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FIRST PRINCIPLE THEORY OF METALLIC MAGNETISM

1. KUBLER

Institui fiir Festkdperphystk, Technische Flochschule, D-6100 Darmstadt, Fed. Rep. Germany

Self-congistent spin-polarized energy-band calculations are wsed to expiain the trends in the ferromagnetic moments of
transition-me?al alloys. It is demonstrated that a large amount of magretize'ion data become interpretable by using the
generalized Sater-Pauling curve rocently introduced ny Wiilizms et al. The ¢ scussion inchudes Heusler alloys of both 1.2,
and Cl, structure for which exchanpe constants and hence the Curie temperatures can be estimated theoretically,
CoMnSb is wreated in detail and is shown to belong to the vlass of half-metaltic ferromagnets first discovered by die Groot
et al. Also included wil! be Fe,Cr and Au,V which represent interesting exan; ples of itinerant ferromagnetism.

1. Introducsion

As is well known, the magnetic moments of a
great mumber of ferromagretic 3¢ metals and
alloys can conveniently be arranged on the
Slater-Pauling cvrve [1]. The systematics that
results reveals some of the physics of how the
moments are formed. But departures from regu-
lar behavior occur which obscure the general
picture, Recently, the theories of Friedel [2],
Terakura and Kanameori [3] were used by Wil-
liams et al. [4] to construct a generalization of
the Slater--Pauling curve, called the Generalized
Slater-Fauling curve (GSP). The underlying idea
is remarkably simple. The magnetic moment per
atom (in wp) is given by

M=N"—-N*, (1)
where NT{N?!) is the number ¢f majority

(minority) spin electrons per atom. Neutrality
requires

Z=NT+N!, @
where Z is the number of valence electrons por
atom. Eliminating either N* or N* from eqs. (1)
and (2) one gets relations between the magne:i-
zation and the number of valence electrons
which, on first sight, seem trivial, namely
M=2MNt -2, )
or

M=2Z-2N", ‘ (4)

For many transition metals and alloys (but not
all), it is the numbe;:: of majority-spin d electrons,
NJ that is the leading contribution to NT. The
crucial observation of Friedel [2] was that this
number is exacily 0 or 5, depending on the case
in question. Adding to this the observation that
the remaining number of majority non-d elec-
trons is small and easily estimated, Williams et
al. [4] defined the concept of magnetic valunce,
Z,

Z,=IN} -Z )

The right-hand side of eq. (3) is, therefore, Z,,
plus a small correction and hence M is easily
estimated. In section 2 we will deal with those
metals and alloys for which the magnetic valence
Z, i the appropriate variable to describe the
magnetic moment. Examples of this are Ni, Co,
and alloys like NiCu, CoCr, FeNi, etc. But also
more exotic systems like VAu, belong 1o this
class as we will show.

There are, however, a number of interesting
cases, where it is the right hand side of eq. (4)
rather than eq. (3) which is easily estimated.
Here the appropriate variable to describe the
magnetic moment per atom is the average
number of valence electrons, Z, und N* is very
close o or exactly 3. We will deal with these
cases in section 3 emphasizing particularly
Heusler alloys with C1,, structure, An important
1ool for the present study are band structure
caleulations. 'We will give details for VAu,,
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CoMnSb, and CrFe,. In section 4, finally, we
show that band structure techniques together
with total-erergy results allow estimates of the
paramagnetic Curie temperatures for those sys-
tems where the magnetic moments are localized.
Results are given for Heusler alloys. In section 5
we summarize our conclusion,

2. Kineramt ferromagnets

Magnetic valence, Z,, is defined by eq. (5).
N} is an integer, namely O or 5. Since to the
right of Fe in the periodic tabie the spin-up
(majority) d-band is filled, the values of Z are
2,1, 0, =1, =2,...,—7 for Fe, Co, Ni, Cu,
Zn, ..., Br. Williams et al. [4] observed that in
the Jate transition metals, the sp band contri-
butes about 0.3 electrons to M7 giving via eq. (5)
Co and Ni the magnetic moments ~-1.6 up and
~0.6 p, By the same prescription one obtuins

for Fe a magnetic moment of ~2.6 n, That the.

magnetic moment of Fe (2.2 ,,) is in reality less
than is due to iis magnetic weakness. The exam-
ples of Fe, Co and Ni demonstrate that the
magnetic moments obtained via

M=Z_ +06 ®)

serve as a zeroth-order guide. Deviations are
either due to magnetic weakness or $p contribu-
tions to N1 that differ from 0.3 [4].

The straight line defined by eq. (6) (together
with experimental and calculated magnetic mo-
ments) is plotted in the left part of fip. 1. This is
the gencralized Slater—Pauling curve (GSP). We
want to demanstrate that this curve is more thar
merely plotting, the conventional Slater—Pauling
(SP) curve by interchanging right and left. Con-
sider ¢.g. the CoCr-alloy system. In the conven-
tional SP curve the magnetic moments of CoCr
allovs appear as 2 dramatic departure from regu-
far behavior, whereas in fig, 1 the magnetic val-
ence of Z, =6 tfor Crand Z =1 for Co plares
all values of the magnetic moments close to the
left straight line. Fig. 1 shows, furthermore, that
¢q. {6) underestimates the magnetic moments of
CoCr slightly. Thus, most likely, CoCr zlioys are
strong ferromagnets where Co and Cr form a
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Fig. 1. Generalized Slater—Pauling curve, Magnetization per
alloy atoin versus magneiic valence Z, in the left part, versus
averags numb'cr ol valenee clectrons, Z, in the right part.
Experimental ‘data were taken from refs. 5-9. Caleulated
results (% in rel. 10 for FeCo, refs. 11 and 15 for Heusler
alloys, and this paper (VAuw,, CoMnSh, CoMnal, Fe,Cr).

common d band. Williams et al. [4] also showed
that other departures from the conventional SP
curve are removed, like NiV- and NiCr-alloys
{not shown in fig. I}, which closely follow the
GSP curve. It appears that with the exception of
the strong ferromagnets FeCo [10] close to the
vertex of fig. 1 all systems on the left are conven-
tionally called itinerant ferromagnets.

We now turn to a rather exotic case, This is
the magnetism of V in some compounds, like
VPt [12] and VAu, [8]. The case of VPt is a
difficult one which is deferred to another publi-
cation. VAu,, however, poses no theorctical
problems. Experimentally, it was found 1o be
ferromagnetic with a rmoment per V ranging
from 0.3 to 1 u; depending on the samples and
investigators [8]. Thus the largest (and most re-
cent) value for the magnetic moment per afon is
0.2 . Where is this system: to be placed on the
GSP curve? If one atlows that magnetic valince
is not a fixed property of a given element but
depends on the chemical environment, then one
may assume in the case of VAu, (where the
moment is presurnably carried by V alone) that
the rnagnetic valence of V is Z,, == 5, The coordi-
nates of VAu, are now deiwrmined and its
magnetic moment per atom cin be included in
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Fig. 2. Total density of states (DOQS) of assumed non-
magnetic VAu, (a) and partial d-DOS at V-site (b).

the GSP curve, see fiz. 1. Using the ASW
method [13] we have calculated the band struc-
ture of VAu, in the observed crystal structure
{8). Fig. 2 shows the total density of states (DOS)
and that of d-character at the V-silz of assumed
non-magnetic VAu,. The d-DOS of the V-site is
reminiscent of that of V in VPd, [14] and its
value at the Fermi energy well exceeds the criti-
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Fig. 3. Total najority-spin (1) and minority-spin {} density
of states (DO of ferromagnetic VAu, {a). Partinl majority-
and minority-snin d-DOS at V-site (b),

cal (Stoner) value that is indicated in fig. 2b. Fig.
3 shows the DOS for ferromagnetic VAu, which
possesses a calculated moment of 1.8 ug per V
or 0.35 pp per atom. Fig, 3b reveals why VAu,
appears as an exception in fig. I1: the Fermi
energy cuts through the majority-spin d band;
VAu, is an extremely weak itinerant ferromag-
net. We close this section by mentioping the case
of MnAu, [7,8]. Assuming for the magnetic
valence of Mn a value of 3, we can place it on
the GSP curve and conclude frem fig. 1 that
MnAu, i$ & strong itinerant ferromagnet.

3. Lecolized moment systems

We now turn to the right part of fig. 1 which is
defined by the straight line

M=Z—6. 7

This constitutes the remainder of the GSP curve.
Fig. 1 shows that the magretic moments per
atom of a large number of sloys (including
Beusler alloys) are in zeroth order given by eq.
{7). Most of these systems are considered to be
ideal local moment systems [11).

Cur estimate of the number of minority elec-
trons per atom of N' =3 originates primarily
from the Dand structure of Heusler alloys having
the generic formula XMn'Y and C1, crystal struc-
ture. De Groot et al. (15] were the first who
discovered their peculiar electronic structure:
they found that in the case of NiMinSb and
PtMnSb the majority-spin electrons are metallic,
whereas the minority-spin electrons are semicon-
ducting. They called these systems half-metallic
ferromagnets. We want to review the essentials
using as an exarmaple CoMnSb which we show
here also to beiong to the class ¢f half-metallic
ferromagnets. The crystal structure is shown in
fig. 4b. Our sell-consistent band structure of
CoMnSb is shown in fig. 5a for the majority-spin
clectrons and jn fig. Sb for the minerity-spin
eleetrons. The minority-spin electrons are obvi-
ouwsly semiconducting, nine electrons fill exactly
one < band, one p band, and one d band (no
spin-degeneracy!). Thus we have N' =3 per
atom and the calculated moment is exactly 1 ug
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Fig. 4. L2, crystal structure (a), Cl,, {b) oblzined by remov-

ing four black dots from (a). CI,, is the erysal structure of
CoMn$h, shaded circles Sb, white ones Mn, black ones Co.

per atom or 3 py per molecule (calculated Mn
momeni is 3.2 pp), whereas the measured value
is 4 wp per molecule [9]. It is worthwhile to stress
at this point that our results are spin-moments
whereas experimental values include orbital con-
tributions (through a g-factor that may be differ-
ent from 2),

Why are the minority-spin electrons semicon-
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Fig. 6. Total majority-spin 1 and minoriiy-spin | density of
states of CoMnShb.

ducting in the C1, but not in the L2, structure?
To answer this question we show in fig. 6 the
spin projected DOS for CoMnSb using this sys-
temn as an example for the presently known half-
metallic ferromagnets. The spin- and site pro-
jected d-DQS are shown in fig. 7. The latter (fig.
7b) shows that the peak structure of the spin-
cdown Mnd electrons is tied to that of ths spin-
down d electrons of Co. Fig. 5b reveals that the
peak 0.5¢V below Eg originates from t,, elec-
trons. Comparing in fig. 8 the DOS of the minor-
ity d electrons of Mn and Co with the DOS of
the spin-down p electrons of Sb we sec again a
common peak 0.5eV below Ep. De Groot [16]
argues convincingly that this is the signature of a
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Fig. 7. Majoriry-spin d-density of state (DOS} of Mn and Co
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Fig. 8. Minority-spin p-density of state (DOS) for Sb con'-
pared with minority d DOS of Mn {a) and of Co (b).

“Co induced Mn~-3b covalent interaction’ which
can be visnalized by placing a p orbital on the Sb
site and a t,, orbital on each of the Co and Mn
sites in fig. 4. If one attempts to align these
orbitals in such a way that a bonding configura-
tion results, one discovers that this is not possible
in the 12, structure whereas the Cl,, structurs
allows such a configuration. Absence of the com-
mon peaks in the L2, structure (see ref. 11, fig.
18) supports ‘this point of view. Bonding and
antibonding states are thus tied to the strong
exchange splitting of Mn via the t,_ states of Co
(of Ni, Pt, or possibly even Ir in other cases). The
Fermi energy lies midway between these states if
the electron count of the bending partner of Mn
is correct. In the case of CoMnSb there are 4.5
spin-down Co electrons, 2 spin-down Mn elec-
trons and 2.5 spin-down Sb electrons exactly
filling the three bands. In the case of NiMnSb the
moment per molecule js 4 py [the average mo-
ment per atom follows eq. (7)']; therefore, there
are now 5 spin-down Ni electrons, 1.5 spin-down
Mn electrons and 2.5 spin-down Sb electrons,
again, filling exactly the three bands. Replacing
Sb by Sn we find a band gap, but the Fermi
energy now cuts through minoriry bonding
states.

Returning to the generalized Slater-Pauling
curve (fig. 1) we see that our zeroth-order esti-
mate, ¢q. (7), is also valid for a ctass of binary
alloys like FeV and FeCr. The reason is demon-
strated for a representative case: CrFe,, which
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Fig. 9. CrFo, d-density of states (DOS), majority-spin d-
DOS of Cr (a), and of Fe (b). There are two incquivalens
Fe-sites, one surrounded by eight Fe atoms (fabeled bee), the
other onc by four Fe and four Cr atoms {labeled 'fd.
Minority-spin d-DOS of Cr (d}, and of Fe ().

has the AlFe; structure. Shown in fig. 9 are our
results for the d state dersities which are seen to
form a common bard where the Fermi energy
(figs. 9¢ and d) is pinned in the central valley of
the bee-like minority-spin state densities. The
same situation is found in pure becFe and is
expected to occur in FeV. The pinned Fermi
energy fixes the number of minority-spin elec-
trons N* close to 3 causing the magnetization to
vary as Z.

4. Paramagnetic Curie temperatures

It is tempting to maintain that all alioy systems
on the right part of the GSP curve constitute
local-moment systems. This, however, can only
be demonstrated for Heusler alloys having L2,
crystal structure, which we have done elsewhere
{11]. Similar arguments apply to Heusler alloys
having C1, crystal structure for which we want to
present new results here. Our strongest argu-
ment for considering the magnetic moments to
be local is supplied by calculations which assume
ferromagnetic and different antiferromagnetic
moment alignments: the magnitudes of the
magnetic moments changes by iess than 5% in
all cuses. We thus are led to assume the validity
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of the Heisenberg model. In particuiar, we calcu-
late fuily self-consistently the total energies,
E,(ferro), for ferromagnetic, and E,,(AFI) as
well as B, {AFI), for two different antifer-
romagnetic moment alignments. The AFI align-
ment is characterized by alternating ferromagne-
tic planes parallel to the (001) plane, AFII by
alternating ferromagnetic planes parallel to the
{111} plane. For further details see ref. 11,
The total-energy differences

AE, =E,, [ferro) - E, (AFD),

4AE, = E, iferro)— E,,(AFD), (8)
can then be used to determine two Heisenberg
constants. This is possible, provided we require
(1) that the total-energy differences are fully

representable by the Heisenberg Hamihtonian,
which. after a little algebra, leads to

AE, = —48? 2. 211,
' @
AE, =4S L 21,

where z} and z¥ pive the coordination numbers
for oppositely ordered moments, e zl=
8,0,16,... and z"=6,6,12,... for i=
1,2,3,..., and (2) that it is possible to truncate
the sums of eq. (9) including nearest and next-
nearest neighbors only. In this case

AE, =-328%,,

AE, = ~248%J -+J,).
With the calculzated total-energy differences, AE;
and 4E,. we then obtain J, and J, and from

these the paramagnetic Curie temperature, 6, by
means of the well-known formula

8 =4S5(S+ 102, + )k (an

(1

Exchange constants  from egq. (10) and
paramagnetic Curie temperatures from eq. (11)
are piven in table I together with experimental
values for three L.Z,-Heusler alloys and three
Cl-Heusler alloys. Results for the latter are
new. Table I shows that computed total-energy
differences (which are z¢ro temperature quan-
tities) indeed allow fairly successful estimates of
paramagnetic Curie temperatures.

TFabie 1

Calculated exchange constants Jy and J; and paramagnetic
Curie temperatures, 8., from eq. (11) (L2,-Heusler alloys
from ref. 11, Cly-Heusler alloys this paper), (T, arc
measured Curls temperares (from tel, 9)

£ I e {Tdeum
[meV] [meV] [K] K]

Co.MnAl (L2 0.340  0.062 808 697
CuMnAl  (L2) 0333 (329 690 630
Pd,MnSn (12 0178 ~0.019 285 189
CoMnSb (C1,) 0431 0120 600 490
NiMnSb ©1,) 0307 0218 770 720
PtMinSb (CL) 0281 0139 650 575

5. Conclusion

We close our discussion by emphasizing the
importar:t role that band-structure calculations
play in the present investigation. "hey are used,
on the one hand, to throw light.'on systematic
trends in a large amount of magnetization data,
On the other hand, they can clarify the physics of
unusual single cases like the interesting half-
metailic ferromagnets [15]. Besides ground-state
properties they can, at least in some cases, be
successfully employed to calculate exchange con-
stants and hence Curie temperatures. The crucial
point here is to comparc calculationally the
ground states of magnetically ordered systems of
different moment alignments. Comparing
imagnetic with non-magnetic ground states leads
nowhere in this context,
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