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Self-consistent spin.pOl~rized energy-band calculations are used to e.xpmin the trends in the ferrumagnetie moments of 
transition-meLal alloys. It is demoa~uated that a large amount of magnefi~a,.,.ioa data beo0me interl~retabl¢ by using the 
generali~'~d Stater-Pauling curve rue:ally introduced ,y Witlimr.s et al. The ~ ~e~sion includes Hemler allo3~ of both L2 I 
at~d Cln structure for which ~nlehar,ge constants and henoz the Curie tei~aperatures can be estimated theoreti~lly. 
CoMnSb is treated in detail and is shown to belong to the class of half-metal'!in ferromagrmts first dis~vered by de Groot 
et al. Also. included will be I"¢3Cr and An.iV whleh represent interesting exan pies of itinerant ferromagnetism. 

1. Inb.'odncfion 

As is well known, the magmetic moments  of a 
great  number  of ferromagret ic  3d metals and 
alloys can convenienr3y be arranged on the 
Slater-Pau]Ling ctu-ve [1]. "l-he sysr.ematics that 
results reveals some of the physic; of how the 
momen t s  are formed. But  departures f rom regu- 
lar behavior  occur which obscure the general 
picture., t~ecenfly, *.he theories of  Friedel [2], 
Terak~ra and Kanamori  [3] were used by Wil- 
liams et al. [4] to construct  a ~ener.'dizatlon of 
the  Slater--Pauling curve, called the Generalized 
Slater-Pauling curve (GSP). The underlying idea 
is remarkably simple. The  magnetic moment  per 
a tom (in V.,0 is given by 

M - - ' N *  - N * ,  (1) 

where N t ( N  ~) is the number  of majority 
(minority) spin electrons per atom. Neutrality 
requires 

Z = N r + N  J', (2) 

where g is the  number  of valence e;~ec, trons per 
a tom. Eliminating either N * or N ~ from eqs. (t)  
and (2) one ge~s relations between the magneti-  
zation and the number  of  valence electron:; 
which, on first sight, seem trlvi~.l, namely 

NI = 2 N  r _ Z ,  (3) 

or  

2¢/-~ Z - 2 N  *. (4) 

For many  transition metals and alloys (but not 
all), it is. the  number  of  maiori ty-spin d electrons, 
No r that  is the  leading contribution to N * .  The  
crucial observation of F.,Sedel [2] was that this 
number  is exactly 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 
at. [4] defined the concept of magnet ic  valence, 
Z., 

z. --2Nor -Z. (5) 

The  r ight-hand side of eq. (3) is, therefore, Z~ 
plus a small correction and hence M is easily 
est imated.  In section 2 we will deal with those 
metals  ~nd alloys for which the magnetic valence 
Z,,  is the  appropriate variable to describe the 
magnet ic  moment .  Examples  of this are Ni, Co, 
and alloys like NiCu, CoCr,  FeNi, etc. But  also 
more exotic systems like VAu  a belong to 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 easi|i¢ estimated.  
Here the  appropriate variable to describe the 
magnet ic  momen t  per atom is the average 
number  of  valence elec~orrs, 7_, ~md N t is very 
ctc.~e to or  exactly 3. We wilt deal with these 
cases in section 3 emphasizing particularly 
Heusler  alloys with C1 b structure. An important  
'tool for the present  s tudy are band structure 
cak~ulations. "~e will give details for VAu~, 
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CoMnSb, and CrF%. In section '6 finally, w,e 
show that band slrt~eture techniques ~together 
with total-er~ergy results allow estimate,-; of the 
paramagnetic Curie temperatores for those sys- 
tems where the magnetic moments are localized. 
Results are g~ven for Heusler alloys. In section 5 
we summarize our conclusion. 

2,. ][tinerm]i ~ e r r o ~ a g ~ e l s  

Magnetic valence, Zm, is defined by eq. (5). 
N~ is an integer, namely 0 or 5. Since to the 
right of Fe in the periodic table the spin-up 
(majority) d-band is filled, the values of Z m arc 
2, 1. 0, - 1 ,  - 2 , . . . , - 7  for Fe, Co, Ni, Cu, 
Zn . . . . .  Br. Williams eta l .  f4] observed that in 
the late transition metals, the sp band contri- 
butes about 0.3 electrons to N r giving via eq. (5) 
Co and Ni the magnetic moments --1.fp.n and 
~0.6 tx~, By the same prescription one obtains 
for Fc a magnetic moment of - 2 . 6  P'B, That the. 
magnetic moment of Fe (2.2 tx~) is in reality less 
than is due to its magnetic weakness. The exam- 
ples of Fe, Co and Ni demonstrate that the 
magnetic moments obtai~r~ed via 

M = Zm+t3.6 (6) 

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

The straight line defined by eq. (6) (together 
with experimental and calculated mr~gnetic mo- 
ments) is plotted in the left part of fig. 1. This is 
the generalized Slater-Pauling curve (GSP). We 
want to demonstrate that this curve is more than 
merely plotting the conventional Slater-Pauling 
(SP) curve by interchanging right and left. Con- 
sider e.g. the CoCr-alloy system. In the Conven- 
tional SP curve the magnetic momenLg of CoCr 
alloys appear as a dramatic departure from regu+ 
[a¢ behavior, whereas in fig. 1 the magnetic val- 
ence cff Z,, = - 6  for Cr and Z,, ~ 1 for Co places 
all values of the magnetic moments close to the 
left straight line. Fig. 1 shows, furthermore, ~hat 
eq. (6~ underestimates the magnetic moments of 
CoCr slightly, q'hus, most likely, CoCr zlleys are 
strong ferromagnetq where Co and Cr for~l a 
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Fig. 1. C, cneralized Sla!~cr-Pptlling curve. Magnetization per 
al loy atom versus rnagnelic va;tenc¢ Z,,, in the left part, versus 
average tmmbcr at' valence eleetro~s+ Z, in the right part. 
Experimental tdata were takt:n from refs. 5-9. Calculated 
results ('~ in tel. 10 fear FaCe, refs. It and 15 for/'lousier 
alloys, ~=d this Paper (VAIl4+ CoMnSb, CoMnAt, Fe:tCr). 

common d band. Williams etal .  [4] also showed 
that other departures from the conventional SIP 
curve are removed, like NiV- and NiCr-alloys 
(not shown in fig. I), ¢¢hich closely follow the 
GSP curve. It appears tl~.t with the exception of 
the strong ferromagnet.5 F'eCo [10] close to the 
vertex of fig. 1 all systems on the left are conven- 
tionally called itinerant ]erromagnets. 

We now ~urn to a rather exotic case. Tlai~ is 
the magnetism oi V in some compounds, fike 
VPt 3 [12] and VAu~ [8,11. The case of VPt~ is a 
difficvlt one which is deferred to another publi- 
cation. VAu4, howevez, poses no theoretical 
problem~. Experimentally, it was found ~o be 
ferromagnetic with a r!~oment per V ra:tging 
from 0.3 to 1/.% depending on the samples and 
investigators [8]. Thus the largest (and most re- 
cent) value for the magnetic moment per ato.}~ is 
0.2 ~=+. Where is this sys:em to be placed on the 
GSP curve? If one a~lows that m~gnetie val,;~nee 
is not a fixed property of a giv'tm element but 
depends oa the chemica~ environment, then one 
may assume in the case of VAu, (where the 
moment is presumably carried by V alone) that 
~he magnetic valence of V is Z,~ == 5. The coordi- 
nates of VAn 4 are now determined and its 
magnetic moment per atom c'.~ be included in 
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F~g. 2. Total density of state~ (DOS) o~ assumed non- 
magnetic VAu~ (a) and partial d.DO5 at V-ske (b). 

tlhe GSP curve, see fig. 1. Using the ASW 
method  (13] we have calculated the band struc- 
ture of VAu 4 in the  observed crystal structure 
~8]. Fig. 2 shows the total density of states (DOS) 
and that of  d-character  at the V-sit~ of assumed 
aon-magnet ic  VAu,,. The  d -DOS of the V-site is 
reminiscent  of that of  V in VPda [14] and its 
value at the Fermi energy well exceeds the criti- 
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F~g, 3, Total ~lajority-spin (1') and min~rity-spin (} density 
oJ s~ate~ (DOb) of ferromagnetic VAu.~ (a), P~rtial majority- 
and minority-s~irl d-DOS at V-site (b). 

eal (Stoner) value that  is indicated in fig. 2b. Fig. 
3 shows the D O S  for ferromagnetic VAu,~ which 
possesses a calculated momen t  of 1.8 tza per  V 
or  0.36/z a per  atom. Fig. 3b reveals why VAua 
~ppears as an exception in fig. l: the Felxni 
energy cuts through the  majority-spin d band; 
VAu~ is an extremely weak itinerant ferromag-  
net. We  close this section by mentior~ing l~e case 
of MnAtt.  t ['7, 8]. Assuming  for the magnetic  
valence of Mn a value of 3, we can place it on 
the  GSP curve and conclude from fig. 1 that 
MnAua  is a strong itinerant ferromagnet.  

3.  ILoeal~ed m~n~e,~ sys/euts 

We now turn to the right part of fig. 1 which is 
defined by the s'a-aight linv 

M = Z - 6 .  (7) 

"I'his con,~;l:itut es ~,he remainder  of  the GSP curve. 
Fig. 1 shows that the magr~etic moments  per 
a tom of a la~rge number  of alloys (including 
Heusler  alloys) are in zeroth order given by eq. 
(7). Most  of these systems are considered to be 
ideal loca~ momen t  systems [11]. 

Our  estimate, of the number  of minority elec- 
trons pet" atorrt of N ~ = 3  originates primarily 
from the band structure of  Heasler  alloys having 
the generic formula X M n Y  and CI~ cwstaI struc- 
ture. De  Gree t  et at. (15] ware the first who 
discovererl t~:eir peculiar electronic :~tructure: 
they found that in the case of NiMnSb and 
l°tMnSb the majori ty-spin electrons are metallic, 
whereas the minority-spin electrons are semicon-  
ducting..q-hey called these systems half-metallic 
ferromagz~ets. We want to review the essentials 
using as an example CoMnSb which we show 
here also to belong to the  class cf half-metallic 
ferromagn~ts. The  crystal structure is shown in 
fig. 4b. Our  self-consistent band structure of 
CoMnSb iis shown in fig. 5a for the majority-spin 
electrons ~nd in fig. 5b for the minority-spirt 
eh~etrons. The minority-spin electrons are obvi- 
ou'fly semJconducting, nine electrons fill exactly 
one s band, one p band, and one d band (no 
spin-dege,leracy!), "thus we have N ~ = 3  per 
a tom and the calculated momen~ is exactly 1 ~ 
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L21 C1b 
FiE. 4. L2 t crystal structure (u), CI, (b) obl~i~ed by remov- 
ing four black dots from (a). CI h is the ct3sl.al structure of 
CoMnSb. shaded circles Sb. white ones Mn, black onez Co. 

per atom or 3 ~,~ per molecule (calculated Mn 
moment is 3.2 tLB), whereas the measured value 
is 4 ~j~ per molecule [9]. It is worthwhile to stress 
at this point that our results are spin-moments 
who:teas experimental values include orbitil 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 ma)ority-spin 1' and minority=spin ,I, der=sity oJ! 
states of CoMnSb. 

ducting in the C I  b but not in the L2 a structure? 
To answer this qt~estion we show in fi~. 6 the 
spin projected DOS for CoMnSb using this sys- 
tem as an example for the presently known half- 
metallic ferromagnets. The spin- and site pro- 
jected d-DOS are shown in fig. 7. qhe  latter (fig. 
7b) shows that the peak structure of the spin- 
down Mn d electrons is tied to that of th~; spirt.. 
down d electrons of Co. Fig. 5b reveals that the 
peak 0.5 eV below E~ originates from th~ ~ 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 see again a 
common peak 0,5 eV below E p  De Groot [16] 
argues convincingly that this is the signature of a 
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FiK, 5. (a) Band  slrr=cturc of majority-spin e[cctrmts: ([',l of 
mlnorilv-spin electrons of CoMnSb. 
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Fi E. 7, Majori~y-spin d-density of state (DOS) of Mn and Co 
(a). r~dr=ority d-DOS of Mr= and Co (b), 
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Fig. 8. Min.~rity-spM F,,-denslty of state (DOS) for Sb cor',o 
par~M 'Mtlt minority d. DOS of Mn (a) and of Co (b). 

'Co induced Mn-Sb covalent imeraction' which 
can be visualized by placing a p orbital on the Sb 
site and a t2g orbital on each of tide Co and M~a 
~,ites in fig. 4. If one attempts to align these 
orbitals in such a way that a bonding configur~J- 
lion results, one discovers that trois is not possible 
in the L2 t structure whereas the C1 b structur~ 
allows su=h a configuration, Absence of the com- 
mon peaks in the 1_2 t 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 t2g 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 bonding 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 is 4 ~B [the average mo- 
ment per atom folqlows 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 minority bonding 
states. 

Returning to the generalized Slater~Pauling 
curve (fig. 1) we see that our zeroth-order esti- 
:r~ate, eq. (7), is also valid for a class of binary 
alloys like FeV and FeCr. The reason is demon- 
strated for a representative case: CrF%, which 
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Fig. 9. CrFea d-denslty of states (DOS), majority-spin d- 
DOS of Cr (a), and ot Fe (b). There are two ineqaivaleut 
Fe-sltes, one surrounded by eL~ht Fe atoms (labeled bee). the 
other one by four Fe and ~our Cr atoms (labeled TdL 
Minority-spin d-DOS of  Cr (dL and of Fe {d). 

has the A1Fe 3 structure. Shown in fig, 9 are our 
results for the d state der.~sities which are seen to 
t'orm a common band where the Fermi energy 
(figs. 9c and d) is pinned in the central valley of 
the bee-like minority-spin state densities. The 
same situation is found in pure bee ICe 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 
vm~y as 7- 

4. Paramagnetic Curie t~mperatures 

It is tempting to maintain that all alloy systems 
on the right part of the GSP curve constit'ute 
local-moment systems. 'This, however, can only 
be demonstrated for Heusler ailoys having L21 
crystal structure, which we have done elsewhere 
[ i  1]. Similar arguments apply to Fleusler alloys 
having Clh ctTstal 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 
me , l en t  alignments: the magnitudes of the 
magnetic moments changes by less than 5% in 
all cases. We, thus are led te assume the validity 
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of  the Helsenberg model. In particular, we calcu- 
late fully self-eonsistendy the total energies, 
E,~(ferro), for ferromagnetic, and Elm(AFt) as 
well as Etot{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 plazes parallel to the 
(111) plane. For further details see ref. 11. 

The totM-energy differences 

AE I = E,. ,  (ferro) - E,.,(AFI), 

AE a = E, ot(ferro) - E,,,(mYll), (8) 

can then he used to determine two Heisenberg 
constants. This is possible, ptovided we require 
(1) that the total-energy differerlces are fu}iy 
representable by the Heisenberg Hamiltoniaa, 
which, after a little algebra, leads to 

z.e:, = -4s~ ,~ z~.q,, 
i (9) 

a~',~ = - 4 S  ~ Z zl'.r,, 

where z~ and z~ ~ give the coordinatbn numbers 
for oppositely ordered momcms, i,e. z ]=  
8,(i, 16 . . . .  and z ] t = 6 , 6 , 1 2  . . . .  fi)r i =  
1, 2, 3 . . . . .  and (2) that it is possible to l:runeate 
the sums of  eq. (9) including nearest arm next- 
nearest neighbors only. In this case 

zaEl = - 3 2 S z J ,  
(I0) 

AEu * -24S:~(Jt +Jz)'  

With the calculated total-energy differences, ,~E~ 
and ~Ett, we then obtain Jt  and Jz and from 
these the paramagnetie Curie temperature, O, by 
means of the wull-known formula 

0 = 4 S ( S +  1)(23, + J~)/k,~. (11) 

Exchange constants from eq. (]0) and 
paramagaetic Curie temperatures from eq. (I 1) 
arc given in table ! together with experimental 
values For three L2~-Heusler alloys and three 
CL,-Heuster alloys. Results For the latter are 
new. Table I shows that computed total~energy 
differences (which are zero temperature quan- 
ti:ies) indeed allow fairly successful estimmes of 
paramagnetic Curie temperatures. 

Table 1 
Calculatcd exchange constants J~ and 3~ and potomac, aerie 
Curie Iemperatures. ~¢,1~, from eq. (11) (L21-Hcusler a/loys 
from ref. 11, Clt,-Heusler Mloys this paper), (Tc),~ arc 
measured Cur~". tempera~ttre~ (fror~ r~?. 9) 

~moVl ~rneVj [K] [K] 

Co2MnAI (L2~) 0.840 0.062 808 697 
Cu~MnAt (L20 0,33"2. C~329 690 630 
PdzMnSn (L:21} 0.178 -0.019 285 189 
CoMnSb (Clt,) 0.431 0.120 600 490 
NiMnSb (CIL,) 0.307 0.21.8 770 720 
PtMnSb (Ct~,) 0.281 0,139 650 575 

5. C o n d ~ i o ~  

We close our discussion by emphasizing the 
importar~t role that band..struct~,re calculations 
play in tile present investigation. "'.'ltey are used, 
on the one hand, to throw tip.ht.ton systematic 
trends in a large amount of magnetization data. 
On the other hand, they ealz clarify the physics of 
unusual single eases like the interesting half- 
metallic ferromagnets [15]. Besides ground-state 
properties they can, at least in some eases, be 
successfully employed to calculate exchange con- 
stants and hence Curie tempexatures. The crucial 
point here is to compare ealeulation',dly the 
ground states of magnetically ordered systems of 
different moment  alignments. Comparing 
magneffc with non-magnetic ground states leads 
nowhere in this contexl, 
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