therefore, only one exchange param-
eter has sizable value. The strength of the interaction is in
correlation with the value of the magnetic moment of the Ni
atoms.

The interatomic exchange parameters are used to evaluate
the Curie temperature. If only the Mn-Mn interactions are
taken into account we obtain values shown in Table II. De-
spite very strong difference in the Mn-Mn exchange param-
eters in these systems the difference in the corresponding
Curie temperatures is not very large. The explanation for this
result is the property that in MFA to a one-sublattice ferro-
magnet the value of the Curie temperature is determined by
the sum of the interatomic exchange interactionsJ0
=oRÞ0J0R. J0 gives the average value ofEsqd and is less
sensitive to the detailed form of theEsqd function.

The comparison of the Curie temperatures calculated with
the use of the Mn-Mn exchange parameters only with experi-
mental Curie temperatures shows that the agreement with
experiment is not in general good. In the case of Ni2MnGa
the error is about 30%.

Account for intersublattice interactions improves the
agreement with experimentalTC values considerably(Table
II ). This shows that the Ni moment provides a magnetic de-
gree of freedom which plays an important role in the ther-
modynamics of the system.

IV. CONCLUSION

In conclusion, we have systematically studied exchange
interactions and Curie temperatures in Ni-based full Heusler
alloys Ni2MnX sX=Ga, In,Sn,Sbd within the parameter-free
density-functional theory. Our calculations show that despite

FIG. 3. Band structure of Ni2MnX along the high symmetry line
sG–Xd.

FIG. 4. Spin-projected partial density of states of Ni2MnX. The
separate graph in the lower left-hand part of the figure shows the
variation of the positions of a number of the density-of-states
(DOS) peaks for the In-Sn-Sb series of compounds. The lines in
this graph are guides for the eye. The energies are measured with
respect to the Fermi level of the corresponding system. The small
open circles on the DOS curves mark the positions of the peaks.
Arrows show spin projections. The analysis of the states at the
Fermi level shows that the main contributions comes from the 3d
states of Mn and Ni.

TABLE II. Mean-field estimation of the Curie temperatures for
Ni2MnX sX=Ga, In,Sn,Sbd. The experimantal Curie temperature
values are taken from Ref. 20.

T C
Mn-MnfMFAgsKd T C

fMFAgsKd T C
fExpt.gsKd

Ni2MnGa 302 389 380

Ni2MnIn 244 343 315

Ni2MnSn 323 358 360

Ni2MnSb 343 352 365
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the similarity of the Curie temperatures of these systems
there is a strong difference in the underlying magnetic inter-
actions. This difference involves both the Mn-Mn and
Mn-Ni exchange interactions, which depend strongly on the
X constituent. The Curie temperatures are calculated within
the mean-field approximation to the classical Heisenberg
Hamiltonian by solving a matrix equation for a multisublat-

tice system. Good agreement with experiment for all four
systems is obtained.
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