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Density-functional studies of the electronic structures and exchange interaction parameters have been per-
formed for a series of ferromagnetic full Heusler alloys of general formula Co2MnZ sZ=Ga,Si,Ge,Snd,
Rh2MnZ sZ=Ge,Sn,Pbd, Ni2MnSn, Cu2MnSn, and Pd2MnSn, and the connection between the electronic
spectra and the magnetic interactions have been studied. Different mechanisms contributing to the exchange
coupling are revealed. The band dependence of the exchange parameters, their dependence on volume and
valence electron concentration have been thoroughly analyzed within the Green function technique. The dif-
ference between the exact adiabatic approach and the long-wavelength approximation is discussed.
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I. INTRODUCTION

The evolving field of spin-electronics has triggered an in-
creasing interest in materials with full spin polarization at the
Fermi level. Many of these systems have been predicted by
means of electronic band-structure calculations,1,2 and some
of them are in use already as elements in multilayered mag-
netoelectronic devices such as magnetic tunnel junctions3,4

and also as giant magnetoresistance spin valves.5 Promising
device candidates are characterized by a strong spin polar-
ization, by a high Curie temperaturesTCd and by a large band
gap, too. Among the most popular groups of materials is the
extraordinarily large family of magnetic Heusler alloys6

which is traditionally considered to be an ideal local-moment
system.7–9 This implies that their exchange couplings can be
described by a Heisenberg Hamiltonian which allows the in-
vestigation of the temperature properties of the magnetic sys-
tems within a very simple conceptual frame. It therefore
seems that the problem of calculating the exchange interac-
tion parameters with the help of reliable electronic structure
methods must have a very high priority in this field.

Nonetheless, despite a thorough theoretical understanding
of the electronic structures of many full Heusler alloysssee,
for example, Refs. 9–15d, only very few publications are
dedicated to the discussions of magnetic exchange interac-
tions in these systems. Noda and Ishikawa16 have extracted
the exchange parameters from the spin-wave spectrum using
a model-like Heisenberg fit. On the theoretical side, Kübler,
Williams, and Sommers focused on the calculated total-
energy differences between the ferromagneticsFMd and dif-
ferent antiferromagneticsAFMd states.9 The parameters of
the Heisenberg Hamiltonian were then fitted to reproduce the
course of the calculated energies but such technique usually
allows to extract only the parameters of the first and second
neighbors, and the interactions between Mn and all other
atoms are neglected for reasons of simplicity.

In this contribution, we obtain the magnetic exchange pa-
rameters of a number of Heusler alloys from first principles
and then analyze the magnetic coupling dependence upon

electronic structure variations induced by atomic substitu-
tions or volume variations. The paper is organized as fol-
lows: In Sec. II we describe the crystal structure under in-
vestigation and the computational method chosen. Section III
is devoted to the parameter-free derivation of exchange pa-
rameters by theoretical approaches within density-functional
theory. Section IV contains our results for the electronic
structures and the magnetic interaction parameters of the
Co2MnZ, Rh2MnZ and X2MnSn families of alloys. Finally,
we summarize our results in Sec. V.

II. CRYSTAL STRUCTURE AND COMPUTATIONAL
DETAILS

The Heusler alloys6 represent a class of ternary interme-
tallic compounds of general formulaX2YZ in which X is a
transition metal,Z is a metal of main groups III-V, andY is
a magnetically active transition metal such as manganese.
The Heusler alloys adopt ordered L21 structures, given in
Fig. 1, which may be understood as being the result of four
interpenetrating face-centered-cubicsfccd lattices. According
to the L21 structure jargon, theX atoms occupy theA andC
sites, theY atoms are on theB sites, and theZ atoms are
found on theD sites. Thus, sitesA, B, C andD correspond to

FIG. 1. The L21 structure type composed of four interpenetrat-
ing fcc lattices.
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The uniqueness of the Heusler alloys is due to the fact
that they exhibit cooperative magnetic phenomena—
especially ferromagnetism—in the desired temperature range
although no constituent of their archetype, Cu2MnAl, exhib-
its such properties in the elemental state. Even simpler than
Cu2MnAl is the phase MnAl which also displays strong fer-
romagnetic behavior and is of technological interest because
of an enhanced magnetic anisotropy. The tetragonal MnAl
ground state results from two subsequentselectronic and
structurald distortions away from a cubic structure.18 The
group of cubic Heusler alloys considered in this paper, how-
ever, all contain Mn atoms as theY atoms, and all phases
exhibit ferromagnetic order. Their lattice parameters, mag-
netic saturation moments and also experimental Curie tem-
peratures are shown in Table I.

For the band-structure calculation we used the TB-
LMTO-ASA method19,20and took the experimental values of
the lattice parameters. The local density approximation
sLDA d according to the Vosko-Wilk-Nusair exchange-
correlation functional was used.21 The tetrahedron integra-
tion over the entire Brillouin zonesBZd was performed with
a total of 195k points in the irreducible part of the BZ. The
Green function technique was implemented according to
Ref. 22.

III. THE CALCULATION OF EXCHANGE-INTERACTIONS
PARAMETERS IN DENSITY-FUNCTIONAL THEORY

In this paper we will use a linear-response technique for
the calculation of the exchange coupling. This technique was
first applied for the description of the exchange coupling
between magnetic impurities in diluted alloys and is tradi-
tionally required for the so-called Ruderman-Kasuya-Kittel-
YosidasRKKY d interaction.23 While the formalism was suc-
cessful for many systemssdiluted magnetic alloys,f

magnets, spin glasses, etc.d, such a perturbative treatment is
not applicable for systems with strong interatomic exchange
couplings, and it is valid only asymptoticallysR→`d. Sur-
prisingly enough, the case of a strong exchange coupling was
never analyzed in the theory of magnetism for real materials
but the so-called long-wave approximationsLWA d was con-
sidered, for many years, as the suitable approach in the
density-functional community. Recently, we reconsidered the
most general definition of the exchange coupling and ana-
lyzed several conditions of LWA applicability.24 Below we
will apply both “exact” and LWA adiabatic formalisms for
the calculation ofJij in Heusler alloys where both localized
and itinerant types of magnetism coexist. First we shortly
describe our computational approach.

The exchange coupling parameterJij between two centers
i and j being part of a magnetic material is usually defined in
the following standard adiabatic procedure using the so-
called rigid spin approximationsRSAd,24

Jij = mi
]2E

]mi ] m j
m j = mifxgi j

−1m j , s1d

whereE is the total energy of the system,mi is the magnetic
moment on sitei, andxi j is a static magnetic susceptibility.

In the above Eq.s1d, the entryx can also be formulated as
the adiabaticsstaticd limit sv→0d of the transversal part of
the Fourier transform of theq-dependent transversal part of
the spin-dynamical susceptibility

xsq,vd = o
wn

↑skdwn8
*↓sk + qdwn

*↑skdwn8
↓ sk + qd

«n
↑skd − «n8

↓ sk + qd − v + i0
, s2d

wherewn
↑skd and«n

↑skd are eigenfunctions and eigenvalues of
the band-structure problem, and the arrows designate differ-
ent spin directions. It can be shown that the static limit of
this susceptibility contributes to the adiabatic full-potential
expression for the spin-wave spectrum25,26

TABLE I. Experimental lattice parametersa, calculated partial and experimental total magnetic momentsm, and calculated and experi-
mental Curie temperaturesTC for X2MnZ compounds. All experimental values have been taken from Ref. 35.

mcalcsmBd mexptsmBd TC sKd

Compound a sa.u.d X Mn Total Total LWA Exact Expt.

Co2MnGa 10.904 0.73 2.78 4.13 4.05 635 807 694

Co2MnSi 10.685 1.01 3.08 5.00 5.07 1251 1434 985

Co2MnGe 10.853 0.97 3.14 5.00 5.11 1115 1299 905

Co2MnSn 11.338 0.95 3.24 5.04 5.08 1063 1215 829

Rh2MnGe 11.325 0.42 3.67 4.49 4.62 410 504 450

Rh2MnSn 11.815 0.45 3.73 4.60 3.10 435 537 412

Rh2MnPb 11.966 0.45 3.69 4.58 4.12 423 530 338

Ni2MnSn 11.439 0.23 3.57 3.97 4.05 373 461 344

Cu2MnSn 11.665 0.04 3.79 3.81 4.11 602 624 530

Pd2MnSn 12.056 0.07 4.02 4.07 4.23 232 254 189
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vsqd = mhfxsqdg−1Kq − fxs0dg−1j , s3d

where the Fourier transform ofKq is

Ksr ,r 8d = 1 −o
fn8↑ − fn↓

«n
↑ − «n8

↓ + i0
wn8

*↑sr dwn
↓sr d ¹

3fwn8
↑ sr 8d ¹ wn

*↓sr 8d − wn
*↓sr 8d ¹ wn8

↑ sr 8dg , s4d

and fn↑ is a Fermi function. Equations4d describes the dif-
ference in the spatial distribution of the wave functions for
the different spins and is negligible if the spin full-potential
effects are small or if the spatial dispersions of the bands
with different spins are the same. AssumingKq=1 svery
small effects of the “kinetic” exchange or largeBxc=«n

↑

−«n8
↓ , whereBxc is the exchange-correlation fieldd, the well-

known Heisenberg-type dispersion law is obtained

vsqd = mfx−1sqd − x−1s0dg = mfJsqd − Js0dg. s5d

The staticsadiabaticd limit used above can be justified if

«n
↑skd − «n8

↓ sk + qd < Im @ v, s6d

where I is an effective Stoner parameter andm= umu. This
condition fEq. s6dg determines a whole range of spin-wave
frequencies for which one may use the adiabatic approxima-
tion.

Below we will estimate the validity of the above criterion
for several compounds studied in this paper. Whenever Eq.
s6d is satisfied in localized systems, however, Eq.s1d can be
further simplified if the LWA is applied using a smallness
criteria either in reciprocal space,

fx−1sqd − x−1s0dg/x−1s0d ! 1, s7d

or in real space,

xi j
−1/xii

−1 < Jij /I i ! 1. s8d

Then, the exchange coupling in the LWA can be expressed as

Jij
lw = mifxgi j

−1m j < mixi
−1xi jx j

−1m j < miI ixi j I jm j , s9d

wherexi
−1 is the on-site element of the inverted spin suscep-

tibility. Due to similarity between Eq.s6d and Eqs.s7d and
s8d, one cannot use the staticsadiabaticd expressionfEq. s5d
or any type of Heisenberg modelg for large q values if re-
quirements7d is fulfilled. The model will be correct for both
itinerant and localized systems for short spin wavelengths
slargeqd only if both the LWA and the adiabatic approxima-
tion are removed simultaneously.

The currently most practical expression for the exchange
coupling is based on the Green function or multiple-
scattering formalism. In this technique, an analogue of Eq.
s1d can be derived24 which reads

Jsqd =
1

No Jije
iqRi j

=
1

No 1

p
EEF

d«ImTrhDifT↑T↓gi j
−1D jjeiqRi j

=
1

p
EEF

d«ImTrFDiSE dkT↑skdT↓sk + qdD−1

DiG ,

s10d

whereDi =sTii
↑ −Tii

↓d /2 and

Tij
s =

1

VBZ
E dkTssqdeiqRi j =

1

VBZ
E dkfpss«d − Ssqdg−1eiqRi j .

s11d

Here, Ts is a scattering path operator,pss«d is an atomic-
potential scattering matrix andS is a matrix of structure con-
stants. The corresponding LWAJlwsqd was obtained in Ref.
27 and reads

Jlwsqd =
1

pVBZ
EEF E dkd« ImTrhpT↑skdT↓sk + qdpj,

s12d

wherep=sp↑−p↓d /2. In real space, the zero-moment of the
exchange interactions can be calculated accordingly to the
sum rule

Ji
lw = o

jÞi

Jij
lw =

1

p
EEF

d« ImTrspiDi + piTi
↑Ti

↓pid . s13d

The linearization of the multiple-scattering expression leads
to the LMTO Green function formalism where, in a two-
center approximation, theTs matrix can be replaced by its
linearized analogue

Tij
ss«d = D1/2Gij

sD1/2, s14d

where Gij
s is the pairwise LMTO Green function, and the

spin-dependent LMTO potential parameterDs is a band-
width for a given quantum number. The LMTO linearization
represents a well-known low-energy scattering in quantum
mechanics, and a potential scattering function can be pre-
sented as

pss«d =
Cs − «

Ds , s15d

where the parameterCs is the center of a band. One can
show28 that in this approximation the effective exchange can
be presented as

Jij
lw =

1

p
EEF

d« ImTrHFC↑SD↓

D↑D1/2

− C↓SD↑

D↓D1/2G
3Gij

↑Gji
↓FC↑SD↓

D↑D1/2

− C↓SD↑

D↓D1/2GJ
=

1

p
ImTrViSEEF

d«Gij
↑Gji

↓DVj = TrVixi jVj , s16d
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where V=C↑sD↓ /D↑d1/2−C↓sD↑ /D↓d1/2 is the effective spin
splitting. So, wheneverD↑=D↓, that is, equal bandwidth for
different spin projections, thenV=C↑−C↓= Im, and the Fou-
rier transform of Eq.s12d can be rewritten in the form of Eq.
s9d. It is this limiting case which allows us to separate the
pure Stoner splitting and hybridizationsdifferent bandwidths
for different spin bandsd contributions from the total ex-
change coupling. In the present paper, we will mostly use the
Fourier transform of Eq.s12d because of its simplicity, but
the applicability of this approach will be checked and Eq.
s10d will be used if necessary. A significant difference be-
tween these two approaches would indicate that the adiabatic
sor LWAd criterion fEq. s6dg is not fulfilled and the nonadia-
batic corrections should be added. To avoid any further com-
plications, we will be using the simple mean field approxi-
mation sMFAd for the TC estimation below.

Due to the presence of several magnetic atoms in a primi-
tive cell, a multiatomic expression forTC must be used. In
the MFA, TC of a system withN nonequivalent magnetic
atoms is calculated29 as a largest solution of the equation

detsTnm− Tdnmd = 0, s17d

wheren andm are the indices of the nonequivalent magnetic
sublattices,Tnm= 2

3Jmn
0 , andJmn

0 is an effective interaction of
an atom from sublatticen with all other atoms from the
sublatticem. In our case with two nonequivalent magnetic
atoms per cell, the expression forTC is reduced to

TC = 1
3fJMn-Mn

0 + JX-X
0 + ÎsJMn-Mn

0 − JX-X
0 d2 + 4sJMn-X

0 d2g.

s18d

While below we provide the MFA estimation ofTC using
both approaches described above, a significant difference be-
tweenJij and Jij

lw may indicate the presence of some mag-
netic short-range order or a large degree of itineracy in the
system.36 In this case, such a simple adiabatic estimation of
TC which is based on a “no strong short-range order” as-
sumption can be questionable and much more sophisticated
approaches are required. However, the calculated parameters
can be usedmutatis mutandisin these more elaborated theo-
ries.

IV. RESULTS AND DISCUSSION

A. Co2MnZ (Z=Ga, Si, Ge, and Sn) compounds

To start with, we performed calculations of the electronic
band structures of four Co-based Heusler alloys with the ge-
neric formula Co2MnZ sZ=Ga, Si, Ge, and Snd. The results
for the electronic spectra are in good agreement with existing
calculations of the electronic structures of these
compounds.9–14To better analyze the density of statessDOSd
curves presented later, we first schematically sketch the
hybridizations30 of the minority-spin orbitals between the Co
and Mn atoms in Co2MnGa, given in Fig. 2. It is justified to
take the minority-spin orbitals because, due to the exchange
hole, these lie higher in energy and are relatively diffuse such
that they are much more involved in the chemical bonding.31

Their larger diffuseness also leads to the finding that spin-
polarized ground states show larger interatomic distances de-

spite of having a lower total energy.32 Compared to the case
of Co2MnGe,10 the Fermi energysEFd in theZ=Ga casessee
Fig. 2d is placed below the Co-Cot1u and eu orbitals. For
Co2MnGe, thet1u orbital is filled with one extra electron.

Figure 3 presents the spin-polarized DOS of Co2MnGa,
and the splittings between different symmetry states have

FIG. 2. Schematic hybridization between the minority spin or-
bitals of Co2MnGa, first between two Co atomsstopd, then between
two Co atoms and a neighboring Mn atomsbottomd. The coeffi-
cients label the degeneracies of the orbital setsssee notations in Ref.
10d.

FIG. 3. Total and partial DOS for the compound Co2MnGa. The
character of each peak belonging to the minority spin states has
been indicated, and the Fermi level is set to the energy zero.
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been extracted at the zone centerG for minority-spin states
ssee also discussion in Ref. 10d. Note that this is an over-
simplification because the symmetry labels are not strictly
valid over the entire reciprocal space. As expected, the DOS
around the Fermi level is heavily dominated by the 3d states
of the Mn and Co atoms, and the majority spin states are
nearly fully occupied. The DOS curves for the minority spins
exhibit two peaks above the Fermi level which are due to
both Mn and Co 3d contributions. The difference in the po-
sitions of these two peaks is directly determined by the dif-
ference in intra-atomic exchange splitting between Mn and
Co. The broad structure in the lowest energy region between
20.8 and20.55 Ry goes back tosmagnetically inactived 4s
and 4p states of Ga, and they are well separated from the 3d
states positioned in an energy region between20.45 and 0.3
Ry. It is interesting to note that the Fermi level of Co2MnGa
is found at the DOS minimum of the minority states, but for
Z=Si and Ge it is positioned exactly in a gap, that is, these
two latter compounds exhibit 100% spin polarization. This
gap has previously been reported by other authors and is
formed due to the strong 3d-3d hybridization sorbital mix-
ingd between the Co and Mn atoms.13,14

In such half-metallic compounds the total spin moment
should ideally be an integer numberssee discussion in Ref.
10d. Our results for the Co2MnZ group, presented in Table I,
come very close to that finding, and there is only a slight
deviation from integer numbers reproducing so-called Slater-
Pauling behavior: here, the total moment equalsmtot=N
−24 whereN is the total number of valence electrons per unit
cell. In accord with the DOS observation in Fig. 3, theZ
ssp-typed atoms in Co2MnZ have negligible moments. The
minority-spin states of the Mn atoms are nearly emptyssee
also Fig. 3d, and the values of the local Mn spin moments
arrive at ca. 3mB. The Co atoms do have significant spin
moments, about 0.7mB in Co2MnGa and about 1.0mB in the
remaining compounds of this family. Clearly, and also most
importantly, the exchange interactions between the Co and
Mn atoms cannot be neglecteda priori.

Accordingly, the calculated values of the partial contribu-
tions Jmn

0 to the effective exchange parameterJn
0 are pre-

sented in Table II. As has been alluded to already, the inter-
action between Mn and Co atoms gives aleading
contribution to the total effective coupling, thereby question-
ing the assumption used in earlier work9 in that only Mn-Mn
interactions were taken into consideration; in terms of 3d-
3d orbital overlap, this leading contribution is not at all sur-
prising. On the other side, the Co-Co interaction is negative
s20.36 mRyd in Co2MnGa and thereby demonstrates the ten-
dency for AFM ordering in the Co sublattice. This negative
value, however, is compensated by the largerpositive inter-
action between Co and MnsJCo-Mn

0 <232.9 mRyd such that
theeffective J0 of Co remains large and positive. The Mn-Mn
contribution toJMn

0 is on the order of only 1 mRy, this is
nearly five times smaller than the Co-Mn interaction.

For completeness, we mention that purea-Mn exhibits an
AFM ordering at low temperaturesJ0,0d, and the small
positive exchange parameters by the nearest-neighbor
Mn-Mn pairs in Mn-based Heusler compounds correspond to
likewise positive and small second-neighbor pairs exchange
parameters in purea-Mn. The theoretical values for the Cu-
rie temperaturesTC obtained by the MFA are also included in
Table I. For Co2MnGa, TC arrives at 635 K and underesti-
mates the experimental values694 Kd by about 10%. Taking
into account the observation that the MFA usuallyoveresti-
matesCurie temperatures, this must be considered an even
larger disagreement with experiment indicating a presence of
magnetic short-range order.36

To check the nature of this disagreement, we performed a
calculation ofJ beyond the LWA using Eq.s10d. In Table I
we also show the corresponding results obtained using this
approach. Our calculations reveal that the effective coupling
between the Mn atoms is practically unchanged so that the
LWA is perfectly suitable for the description of this coupling.
However, all other couplings are affected much more
strongly by this approximation. For instance, the Co-Co in-
teractions are modified nearly by a factor of 2 while Co-Mn

TABLE II. Sublattices contributionsJnm
0 sin mRyd to the effective magnetic exchange parametersJn

0=omJnm
0 for the X2MnZ group of

compoundssboth LWA and exact adiabatic results are shownd.

X-X X-Mn Mn-Mn

Compound Jlw J Jlw J Jlw J

Co2MnGa 20.36 20.21 5.8 7.31 0.81 0.89

Co2MnSi 1.57 2.6 10.2 11.4 1.83 1.85

Co2MnGe 1.12 2.3 8.92 10.1 2.20 2.2

Co2MnSn 0.55 0.94 8.66 9.9 2.24 2.3

Rh2MnGe 0.06 0.2 3.17 4.0 1.28 1.31

Rh2MnSn 0.11 0.25 3.38 4.25 1.29 1.38

Rh2MnPb 0.14 0.38 3.24 4.15 1.32 1.35

Ni2MnSn 20.064 20.1 1.92 2.8 2.52 2.63

Cu2MnSn 0.00 0.01 0.26 0.40 5.71 5.9

Pd2MnSn 0.00 0.01 0.29 0.41 2.17 2.34
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interactions are increased by 25–35 % overall. Correspond-
ingly, the estimated critical temperatures of magnetic phase
transition for this group of alloys are increased by 10–20 %,
and they are larger than the experimentally observed quanti-
ties.

It follows from the results presented in Table II that the
substitution of the main-group III element Ga by a main-
group IV element such as Si, Ge, or Sn leads to a significant
increase of bothJCo-Mn

0 andJMn-Mn
0 values. The modification

of JCo-Co
0 for Z=Sn is related to the very large volume change

relative to Z=Ge. However, the variation in the absolute
value ofJCo-Co

0 is much smaller than the total value ofJ0. The
implications for the changing electronic structure introduced
by the elemental substitution can be well described within
the rigid-band approximationsRBAd ssee Ref. 10 and 14d.
For illustration, Fig. 4 shows a comparison between the elec-
tronic structures of Co2MnGa and Co2MnGe in the energy
region60.1 Ry around the Fermi level. The zero energy in
the lower DOS curve corresponds to the Fermi level of
Co2MnGe with 29 valence electronss28 for Co2MnGad; the
Fermi levels are shown by the dashed vertical lines in both
DOSs. Despite the fact that the zero energy in Co2MnGa is
not exactly in the gap of the minority spin statesslike in
Co2MnGed, the contribution from these additional filled
states is small because it reduces the total magnetic moment
by 0.3mB and slightly changes the position of theJ0sEd ex-
tremum in the Ga-based compound. Thus, the RBA repro-
duces the substitution of Ga by Ge fairly well, at least quali-
tatively.

Nonetheless, the total moment calculated from the elec-
tronic structure of Co2MnGa only by extending the DOS to
29 valence electrons is just 4.6mB, that is, 8% smaller than
the numerical results5mBd for Co2MnGe, and we will soon
focus on this small discrepancy originating from differing
interatomic distances. In the frame of the RBA, the signifi-
cant increase in the exchange parameterssTable IId in going
from Co2MnGa to Co2MnGe goes back to the shift of the
Fermi energysband filling in Ref. 22d which corresponds to
the one extra electron. This evolution of the effective param-
etersJMn

0 =JMn-Mn
0 +JMn-Co

0 and alsoJCo
0 =JCo-Co

0 +JMn-Co
0 /2 as a

function of the Fermi level is also included in Fig. 4. In fact,
the J0 values of Co2MnGa at the Fermi level corresponding
to Co2MnGe equal those of the real Co2MnGe phase. Taking
into consideration the usual MFA overestimation of the Curie
temperatures, our calculation for Co2MnGe gives an accept-
able agreements1115 Kd with the experimental value of 905
K.

The dependence of the electronic structures and magnetic
properties of the Co2MnZ alloys on the chemical nature of
the isoelectronicZ atom has already been discussed in Refs.
10, 11, 14, and 15. We will focus on the DOSsssee Fig. 5d of
Co2MnZ sZ=Si, Ge, and Snd which all display the same
valence electron concentration. Not too surprisingly, the
DOSs are similar to the preceding one of Co2MnGa. How-
ever, all peaks below the Fermi level move to higher energies
with increasing lattice parameters because of the enlarged
atomic radii. This results in a smaller overlap between the
Mn 3d and Co 3d orbitals which, in turn, leads to a smaller
dispersion of these bands,11 becoming more atomiclike. As a
consequence, the DOS peaks come closer to each other and
their amplitudes growsFig. 5d.

Because the changes in peak positions upon exchanging
the Z element is proportional to the change in the lattice
parameter, the replacement of Si by Ge has smaller conse-
quences than the replacement of Ge by Sn; in terms of radii
sand chemical behaviord, Si and Ge are more similar to each
other. Thus, the energetic shift in the DOS peaks is more
distinct for Co2MnSn. In agreement with the results of full-
potential calculations,11 the Mn magnetic moment obtained
in our TB-LMTO-ASA calculation slightlyincreasesin the
Si→Ge→Sn series. On the other hand, the Co magnetic
moment is lowered so that the total magnetic moment is

FIG. 4. Density of states andJ0sEd for the Mn ssolid lined and
Co sdashed lined atoms of Co2MnGa stopd and Co2MnGe sbottomd.
The Fermi level is at zero energy for Co2MnGe s29 valence elec-
tronsd and shifted to the left for Co2MnGas28 valence electronsd by
the rigid-band shiftDEF.

FIG. 5. Density of states of the compounds Co2MnSi ssolid
lined, Co2MnGe sdashed lined, and Co2MnSn sdotted lined. The
Fermi level is at the energy zero.
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close to 5mB in all three casesssee Table Id. This increase of
the Mn magnetic moment is consistent with the increase of
the Mn-Mn contribution to the effectiveJ0 sthird column in
Table IId in this series of compounds. The increase, however,
is compensated by lower values for the Co-Co and also
Co-Mn interactions. Thus, the calculatedTC’s decrease along
the line Si→Ge→Sn ssee Table Id, and this qualitative trend
agrees with the tendency observed experimentally.

To fully demonstrate the volume dependence of the ex-
change interactionssand Curie temperatures, tood, we also
calculated the course ofJ0 in Co2MnSi solelyas a function of
its volume. That is to say, the structure of Co2MnSi was
artificially expanded to lattice parameters that would better
fit the compounds adopted by its higher homologues Ge and
Sn; unfortunately, this is impossible to realize experimen-
tally. Figure 6 displays the values of theJ0 parameters ob-

tained from these calculations, and the purely volume-
derived exchange parameters exhibit the same tendencies as
do theJ0 for the real Co2MnGe and Co2MnSn systems with
their correct lattice parameters. Nonetheless, the simple cal-
culation based only on the volume change significantly over-
estimates the decrease ofJ0 for Co2MnSn; the disagreement
is a consequence of the differing electronic structures of the
Si and Sn atoms. One possible way to imitate this difference
is to select a volume for Co2MnSi which leads to equivalent
conduction-electron bandwidths for both compounds, and the
necessary lattice parameter for the Si-based alloy is equal to
10.97 a.u. Then, the values ofJ0 can be reproduced with an
accuracy of a few percents. Summarizing, the decrease of the
Curie temperature can be explained by the following two
causes: by a simple volume effect and by a change of band-
width upon substitution.

A detailed comparison of Tables III and IV in terms ofJij
makes it clear that the interactions are relatively short ranged
and do not exceed the first four neighbors in each sublattice.
The main exchange parameter,J1 of Co1-Mn in Table III,
corresponds to the nearest-neighbor Co-Mn interaction. This
particular entry of the table alone already gives about 70% of
the total contribution toJ0 between Co and Mn atoms and is
about 10 times larger than the corresponding Co-Co and
Mn-Mn interactions; a remarkable result but, as has been
said before, not too surprising when considering the inter-
atomic overlap. For comparison, Table III also contains the
exchange parameters obtained in earlier work9 where the au-
thors calculated Mn-Mn exchange parameters from the total
energy differences of the FM and AFM structures but ig-
nored the Co-Mn interactions.

Naturally, their approach had to result in significantly
larger Mn-Mn interactions in order to reproduce the FM/

FIG. 6. Course ofJMn
0 ssolid lined and JCo

0 sdashed lined as a
function of the lattice parameter in Co2MnSi. Filled circles corre-
spond toJMn

0 and empty ones toJCo
0 for the real Co2MnZ systems

sZ=Si, Ge and Snd calculated at their experimental lattice
parameters.

TABLE III. Pair exchange interaction parametersJij sin mRyd in the LWA for the Co2MnZ sZ=Ga, Si, Ge or Snd family and results from
Ref. 9.

Compound Sublattice J1 J2 J3 J4 J5 J6 J7 J8

Co2MnGa Co1-Co1 211 4 27 27 2 2 1 1

Co1-Co2 49 4 276 25 0 23 2 1

Co1-Mn 557 64 25 23 21 23 0 0

Mn-Mn 36 22 4 17 2 23 8 3

Co2MnSi Co1-Co1 5 59 1 1 1 22 1 1

Co1-Co2 165 72 231 26 10 0 2 1

Co1-Mn 1106 38 12 2 4 1 0 0

Mn-Mn 130 58 212 24 0 28 0 22

Co2MnGe Co1-Co1 211 55 2 2 1 22 0 0

Co1-Co2 136 75 253 25 10 21 2 1

Co1-Mn 932 41 11 3 6 1 0 0

Mn-Mn 141 60 25 23 1 25 1 24

Co2MnSn Co1-Co1 240 57 4 4 2 25 0 0

Co1-Co2 73 87 256 26 13 24 2 4

Co1-Mn 907 40 7 0 9 2 4 1

Co1-Mn 907 40 7 0 9 2 4 1

Mn-Mn 126 78 5 26 23 213 0 0

Mn-Mn sRef. 9d 630 135
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AFM energy differences because in such an approximation
all interactionssMn-Mn and Mn-Cod are effectivelymapped
into the Mn-Mn-typeJij . Thus, one needs to compare an
effective parameter for the Mn atom, namelyJMn

0 =JMn−Mn
0

+JMn−Co
0 from Table II withJMn

0 =123J1+63J2 from Ref. 9.
The obtained values are 10.9 mRy and 8.4 mRy correspond-
ingly. This similarity between the results of the very different
models suggests relatively localized magnetic character in
this system.

B. Rh2MnZ (Z=Ge, Sn, and Pb) compounds

Independent full-potential calculations of the electronic
structure of this group have been published recently.10 To
ease the understanding of this chemical system, we compare
the densities of states of Rh2MnSn with the preceding one of
Co2MnSn, and both are included in Fig. 7. Generally, the gap
in the minority-spin states of the Co2MnZ phases can also be
observed for the Rh2MnZ phases but this gap apparently be-
comes broader and the Fermi level is no longer found in the
gap. Consequently, the total magnetic moment can no longer
be an integer number for this group of intermetallic com-
pounds, and the entries of Table I impressively support this
statement.

Another important difference is given by the smaller
width and also polarization of the rhodium 4d states relative
to those of cobalt. In chemical terms, this notable difference
between the 3d and 4d sand also 5dd elements is easily ex-
plained by differences in spatial shielding, with interesting
similarities to main-group chemistry.31 In any case, the mag-
netic moment of the Rh atoms is only about one-half the size
of those of the Co atoms, namely ca. 0.45mB compared to ca.
1mB.

In contrast to the Co-based system, the Mn moments in
this group are larger by about 0.6mB. Such a change has been
explained10 by a smaller hybridization between the Rh and
Mn atoms than between the Co and Mn atoms. Alternatively,
a chemical interpretation would focus on an effectively over-
sized Mn atom because of the strongly widened lattice due to
the large Rh atoms. Thus, the majority/minority spin splitting
for Mn is strongly favored, and the intra-atomic exchange
splitting will be mirrored by extraordinarily diffuse minority-

spin orbitals for Mn. The same effect takes place in FePd3
where Fe acquires a very large moment because of being too
spacious.31 Unlike the results given in Ref. 10, however, the
total magnetic moments of our calculations do not monotoni-
cally increase in the row Ge→Sn→Pb, but this effect is
probably related to the atomic spheres approximation used
by us.

We will now analyze the results for the exchange coupling
using Eq.s9d. The values of the exchange splittingsmiIi for
the Rh atoms are about three times smaller than for the Co
atoms so that Rh-Rh and Rh-Mn exchange parameters are
about 10 and three times lower if compared with the Co-Co
and Co-Mn pairsssee Table IId only because of this splitting
renormalization. Such a simple explanation, however, is not

TABLE IV. The radius-vectorr , the distance from the central atomr, and the number of equivalent nearest neighborsn for the L21 type
of structures.

Ji X1-X1 X1-X2 X1-Mn Mn-Mn

n r r n r r n r r n r r

J1 12 0.707 1
2

1
20 6 0.500 01

20 4 0.433 1
4

1
4

1
4 12 0.707 1

2
1
20

J2 6 1.000 001 4 0.866 1
2

1
2

1
2

12 0.829 1
4

3
4

1
4

6 1.000 001

J3 12 1.225 1
2

1
21 4 0.866 1

2
1
2

1
2

12 1.090 3
4

1
4

3
4 24 1.225 1

2
1
21

J4 12 1.225 11
2

1
2

24 1.118 1
201 12 1.299 5

4
1
4

1
4

12 1.414 110

J5 12 1.414 110 6 1.500 003
2

4 1.299 3
4

3
4

3
4

24 1.581 01
2

3
2

J6 24 1.581 01
2

3
2

12 1.500 11
21 24 1.479 5

4
3
4

1
4

8 1.732 111

J7 4 1.732 111 12 1.500 11
21 12 1.639 3

4
5
4

3
4

48 1.871 3
211

2

J8 4 1.732 111 12 1.658 1
2

3
2

1
2

12 1.785 1
4

7
4

1
4

6 2.000 002

FIG. 7. Totalssolid lined and partial densities of statessdashed
lined of Rh and Co in Rh2MnSn and Co2MnSn. The Fermi level is
at the energy zero.
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applicable for the Mn-Mn interactions where the correspond-
ing susceptibility has also changed. In the Mn sublattice, the
interactions decrease in magnitude by about 1 mRy upon
substitution of Co by Rh despite the increase visible for the
Mn magnetic moments. The lowered Mn-Mn exchange pa-
rameters reflect a general AFM tendency for a nearly half-
filled d band and an FM tendency for a nearly empty or filled
d band; this has been discussed before.33 The manganesed
states in the Rh-based compounds are nearly half-filled while
in Co-based compounds these Mn-centered states have been
filled by approximately 0.6 electrons despite Co/Rh being
isoelectronicsthe d states contribution to the magnetic mo-
ment of the Mn atoms is 3.7mB in Rh2MnSn and 3.1mB in
Co2MnSnd.

When it comes to the volume dependence of the magnetic
properties of the Rh-based compounds, we reiterate the
course found for the Co2MnZ sZ=Si,Ge,Snd groupsFig. 5d.
One also expects a decrease of the Curie temperatures with
increasing volume, and this is what the experimentalTC val-
ues reflect in the row Ge→Sn→Pb ssee Table Id. Unfortu-
nately, this trend is somewhat obscured in the theoretical

data. The calculated Curie temperatures in the LWA for
Rh2MnSn s435 Kd and Rh2MnPb s423 Kd are not too far
away from the experimental ones, 412 and 338 K, respec-
tively. For Rh2MnGe, however, we underestimateTC s410 Kd
compared to an experimental 450 K. The usage of Eq.s10d
leads to a significant modification of Rh-Rh couplingsfactor
of 2–3d and a 25–30 % increase of the Rh-Mn coupling, i.e.,
the MFA produces significantly larger numbers forTC. How-
ever, all relative trends remain similar to the exchange cou-
pling within the LWA.

The energy dependence ofJ in the Rh2MnZ compounds,
depicted in Fig. 8, looks different from the one discussed
before in the Co2MnZ group. First, the amplitude ofJsEd is
smaller and, second, the maximum of the curve is a broad
plateau. The last finding means that an increase of the elec-
tron concentration willnot lead to a significant change for
the exchange parameters. An alternative decrease of the elec-
tron concentration, however, leads to negativeJ values such
that an FM state is no longer stable. For instance, the substi-
tution of Ge by Al shifts the Fermi level down by 0.04 Ry
svertical line in Fig. 8d and leads to a significant decrease of
J. This interpretation is supported by the experimental AFM
ordering observed for Rh2MnAl.34

Closing this section, we would like to mention that the
Rh2MnZ compounds are traditionally discussed as systems
with fully localized magnetic moments, in contrast to the
Co2MnZ-type compounds where the Co magnetic moment
can obviously not be neglected. The results for the effective
J values in Table II and the pair-magnetic exchange values
Jij in Table V clearly evidence that Rh-Mn interactions are
even larger than Mn-Mn interactions. A similar behavior is
known from Fe/Pd alloys where the Fe atom magnetically
polarizes the 4d metal upon strong Fe-Pd chemical
bonding.31 In the present case, the Rh-Mn exchange param-
eters are mostly determined by the first-neighborJ1 interac-
tion. Mn-Mn interactions show a significantly longer range
with the main contributions coming from large and positive
J1, J2 and negativeJ6 entries.

FIG. 8. The calculated effective exchange parametersJMn
0

ssolidd and JRh
0 sdashed lined as a function of band filling for

Rh2MnGe. Vertical lines corresponds to 28sRh2MnAl d and 29
sRh2MnGed electrons per unit cell. The energy zero corresponds to
the Fermi level of Rh2MnGe.

TABLE V. Pair magnetic exchange interactionsJij sin mRyd in the LWA calculated for Rh2MnZ sZ=Ge, Sn or Pbd.

Compound Sublattice J1 J2 J3 J4 J5 J6 J7 J8

Rh2MnGe Rh1-Rh1 29 13 0 0 21 0 0 0

Rh1-Rh2 17 0 23 22 6 0 0 1

Rh1-Mn 312 21 2 2 2 1 0 21

Mn-Mn 87 102 3 18 25 227 24 29

Rh2MnSn Rh1-Rh1 28 15 0 0 22 0 0 0

Rh1-Rh2 20 2 23 22 8 21 0 1

Rh1-Mn 340 20 3 2 2 1 1 21

Mn-Mn 61 108 6 29 26 227 24 23

Rh2MnPb Rh1-Rh1 28 15 0 0 22 1 21 21

Rh1-Rh2 22 2 25 22 7 21 0 1

Rh1-Mn 327 17 5 2 1 1 1 21

Mn-Mn 57 96 21 33 28 234 29 24
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C. X2MnSn (X=Ni, Cu, and Pd) compounds

In this section, we will analyze the change of the mag-
netic properties of the Heusler alloys upon atomic substitu-
tion by theX component, the non-Mnd metal. For the com-
pounds withX=Ni, Cu, and Pd, the electronic structures
have been studied in Refs. 10 and 9. Similar to the preceding
Rh2MnZ group, the Fermi level is no longer in the minority-
spin DOS gap and the total moment is not an integer number.
The substitution of Co by Rh or Ni leads to a significant
decrease of thed-metal polarization and, also, to a nearly
complete filling of their minority-spin states. The magnetic
moment of theX atoms is thereby reduced from 1mB sCod to
ca. 0.5mB sRhd and, finally, to about 0.2mB sNid, given in
Table I. This reduction is accompanied by an increase of the
Mn magnetic moment only during the first substitution. The
limiting case is given by the compounds with the nonmag-
netic Cu and Pd atoms.

Using the calculated magnetization valuesmi, we can es-
timate the reduction of theJX−X

0 and JX−Mn
0 parametersssee

discussion aboved. The obtained parameters give qualitative
agreement with the directly calculated results, listed in Table
II. However, this estimation cannot reproduce the decrease of
JMn−Mn

0 for X=Rh and, on the other hand, the significant in-

crease forX=Cu. The authors of Ref. 9 suggested that the
principal role of theX atoms is to simply determine the size
of the crystal lattice. To check this assumption, we calculated
J0 for Ni2MnSn but with a lattice parameter that is charac-
teristic for Cu2MnSn. As a result,JX−Mn

0 =1.3 mRy and
JMn−Mn

0 =2.3 mRy differ from the correctly calculatedJ0 of
the real Cu2MnSn phase by 0.3 and 5.7 mRy, respectively
ssee Table IId. Also, the modified exchange parameters upon
d-metal substitution is not reproduced by the RBA which
worked nicely for ansp-component substitution.

In order to analyze the problem in more detail, we show
the course ofJsEd as a function of Co2MnSn band filling in
Fig. 9. The vertical lines correspond to the Fermi levels
where the total number of valence electrons is equal to the
corresponding compound of theX2MnSn family. While it is
clear thatJ continuously decreases upon Co→Ni sand also
Cud substitution, this lowering isunderestimated, and the
effectiveJMn

0 obtained from Fig. 9 is close to 8 mRy but the
properly calculatedJMn

0 is 5 mRy ssee Table IId.
The predicted Curie temperatures obtained from the cal-

culated parameters are presented in Table I. The correct ten-
dency for the calculated Curie temperatures has been men-
tioned above, except for Ni2MnSn where the disagreement is
within the accuracy of the method. The total exchange pa-
rameterJ0 is mostly determined by the firstX-Mn pair inter-
action and has significant long-range contributions; at least
six interactions are important, see Table VI. We also include
the results obtained from total-energy calculations9 and from
a fit to spin-wave dispersions.16 The exchange coupling in
the LWA produces somewhat smaller values for the Mn-Mn
interaction whileX-Mn interactions are underestimated by
50–60 % when compared with those from the general defi-
nition fEq. s10dg. All TC’s are overestimated in this approach
and we expect that any improvement of the MFA will pro-
duce better agreement with experiment. The calculated ex-
change parameters can be used in any more sophisticated
calculations of the critical temperature.

As mentioned before, one may compare the Mn total ex-
change only. TheJij obtained in Ref. 9 are in good agreement
with our results for Pd2MnSn s2.1 and 2.5 mRy, respec-
tivelyd, but for the Ni- and Cu-based compounds, the authors

FIG. 9. The calculated effective parametersJMn
0 ssolid lined and

JCo
0 sdashed lined as a function of band filling in Co2MnSn. Vertical

lines correspond to 27sFe2MnSnd, 29 sCo2MnSnd, 31 sNi2MnSnd,
and 33sCu2MnSnd electrons per unit cell.

TABLE VI. Pair magnetic exchange interactionsJij sin mRyd in the LWA calculated forX2MnSnsX=Ni, Cu or Pdd and results from Refs.
9 and 16.

Compound Sublattice J1 J2 J3 J4 J5 J6 J7 J8

Ni2MnSn Ni1-Mn 263 218 1 4 8 1 1 2

Mn-Mn 151 116 29 2104 14 230 12 214

Mn-Mn sRef. 9d 187 213

Mn-Mn sRef. 16d 82 105 38 37 26 17 4 2

Cu2MnSn Cu1-Mn 30 2 0 0 21 0 0 0

Mn-Mn 491 318 2118 19 212 65 9 9

Mn-Mn sRef. 9d 88 97

Pd2MnPb Pd1-Mn 40 23 0 0 2 0 0 0

Mn-Mn 65 116 51 278 20 264 16 25

Mn-Mn sRef. 9d 187 220

Mn-Mn sRef. 16d 64 43 21 244 14 219 4 26
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obtained numbers which are two to three times smaller than
ours. The result obtained from spin-wave dispersions in
Ni2MnSn s3.3 mRyd is fairly close to our 4.4 mRy but for
Pd2MnSn, however, the disagreement is significants1.3 ver-
sus 2.5 mRyd. Nonetheless, it must be mentioned that both
calculations of exchange parameters didnot include the Mn-
X interactions which are important especially in the
Ni2MnSn system. The results obtained from the energy dif-
ferences of FM and AFM ordered structures tend to give
systematically underestimated exchange parameters although
these systems are considered localized-moment systems. The
results from spin-wave analysis also underestimate the ex-
change coupling. We therefore plan to consider the spin-
wave properties in future publications.

V. CONCLUSION

The electronic structures and magnetic exchange interac-
tions have been calculated for a set of full-Heusler alloys
with generic formulaX2MnZ whereX is a transition-metal
atom andZ is anspmain-group element. The alloy variations
of the Curie temperatures calculated in the mean-field ap-
proximation are in good agreement with experimental data.
Our analysis demonstrates that theJij dependence on theZ

atom may be described within a rigid band approximation,
having straightforward implications for the influence of the
atomic volume ofZ, thereby allowing semi-quantitative pre-
dictions. The substitution of anX element, however, poses a
problem for the rigid-band approximation although qualita-
tive tendencies can be identified; for obtaining quantitative
results, a full calculation has to be performed. The magnetic
exchange parameters and also Curie temperatures decrease
along the row Cu→Ni→Rh→Pd, in agreement with the
degree ofd localization for the transition metal. TheX-Mn
interactions are very important for systems with sizable mag-
netic moments on the transition metalsCo, Rh, and Nid, mak-
ing the magnetic short-range order effects stronger in these
materials. TheX-Mn interactions are limited by first neigh-
bors while Mn-Mn interactions are quite long ranged.
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