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The microscopic mechanisms responsible for both the formation and coupling of magnetic mo-
ments in Heusler alloys (X;MnY) are identified. We find that the X atoms (e.g., Cu, Pd) serve pri-
marily to determine the lattice constant, while the Y atoms (e.g., Al, In, Sb) mediate the interaction
between the Mn d states. There is no significant direct interaction between the Mn atoms, but the
occupied d states of Mn are delocalized by their strong interaction with the X-atom d states. The lo-
calized character of the magnetization results from the exclusion of minority-spin (defined locally)
electrons from the Mn 3d shell. The coupling between the localized magnetic Mn moments can be
described with the Heisenberg Hamiltonian and the sign of the exchange constants results from a
competition between the intra-atomic magnetic energy and interatomic Y-atom mediated covalent in-
teractions between the Mn d states. These effects compete because the covalent mechanism is possi-
ble only for antiferromagnetic alignments, but necessarily reduces the magnitude of the local mo-
ments. The sensitive dependence of magnetic order on the occupation of the mediating p-d hybrid
states accounts well for experiments by Webster in which this occupation is varied by alloying. Our
analysis is based on self-consistent, spin-polarized energy-band calculations for Co,MnAl, Co,MnSn,
Ni,MnSn, Cu;MnAl, Cu,MnSn, Pd,;MnIn, Pd;MnSn, and Pd,;MnSb, for both ferromagnetic and an-
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tiferromagnetic spin alignments.

I. INTRODUCTION
Heusler alloys'_3 are ternary, magnetic, intermetallic
compounds, usually containing Mn, with L2, crystal
structure and are defined by the generic formula X,MnY
with X=Co, Ni, Cu, Pd, etc., and Y=Al, Sn, In, Sb, etc.
When the elements X and Y are nonmagnetic, the magnet-
ization is essentially confined to the Mn sublattice. When
the element X is Co or Ni an additional magnetization ap-
pears at the Co or Ni sites.*

Heusler alloys are traditionally considered to be ideal
local-moment systems.>® Consequently, one uses the
Heisenberg Hamiltonian to describe the ordering of the
moments and discusses the exchange constants in terms of
indirect Ruderman-Kittel-Kasuya-Yosida—type (RKKY-
type) exchange mediated by the free electrons of the sys-
tems.”~!! Neutron-scattering measurements>'>!3 of the
spin-wave spectra of Ni,MnSn, Pd,MnSn, and Cu,MnAl
have led to a detailed knowledge of the exchange-
interaction constants, and, at least for the case of
Pd,MnSn, a fit of the measured exchange constants with
theoretical formulas has been quite successful.'!! The
chemical trend in the evolution of the ferromagnetic state
has been illustrated by measurements of Webster and co-
workers!*!* on the systems Pd,MnIn.Sb,_. and
Pd,MnIn.Sn,_.; these show impressively how the mag-
netic coupling changes as the conduction-electron concen-
tration is changed.

Our principal objective here is to point out that the
physical picture of these systems differs from that usually
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employed in the discussion of magnetic order. By carry-
ing out energy-band calculations for a series of Heusler al-
loys we succeed in establishing an understanding of the
strength of the magnetic coupling which varies consider-
ably in the systems studied here, ranging from weakly an-
tiferromagnetic in Pd,Mnln to strongly ferromagnetic in
Co,MnSn. The picture that emerges from these calcula-
tions is that of delocalized d electrons moving in a com-
mon d band formed by the d states of the Mn atoms and
those of the X atoms. Yet the calculations indicate that
the magnetization is very much confined to the Mn atoms.
The localized character of the magnetization results from
the exclusion of minority-spin (defined locally) electrons
from the Mn 3d shell.

The results of our energy-band calculations differ only
in quantitative detail from earlier calculations by Ishida
et al.'*~'® The important differences between the present
and earlier work are (1) our effort to establish chemical
trends by performing calculations for many systems, i.e.,
Co,MnAl, Co,MnSn, Ni,MnSn, Cu,MnAl, Cu,MnSn,
Pd,MnlIn, Pd,MnSn, and Pd,MnSb, (2) the minimization
of the total energy to obtain the volume, (3) the direct cal-
culation of the total-energy difference between the fer-
romagnetic and antiferromagnetic moment alignments,
and (4) the present calculations are self-consistent. They
are based on the local-spin-density treatment of electronic
exchange and correlation’®~2! and on the augmented-
spherical-wave?? formalism for the solution of the effec-
tive single-particle equations. Parts of this work were re-
ported previously.?*
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In Sec. II we give details of the electronic structure of
the Heusler alloys and show how the localized magnetic
moments are formed. In Sec. III we discuss the coupling
of the local moments on different Mn atoms and explain
chemical trends in the energy that stabilizes the ferromag-
netic state. In this section we also obtain Heisenberg ex-
change constants which allow one to estimate the
paramagnetic Curie temperatures. In Sec. IV we summa-
rize our conclusions.

II. FORMATION OF MOMENTS

Four sets of calculations?* were done for the Heusler al-

loys Co,MnAl, Cu,MnAl, Co,MnSn, Ni,MnSn,
Cu,MnSn, Pd,MnlIn, Pd,;MnSn, and Pd,MnSb; these were
(1) nonmagnetic, (2) ferromagnetic (F), (3) antiferromag-
netic type I (AF I), and (4) antiferromagnetic type II (AF
II). The different types of ordering and the crystal struc-
ture are illustrated in Fig. 1. AF I is characterized by al-
ternating planes parallel to the (001) plane, AF II by alter-
nating planes parallel to the (111) plane of up- and down-
spin moments.?> Figure 1 also shows the p orbitals of a ¥
atom in X,MnY: They couple moments of the same direc-
tion in AF I but of opposite direction in AF II. This is
important because we will find that p-d hybrid states con-
stitute the effective coupling of d states on different Mn
atoms.

Figure 2 shows some of our state-density results for as-
sumed nonmagnetic X,MnSn with X=Co, Ni, and Cu.
The Fermi-level state density is due to both Mn and Co d
states in Co,MnSn but is entirely due to Mn d states in
Cu,MnSn and in all cases it well exceeds the critical (Ston-
er) value that is indicated in Fig. 2.

Minimization of the total energy with respect to both
the volume and the magnetic order leads to the ground
states of the Heusler alloys; all are found to have calculat-
ed ferromagnetic ones except for Pd,MnIn which has an
AF 1II ground state. This is in agreement with experi-
ment.'* State densities are given in Fig. 3 for X,MnAl
(X=Co and Cu), in Fig. 4 for X,MnSn (X=Co, Ni, and
Cu), and in Fig. 5 for Pd;MnY (Y=In, Sn, and Sb). Here
t designates the majority-spin electrons and | the
minority-spin electrons; in AF II Pd;Mnln, t and | are
for one sublattice only. The minority-spin state densities
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FIG. 1. Antiferromagnetic configuration of the first kind (a)
and the second kind (c) in the fcc lattice. Mn spin-up and spin-
down sublattices and the p orbitals in X,MnY of the central ¥
atom are shown. Center: (b) L2, crystal structure, shaded cir-
cles, Mn; open circles, Y; solid black circles, X.
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FIG. 2. Total state densities per formula unit of assumed
nonmagnetic Co,MnSn, Ni,MnSn, and Cu,MnSn shown in
lower panels. Site- and angular-momentum-projected d-state
densities of the constituents shown in upper panels.

at the Fermi energy for ferromagnetic Co,MnAl and
Co,MnSn nearly vanish. This should lead to peculiar
transport properties in these two Heusler alloys. Table I
contains some ground-state quantities like lattice con-
stants, heats of formation, and magnetic moments. Com-
parison of the calculated lattice constants with the experi-
mental ones shows that the former are nearly always
somewhat smaller then the measured ones. This may be
due to the fact that most, if not all, of the lattice constants
were measured at elevated temperatures. The heats of for-
mations AH were obtained from the total-energy differ-
ences between the magnetic compounds and the constitu-
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FIG. 3. Total majority (1) and minority () state densities per
formula unit for ferromagnetic (a) Co,MnAl and (b) Cu,MnAl
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FIG. 4. Total majority (1) and minority (1) state densities for
ferromagnetic (a) Co,MnSn, (b) Ni,MnSn, and (c) Cu,MnSn.

ent metals. The calculated saturation moments p, are the
sum of the Mn spin moment plus the X and Y spin mo-
ments of one molecule X,MnY. Except for the Co sys-
tems (where they agree with experiment) they are smaller
than the measured ones, which may be due to orbital con-
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FIG. 5. Total majority (1) and minority (1) state densities for
one sublattice of antiferromagnetic (a) Pd,MnIn and for fer-
romagnetic (b) Pd,MnSn, and (c) Pd,MnSb.

tributions not included in our calculations.

A decomposition of the state densities which clarifies
the origin of a great deal of the peak structures seen in
Figs. 3—5 is given in Figs. 6—13 which show the minority
d-state densities of Mn and X in the lower part and the

TABLE 1. Calculated and experimental lattice constants of ferromagnetic (AF II in the case of
Pd,;Mnln) Heusler alloys, calculated heats of formation AH, calculated magnetic moments of Mn in

Heusler alloys gy, and calculated and experimental saturation moments, g

tice moment of Pd,Mnln is 4.04u 5 (Ref. 14).

calc

and u§™. Total sublat-

XZMnY acaic (A) aexpt (A)a AH (eV) HMn (“B) /J'(c)alc (“Il) #(e)xp( (,U'B)
F-Co,MnAl 5.68 5.76 —1.55 2.74 4.05 4.01+0.05°
F-Cu;MnAl 5.85 5.95 —0.35 3.36 3.38 3.6—4.1%¢
F-Co,MnSn 5.95 6.00 —0.79 3.13 5.02 5.08+0.05°
F-Ni;MnSn 5.99 6.05 —0.93 3.39 3.75 4.05¢
F-Cu;MnSn 6.13 6.17 +0.3 3.52 3.61 4.11°
AF II-Pd,MnIn 6.37 6.37 —0.98 3.90 0 0°
F-Pd;MnSn 6.35 6.38 —1.60 3.78 3.86 4.23+0.1¢
F-Pd;MnSb 6.34 6.42 —1.54 3.83 4.0 4.4+0.1°

?All measured lattice constants from Campbell (Ref. 3).

"Webster (Ref. 4).

‘Campbell (Ref. 3).

4Oxley et al. (Ref. 26) and Endo et al. (Ref. 27).
‘Webster and Ramadan (Ref. 14).
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FIG. 8. Site- and spin-projected d-electron state densities for
(a) and (b) ferromagnetic Co,MnSn, and (c) and (d) antifer-
romagnetic Co,MnSn.
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FIG. 9. Site- and spin-projected d-electron state densities for
ferromagnetic Ni,MnSn.



28 FORMATION AND COUPLING OF MAGNETIC MOMENTS IN . . . 1749

F-CupMnSn 12 F-PdoMnSn |2
Ep
Pd d ¢
>
(V) —
~ >
wi Q
(FN)
EF
Mn d §
(b) §
Pd d ¢
1.7
}
R T L0 4
N(E) (ev™T) N(E) (ev™1)

FIG. 12. Site- and spin-projected d-electron state densities for

FIG. 10. Site- and spin-projected d-electron state densities for
ferromagnetic Pd,;MnSn.
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FIG. 14. Localized magnetic moment from delocalized elec-
trons. Schematic diagram of up-spin and down-spin d electrons
in Heusler alloys (X, MnY). Corresponding nonschematic state
densities are shown in Figs. 6—13.

majority d-state densities in the upper part, except for an-
tiferromagnetic Pd,MnIn where the d-state densities of
one sublattice are shown (the other sublattice has t and |
reversed).

The content and interpretation of Figs. 6—13 are
described schematically in Fig. 14. The Mn spin-up d
states are almost completely occupied and the bandwidths
indicate that they are just as delocalized as the d electrons
of Co, Ni, Cu, or Pd. The Mn spin-down states, however,
are nearly empty, particularly in the Cu and Pd systems,
including antiferromagnetic Pd,MnIn. Put differently,
the spin-up d electrons of the Mn atoms join those of the
X atoms in forming a common d band, whereas the spin-
down d electrons are almost completely excluded from the
Mn sites. The results of this localized exclusion is an
equally localized region of magnetization. We therefore
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FIG. 15. Site- and spin-projected d-electron sublattice state
densities for assumed antiferromagnetic (AF I) Cu,MnALl.

have completely localized magnetic moments composed of
completely itinerant electrons.

The notion of localized magnetic moments implies that
their coupling can be described by the Heisenberg Hamil-
tonian. Before we show in Sec. III that this is indeed true
for the Heusler alloys, we here turn to a more basic prere-
quisite required of local moments, namely that they
remain intact when their direction is reversed. Figure 15
gives the d-state densities of AF I Cu,MnAl for one sub-
lattice; it should be compared with the ferromagnetic re-
sults given in Fig. 7. Except for details, which we will ex-
plore in Sec. III, both state densities are very much alike
and so are the magnetic moments. Table II contains a

TABLE II. Magnetic moments of Mn atoms in up for ferromagnetic, pierro, AF I, par 1, and AF 11,
Har 1, moment alignments. Total-energy differences AE; between ferromagnetic and AF I moment
alignments, and AE|; between ferromagnetic and AF II moment alignments, are also shown.

X,MnY Hferro HAF1 MAF 1 AE; (meV) AEy (meV)
Co,MnAl 2.74 3.0 2.97 —195.9 —157.8
Cu;MnAl 3.36 3.26 3.19 —123.1 —183.7
Co;MnSn 3.13 3.26 3.21 —268.7 —244.9
Ni,MnSn 3.39 3.35 3.35 —81.6 —57.1
CuMnSn 3.52 3.36 3.39 —38.1 —59.9
Pd,;MnlIn 3.87 3.89 3.90 —13.6 + 6.8
Pd;MnSn 3.78 3.80 3.79 —82.5 —55.1
Pd,MnSb 3.83 3.82 3.78 —-14 —204
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TABLE III. Occupation numbers g; of s, p, and d bands in Heusler alloys for majority- (1) and
minority- (1) spin electrons. Numbers are for calculated ground states—all ferromagnetic except for
Pd,Mnln, which is AF II. The latter occupation numbers are for one sublattice only. f-state contribu-
tions are 0.3—0.4 (not listed). Last two columns are Fermi-level state densities in eV .

X,MnY (gs)t (qp)l (ga) (gs), (qp)l (qq), [N(ER)], [N(ER)],
Co,MnAl 1.35 1.76 12.78 1.37 1.92 8.57 1.4 0.2
Cu,MnAl 1.48 1.93 14.16 1.50 1.99 10.73 0.5 0.7
Co,MnSn 1.42 2.09 13.32 1.40 2.18 8.25 1.0 0.1
Ni,MnSn 1.45 2.10 13.65 1.44 2.17 9.86 0.9 2.0
Cu,MnSn 1.55 2.24 14.36 1.54 2.25 10.77 0.5 1.2
Pd,;MnIn 1.39 1.79 13.64 1.37 1.76 9.67 0.8 1.3
Pd,MnSn 1.44 2.00 13.79 1.43 2.11 9.86 0.6 1.2
Pd;MnSb 1.51 2.37 13.90 1.47 2.41 9.93 0.8 1.0

compilation of the calculated magnetic Mn moments for
F, AF I, and AF II moment alignments together with the
total-energy differences, AE; and AEy;, between the fer-
romagnetic and antiferromagnetic alignments,

AE=E,,(ferro)—E,(AF I) ,
AE =E,(ferro)—E,(AF II) .

The AF II state total energy is lowest in Pd,MnlIn only;
here the magnetic moments are slightly larger for the anti-
ferromagnetic alignments than for the ferromagnetic one.
For the Co and Ni systems and for Pd,MnSn the AF II
state total energy is lower than the AF I energy. The anti-
ferromagnetic moments are larger than the ferromagnetic
ones in these systems, too, except for Ni,MnSn. For the
remaining systems the AF I state total energy is lower
than the AF II energy. In these cases the antiferromag-
netic moments are somewhat smaller than the ferromag-
netic ones.

In Table III, finally, the distributions of occupation
numbers over angular momenta is given together with
Fermi-level state densities. It is only Cu,MnAl for which
we found a value of the coefficient ¥ of the electronic
specific heat.”® Its value implies a Fermi-level state densi-
ty of 2.8 states per eV, which is about a factor of 2 larger
than the calculated value. The same discrepancy was
found by Ishida et al.'® who suggested that spin fluctua-
tions may cause an enhancement of y.

III. COUPLING OF MOMENTS

The preceding discussion is concerned with the forma-
tion of localized magnetic moments on individual Mn
atoms. We turn now to the question of the alignment of
the moments of different Mn atoms. We do this in two
parts: In subsection A we discuss and explain chemical
trends, and in subsection B we determine Heisenberg ex-
change constants.

A. Trends

Our physical picture of the “‘exchange interaction” cou-
pling the Mn moments is based on the results of Sec. II
One unequivocal conclusion of these results is that there is
no significant direct interaction between the d states on
different Mn atoms. Such an interaction, if present,
would manifest itself in several ways in the state densities

shown in Figs. 6—13 and 15. For example, if the direct
interaction of Mn d states were significant, then the unoc-
cupied Mn d band would be noticeably narrower in the
case of antiferromagnetic alignments; a comparison of
Fig. 7 with Fig. 15 shows that this is not so. The partial
state densities indicate that the d states of different Mn
atoms do interact, but only by using the states at the ¥
atoms as an intermediary. This can be seen by comparing
again Fig. 7 with Fig. 15 and noticing the additional peak
in the antiferromagnetic Mn d | state density (Fig. 15)
just above Ep which is not present in the ferromagnetic
state density (Fig. 7); similarly, spectral weight is shifted
in the Mn d 1 state density below Er when the alignment
is changed from ferromagnetic to antiferromagnetic. The
connection of these peaks with the Al p states is establish-
ed by Fig. 16 which shows the minority Al p and Mn d
states of AF II Cu,MnAl on the left-hand side and those
of Cu,MnSn on the right-hand side (notice the peaks
above Er marked with a horizontal line). These p-d hy-
brid states are further illustrated by Fig. 17 which shows
the minority p and d states of ¥ and Mn for antiferromag-
netic Pd;MnY, with Y=In, Sn and Sb. The variation of

AF I Cup MnAl

——

AFH—CuzMnSn
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Al p {{ Mn d{ Snpdf Mnd |
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N(E) (ev™T)

FIG. 16. Minority-site- and spin-projected state densities of p
and d electrons of Al and Mn, respectively, in (a) antiferromag-
netic Cu,MnAl and of Sn and Mn, respectively, in (b) antifer-
romagnetic Cu,MnSn.
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FIG. 17. Minority-site- and spin-projected state densities of p
and d electrons in antiferromagnetic Pd;MnY. From left to
right: Y=In in AF I order then in AF II order; Y=Sn in AF II
order; Y=Sb in AF II order.

the strengths of the hybrids with different antiferromag-
netic alignments is apparent from the left-hand side of
Fig. 17. A similar plot for ferromagnetic Pd,MnY, shown
in Fig. 18, shows that these hybrid states are absent in this
case.

Our interpretation of this observation is that the total-
energy difference between the ferromagnetic and antifer-
romagnetic moment alignments results from a competition
between two physical mechanisms, the intra-atomic ex-
change splitting of the Mn d states, and the interatomic
covalent interaction of d states on different Mn atoms
mediated by the p states of the Y constituent. These
mechanisms both possess the important property of affect-
ing the energies of states throughout the Mn d band. The
involvement of d states well away from Ef is particularly
visible in the case of the exchange energy, where it is man-
ifest in the quadratic dependence of the exchange energy
+Iu? on the full local magnetization p. (I is the intra-
atomic exchange integral.) Whereas the magnetic energy
applies equally to the ferromagnetic and antiferromagnetic
alignments, the covalency mechanism?>?° benefits only the
antiferromagnetic alignment (see Figs. 17 and 18). This is
because the interatomic interactions couple only electrons
of the same spin and are only effective in lowering the to-
tal energy if the states involved lie both above and below
the Fermi energy. (The covalency mechanism lowers the
energy of bonding hybrids and raises the energy of anti-
bonding hybrids; if both are occupied, there is little net ef-
fect.) So, if the exchange energy benefits both alignments
and the covalency mechanism benefits only the antifer-
romagnetic alignment, why are most Heusler alloys fer-
romagnetic? The answer is that an intrinsic part of the
covalency mechanism is the mixture of states on different
atoms to form the hybrid states, and this, in the present
context, implies the population of minority-spin states,
and therefore the reduction of the local magnetization and
the loss of exchange energy. Thus, an intrinsic aspect of
the covalency mechanism is a loss of local magnetization,
and this, in our view, is the essence of the
antiferromagnetic-ferromagnetic competition.

Our calculations suggest that in terms of the formula
X,;MnY, the principal role of the X atoms is to determine
the lattice constant. The Y atoms provide the p orbitals
that mediate the covalent Mn-Mn interactions. The Y
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FIG. 18. Minority-site- and spin-projected state densities of p
and d electrons in ferromagnetic Pd;MnY for Y=In, Sn, and Sb
(from left to right).

atoms, through their valence, also determine the extent to
which the hybrid p-d orbitals are filled and thereby deter-
mine the moment-loss “price” associated with the covalen-
cy benefit. This role of the Y atoms is beautifully illus-
trated by the measurements of Webster and co-
workers!'!® which show the evolution toward the fer-
romagnetic state to be twice as rapid in the alloy system
Pd;MnIn.Sb,_, as in the system Pd,MnIn.Sn;_,.
Indeed, Fig. 17 shows that the p-d hybrid states cross the
Fermi energy, being far above in Pd,MnlIn and just below
in Pd,MnSb. The fact that Cu,MnAl, despite Al’s valence
of three, is strongly ferromagnetic both experimentally
and calculationally, might seem inconsistent with this
rigid-band-theoretic interpretation of the role of the Y
constituent. Rather, this example points out the limita-
tions of rigid-band theory; it is appropriate for the
description of small changes in chemical identity, as in the
Pd,MnlIn_Sb;_. and Pd,;MnlIn,Sn; _. systems, but it is not
a useful guide to understanding larger chemical changes,
such as those between Cu,MnAl and Pd,MnIn. In
Cu,MnALl the small lattice constant amplifies the mediat-
ed Mn-Mn covalent interactions and with them the loss of
moment (0.1up; see Table II) in the antiferromagnetic
state, causing the strong energetic preference for the fer-
romagnetic alignment.

Consider now the stability of the ferromagnetic spin
alignment in the case of Ni-based Heusler alloys and the
tremendous stability of the ferromagnetic alignment in the
case of the Co-based alloys (see Table II). Figure 8 clearly
reveals the source of this stability. We see in Fig. 8 that
whereas the d states of Cu and Pd lie almost entirely
below the Fermi level (see Figs. 10—13) in the Heusler al-
loys, those of Ni, and particularly those of Co, do not.
The covalent interaction between the d states of Co and Ni
and those of Mn is not markedly stronger than the analo-
gous interaction in the Cu- and Pd-based Heusler alloys;
the important difference between the Co- and Ni-based al-
loys on the one hand and the Cu- and Pd-based alloys on
the other is the fact that a significant fraction of the anti-
bonding hybrid states formed by this covalent interaction
lie above the Fermi level in the case of the Co- and Ni-
based alloys (see Figs. 8 and 9). So, where the metalloid
atoms provide the important Mn-to-Mn coupling in the
Cu- and Pd-based Heusler alloys, it is the more numerous
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Co and Ni atoms that perform this role in the Co- and
Ni-based alloys. When the Mn-Mn interaction is mediat-
ed by the X sublattice (generic Heusler formula X,MnY),
the interaction is ferromagnetic; if the interaction is medi-
ated by the Y sublattice, it can have either sign, depending
on the position of the Fermi level in the Mn-Y p-d hybrid
states.

B. Heisenberg exchange constants

We finally turn to a discussion of the Heisenberg ex-
change constants in Heusler alloys. Since we argue that
the magnetic moments are localized we postulate that the
coupling of the moments on different Mn atoms can be
described by the Heisenberg Hamiltonian

Hz_z‘,ij_éi'—s.j , (1)
ij

with exchange constants J;; (J; =0). (We will ignore the
Ni and Co moments.) The exchange energy in the fer-
romagnetic ground state at 7=0 is*’

Eo=-523zJ;, )
i

where z; are the coordination numbers of the lattice,
which in our case is fcc. Since the antiferromagnetic ar-
rangements used in our calculations are not eigenstates of
the Heisenberg Hamiltonian we can only write down vari-
ational estimates of their exchange energies®® and subtract
them from Eq. (2). The result for such an exchange-
energy difference is

AE=—-4523 2, , 3)
i

where z» gives the coordination numbers for oppositely
ordered moments. These numbers are, for AF I,

z0=8,0,16,0,16,0,36,... (i=1,2,3,...)
and for AF II,
2°=6,6,12,0,12,8,24, ... (i=1,2,3,...).

We can use Eq. (3) to determine exchange-energy differ-
ences for AF I and AF II order from measured values of
J; and compare these with AE| or AEjy; listed in Table I
Exchange constants J; have been determined for
Ni;MnSn, Cu,MnAl, and Pd,MnSn from neutron-
scattering experiments of the spin-wave spectra®'2!3 up to
i=6. We thus arrive at experimental values from Eq. (3)
which we give in Table IV for AF I and AF II order as
AE§™ and AE§f™. For convenience we repeat in Table IV
our calculated values AE{™° and AE§ from Table II.
The agreement can be considered satisfactory especially in
view of the large possible errors, both experimentally and
numerically, and we conclude that our calculated local-
density values of AE mainly represent exchange-energy
differences that can be derived from the Heisenberg Ham-
iltonian.

Starting from Eq. (3) again we can proceed differently
and use our calculated values for the total-energy differ-
ences AE; and AEy of Table II to determine exchange
constants, and from these paramagnetic Curie tempera-
tures. This, however, is only possible if we ignore all ex-
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TABLE IV. Energy differences AE from Table II, AE" and
AE§", and “experimental” values from Eq. (3) from exchange
constants of Ishikawa (Ref. 5).

AE§" AE{™ AE§" AEg™
(meV) (meV) (meV) (meV)
Ni;MnS$n —82 -T2 —57 —80
Cu,MnAl —123 —173 —184 —172
Pd,MnSn —83 —66 —55 —55

change constants except those between nearest and next-
nearest neighbors, J; and J,. In this case

AE;=—325%, (4)
and
AE=—248%J,+J,), (5

where we may assume for S the value of pge, from Table
II. For the ferromagnetic Heusler alloys we then use the
well-known formula for the paramagnetic Curie tempera-
ture

kp®=4S(S +1)(2J,+J,), 6

where kg is Boltzmann’s constant, and for antiferromag-
net Pd,MnlIn,

kp®=—4S(S+1)J, . . (7
Exchange constants from Egs. (4) and (5) and paramagnet-
ic Curie temperatures from Egs. (6) and (7) are given in
Table V together with experimental values. Table V
shows that the total-energy differences allow a rough cal-
culation of Curie temperatures with the exception of
Pd,MnSb. We believe that the remaining discrepancies
are mainly due to the neglected exchange constants J; and
J4. The results of this subsection to us justifies the use of
the modifier local for the Mn magnetic moments of the
Heusler alloys.

IV. CONCLUSIONS

We conclude our discussion of Heusler alloys with the
observation that our energy-band model of these systems
does not differ in its qualitative physical content from the
Hartree-Fock treatment of the so-called double-resonance
Anderson Hamiltonian. This model has been studied in
this context by Kim and Nagaoka,” Malmstrom et al.,'®
and by Price.!! What the present work provides is a more
detailed picture of the electronic structure, and the
changes in the electronic structure associated with dif-
ferent magnetic moment alignments. The energy-band
calculations show, in particular, that states lying well
below the Fermi level are involved in the energy balance
that determines the type of magnetic order, but that the
p-d hybrid states in the immediate vicinity of Er play a
particularly sensitive role in controlling the moment loss
associated with alignments other than ferromagnetic. In
our view, it is these p-d states that determine the details of
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TABLE V. Exchange constants J, and J, from Egs. (4) and (5) and calculated paramagnetic Curie
temperatures, @, from Eq. (6) [Eq. (7) for Pd;MnIn]. (T)ey are measured Curie temperatures and

©,xpe are measured paramagnetic Curie temperatures.

Jl JZ ®calc ( Tc )expt ®expt

X;MnY (meV) (meV) (K) (K) (K)
Co,MnAl 0.840 0.062 808 697°
Cu,MnAl 0.333 0.329 691 630° 685f
Co,MnSn 0.874 0.188 1142 829¢
Ni;MnSn 0.221 —0.015 296 344¢ 3378
Cu,MnSn 0.097 0.107 220 530°¢

Pd,Mnln 0.028 —0.047 422 142¢ 52n
Pd,MnSn 0.178 —0.019 285 189¢ 2018
Pd,MnSb 0.003 0.056 53 247° 259f
Calculated with Eq. (7).
*Webster (Ref. 4).
“Campbell (Ref. 3).
4Value uncertain.
*Antiferromagnetic, Campbell (Ref. 3).
fWebster and Ramadan (Ref. 14).
EIshikawa (Ref. 5).

bParamagnetic Néel temperature, Webster and Ramadan (Ref. 14).

the moment-alignment geometry. In summary then, our ACKNOWLEDGMENTS

physical picture appears to be generally consistent with
Kasuya’s® emphasis of the lattice constant and the number
of non-d electrons in determining the moment alignment
in these alloys. We concur with this emphasis and add to
it the relative importance of the X constituent in determin-
ing the lattice constant and the filling of the Y-Mn p-d hy-
brid orbitals as the more precise role of the “free” elec-
trons of the system.
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