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Abstract. The exper imental results, b a n d s t ructure 
calculat ions, and theoret ical invest igations carried out 
within the f ramework of the many-elec t ron models of 
half-metallic fer romagnets ( H M F s ) are reviewed. These 
mater ia ls have an energy gap for one of the spin 
project ions at the F e r m i level and represent a separate 
class of s t rong i t inerant magnet ic substances, which 
includes some of the Heusler alloys (for example, 
P t M n S b ) , CrC>2, etc. Some H M F s and related systems 
are p romis ing magnet ic mater ia ls which have, in par t icular , 
un ique magne to-op t ic proper t ies . The theoret ical interest in 
H M F s arises from a striking manifesta t ion of n o n q u a s i ­
part icle (spin-polaron) effects; for example, in the spin 
polar isa t ion of charge carriers and in the nuclear magnet ic 
re laxat ion ra te . Concepts developed in the theory of H M F s 
are shown to be applicable also to ' convent iona l ' s t rong 
i t inerant (band) magnet ic mater ia ls , including the i ron-
group metals . 

1. Introduction 
In spite of the major effort of a large number of 
invest igators, the p rob lem of s t rong magnet i sm of the d-
metals , and of their alloys and c o m p o u n d s [1 - 3 ] is still far 
from being finally solved. This s i tuat ion has b o t h a purely 
theoret ical physics aspect (in par t icular , the p rob lems of 
the origin of local m o m e n t s and of the validity of the F e r m i 
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liquid theory and of the quasipart ic le descript ion) and a 
pract ical one. The theoret ical limits on the Cur ie 
t empera tu re have no t yet been established and the 
record-high characterist ics of soft magnet ic mater ia ls 
(such as Pe rmendur ) have no t been improved significantly 
for over 50 years [2]. 

The current s ta tus of the theory of the magnet i sm of 
metals is such tha t a m o r e or less consistent descript ion can 
be provided only for certain classes of magnet ic mater ia ls . 
Complete ly different physical pictures, those of a ferro­
magnet ic F e r m i liquid and a state with the H u b b a r d b a n d 
splitting and local momen t s , are used to deal with, 
respectively, weak i t inerant magne t s such as Z r Z n 2 , 
Sc 3 In , N i 3 A l [3] and with fer romagnets of the 
F e ! _ x C o x S 2 type characterised by a s t rong e l e c t r o n -
electron interact ion [4]. In the seventies a fully satisfactory 
(a l though semiphenomenological ) theory was developed for 
weak i t inerant ferro-magnets [3, 5]. Wi th some modif ica­
t ions this theory was subsequent ly ext rapola ted to s t rong 
i t inerant magne t s (for example, meta ls belonging to the iron 
g roup) [3], bu t in general this ex t rapola t ion has no t been 
par t icular ly successful [6, 7]. In this s i tuat ion it would seem 
very desirable to consider the opposi te case of extremely 
s t rong magne t s with a large spin splitting (compared with 
the F e r m i energy) and very different spin-up and spin-down 
electron states. The old Stoner theory dealing with ' s t rong ' 
magne t s has implied specifically such a s i tuat ion with a 
completely filled lower spin subband or a completely empty 
upper subband . This feature was regarded as applicable to , 
for example, nickel. M o d e r n calculat ions of the electron 
b a n d s t ructure carried out by the spin-density functional 
me thod [8] have disproved this picture: the density of the 
spin-up states N^(E¥) is low bu t finite. 

Nevertheless , b a n d calculat ions carried out from first 
principles have led to the discovery of a class of real 
c o m p o u n d s similar to ' s t rong ' Stoner ferromagnets . These 
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mater ia ls have the F e r m i level inside the energy gap of the 
par t ia l density of states for one of the spin project ions. They 
have therefore been called 'half-metallic fe r romagnets ' 
( H M F s ) . D e G r o o t et al. were the first to apply this 
pic ture to the Heusler alloys N i M n S b [9] and P t M n S b 
[ 9 - 1 1 ] with the C\b s t ructure; subsequently, this p ic ture 
has been applied to C o M n S b [12] and F e M n S b (a half-
metall ic ferr imagnet) [13]. The state of half-metallic an t i -
ferro-magnet ism was predicted for C r M n S b [11]. Band 
s t ructure calculat ions for a large group of ferromagnet ic 
and ant i fer romagnet ic Heusler alloys belonging to a differ­
ent series with the formula T 2 M n Z (T = Co , N i , Cu, Pd) 
and the L2X s t ructure have shown [14] tha t a state close to 
an H M F with a near zero-density N±(E¥) appears in 
C o 2 M n Z systems, where Z = Al, Sn (according to 
Ref. [15], this is also t rue of the c o m p o u n d s with 
Z = Ga , Si, Ge ) . Moreover , the half-metallic state is 
predicted by calculat ions of the b a n d s t ructure of C r 0 2 

(rutile s t ructure) [16, 17], U N i S n (C\b s t ructure) [18, 19], 
F e 3 0 4 [11, 20], K C r S e 2 (see Ref. [21]). 

The interest in H M F s has been largely due to the 
discovery of a giant Ker r ro ta t ion of the p lane of 
polar i sa t ion in P t M n S b [22] and the concurrent a t t r ibut ion 
of this effect to the characterist ics of the energy spectrum of 
this H M F [10, 11]. Thus , H M F s are p romis ing m a g n e t o -
opt ic recording mater ia ls . It is interest ing to no te tha t , 
according to the calculat ions, the class of H M F s includes 
such an impor t an t magnet ic recording mater ia l as C r 0 2 (its 
pract ical advantages are due no t to this aspect, bu t ra ther to 
the good mech-anical adhesive proper t ies of the powder of 
this mater ial) . 

It is intuitively clear tha t H M F s are of interest from the 
poin t of view of achieving the m a x i m u m sa tura t ion 
magnet i sa t ion M 0 (because a further increase in the spin 
splitting in this state does no t increase the magnet ic 
m o m e n t ) . Calcula t ions of the b a n d s t ructure of F e - C o 
alloys with record-high values of M 0 for d-systems [23] — 
which are the basic soft magnet ic mater ia ls used in m o d e r n 
technology — and of the R 2 F e 1 7 and R 2 F e 1 4 systems [ 2 4 -
26] (hard magnet ic materials) , have shown tha t in a sense 
these substances resemble H M F s : the F e r m i level lies in a 
deep min imum for one of the spin project ions. Such a 
min imum is typical of systems with local m o m e n t s and is 
also exhibited by pu re iron. A clear m in imum in the density 
of the spin-down states has also been discovered for the 
R C o 5 (R = Y, Sm, G d ) [27] and G d N i 5 [28] systems. A 
compar i son of the magnet ic proper t ies of a large group of 
YnCom and Y n F e m alloys with the results of calculat ions 
carried out by the simple recursion me thod is m a d e in 
Ref. [29]: a state close to an H M F has been found for 
Y C o 5 , Y C o 7 , and Y 2 C o 1 7 . 

The density of states N^(E¥) in the ferrimagnet M n 4 N is 
zero for the M n ( I ) p o s i t i o n s — w h i c h m a k e the dominan t 
cont r ibut ion to the magnet ic m o m e n t — and has a deep 
min imum at the M n ( I I ) posi t ions [ 3 0 - 3 2 ] , so tha t this 
c o m p o u n d should have proper t ies resembling a half-metal . 
The mater ia ls with high values of M 0 , which are of pract ical 
impor tance , include the isos t ructural ferromagnet ic com­
p o u n d F e 4 N , which recently has been the subject of 
extensive invest igations and for which the value of 
N^(E¥) is pract ical ly zero at the Fe( I ) posi t ions [30, 33] 
(see also the calculat ions repor ted for N i F e 3 N [34], 
P d F e 3 N [35]). 

All this justifies identification of H M F s as a new class of 
i t inerant fer romagnets with promis ing pract ical appl ica­
t ions. 

Theoretically, the class of H M F s is dist inguished 
pr imari ly by the presence of well-defined local m o m e n t s 
and also by the absence of the 'Stoner c o n t i n u u m ' of the 
e l e c t r o n - h o l e excitat ions and, consequently, by a weak 
damping of the collective spin-wave t h r o u g h o u t the 
Bril louin zone. This makes them similar to the Heisenberg 
magne t s and also to degenerate ferromagnet ic semicon­
duc tors [ 3 6 - 3 9 ] . The interact ion of charge carriers at the 
F e r m i level with well-defined m a g n o n s leads to an energy 
spectrum completely different from the spectrum for the 
interact ion with 'loosely b o u n d ' p a r a m a g n o n s in weak 
i t inerant magnet ic mater ia ls [3, 5, 40]. In fact, if the 
c = T subband is filled, the spin-up electrons cannot 
move freely: they form a very exotic energy b a n d of 
a lmost current-free spin-polaron states [40, 41]. This is 
related to a number of striking experimental ly observed 
anomal ies in the spin polar isa t ion of the conduct ion 
electrons, in the ra te of longi tudinal nuclear magnet ic 
re laxat ion, etc. [ 3 6 - 4 1 ] . The spin-polaron effects, due to 
the scattering of carriers by magnons , are essentially no t of 
the Fermi- l iquid na tu re . They manifest themselves pa r t i c ­
ularly strikingly in H M F s because in the convent ional 
i t inerant magne t s they are masked by the p a r a m a g n o n 
cont r ibut ions . 

This review deals with a whole range of exper imental 
and par t icular ly theoret ical p rob lems related to H M F s and 
also provides an analysis of the impor tance of these 
p rob lems in the general theory of i t inerant-electron magne t ­
ism. 

2. Band structure and magneto-optic properties 
As al ready poin ted out , the mos t impor t an t member s of the 
H M F class are the Heusler alloys T 2 M n Z with the L2X 

s t ructure and T M n Z with the C\b s t ructure (MgAgAs) . 
The cubic L2X s t ructure cor responds to a specific way of 
filling all four fee sublatt ices with T, M n , and Z a toms , 
whereas the C\b s t ructure differs because one of the 
sublatt ices is empty and the crystal symmetry is lowered to 
t e t rahedra l (the inversion centre is absent) ; see Fig . 1. 

The format ion of the half-metallic state can be generally 
described as follows [9, 11, 14, 19]. If the hybr idisa t ion with 

Figure 1. Crystal structures of the Heusler alloys, considered as a result 
of splitting of the fee lattice into four sublattices. In the L2\ structure the 
positions of all three types are filled, whereas in the Clb structure the 
positions identified by the black circles are vacant. 
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the states of the T and Z a t o m s is ignored, the d-band of 
manganese in these s t ructures is characterised by a wide 
energy gap between the b o n d i n g and an t ibond ing states. A 
s t rong in t ra -a tomic ( H u n d ) exchange of the manganese ions 
significantly pushes apar t the spin-up and spin-down 
subbands . One of these spin subbands closely approaches 
the p -band of the l igands, so tha t the gap in this subband is 
smeared out par t ly or completely by the p - d hybr idisa t ion. 
The gap is retained in the other subband and the F e r m i 
level m a y be inside it, which gives rise to the H M F state. F o r 
example , the calculated b a n d s t ructure of N i M n S b and of a 
hypothet ica l c o m p o u n d N i M n S n [42] (the N i M n S b \ - x S n x 

system is stable up to x w 0.7) differ basically only in respect 
of the F e r m i level posi t ion relative to the gap of the o = j 
states, which is related simply to the different n u m b e r s of the 
p-electrons in Sb and Sn. On the other hand , the reduct ion in 
the number of electrons by one in C o 2 M n Z (Z = Si, Ge) 
alloys does no shift the gap [15]. However , in the case of the 
L2 j s t ructure one should speak ra ther of a deep pseudogap , 
whereas in the case of the Clb s t ructure it is a real gap . This 
is due to the considerable change in the n a t u r e of the p - d 
hybr idisa t ion (part icular ly between the p and t 2 g states) 
when the centre of inversion d isappears [9]. The C\b 

s t ructure is therefore m o r e favourable for the appea rance 
of the H M F state. 

It follows from Ref. [30] tha t similar factors are 
responsible for the gap in the par t ia l density of states at 
M n ( I ) , which is one of the manganese posi t ions in the 
c o m p o u n d M n 4 N the s t ructure of which can be derived 
from the T 2 M n Z s t ructure by remova l of some a toms . A 
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Figure 2. Density of states in P tMnSb [10]: (a) spin-up; (b) spin-down. 

quali tat ively similar mechanism, based on a s t rong H u n d 
exchange and on hybr idisa t ion of the d-states of ch romium 
with the p-s ta tes of oxygen has been discussed [16] for the 
c o m p o u n d C r 0 2 with the rutile s t ructure. It is po in ted out 
in Ref. [14] tha t the very stability of the ferromagnet ic state 
is a consequence of the difference between the p - d 
hybr idisa t ion in the case of states with different spin 
project ions. The au tho r s of Ref. [14] in t roduced the term 
'covalent magne t i sm ' to describe this s i tuat ion and stressed 
the difference from the pic ture of a spectrum in the simple 
Stoner model , when the densities of states N^{E) and N±(E) 
differ only by a shift equal to the cons tant spin splitting. 
The results of the b a n d s t ructure calculat ions are presented 
in Figs 2 - 5 . 

F r o m the very earliest studies of the electron s t ructure of 
H M F s par t icular a t tent ion has been paid to the relat ionship 
between the s t ructure and the magne to-op t ic proper t ies . 
The first studies of H M F s [10, 11] revealed tha t the major 
difference between the spin-down and spin-up states near the 

E/eV 

2 2 N(E)/eV~l 

Figure 3. Total (a) and partial (b) densities of states in the Heusler alloy 
C o 2 M n S n [14]. 
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Figure 4. Partial densities of states in M n 4 N [30]. 
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Figure 5. Partial densities of states in C r 0 2 [16]. The continuous curves 
represent the 3d-states of Cr, whereas the dotted and dashed lines are the 
2s -and 2p-states of oxygen, (a) Spin-up; (b) spin-down. 

F e r m i level gives rise to an asymmetry of the optical 
t rans i t ions and is responsible for the s t rong Ker r r o t a ­
t ion. W e shall consider this aspect on the basis of later 
invest igations [19, 43]. 

Reflection of light of frequency co from a magnet ic 
med ium with a complex refractive index n = n + ik in an 
off-diagonal conduct ivi ty 

alters its p lane of polar isa t ion by the Ker r angle 

4TI Aa2xy +Bcrlxy 

A2+B2 
(2.1) 

where A = n — 3nk — n, and B = —k + 3n k — k. 
Therefore, in the case of weak damping (k <^ n) the 
angle 0 K is governed pr imar i ly by the quan t i ty G2xy and 
the expression for this quant i ty was derived by 
Argyres [44]. In the simplest case of a cubic s t ructure 
with the magnet i sa t ion vector paral lel to the (001) plane, 
we have [19] 

(*)] 

-FxJ,mi(k)nkmfi(\ - nkm[)b[(D - 0W|(*)] } , (2-2) 

where a tomic uni t s are used; k is the q u a s i m o m e n t u m , o is 
the spin project ion, m is the b a n d index, (omm'a(k) = 
Ekma — Zkm'o is the frequency of the in te rband t ransi t ions , 
nkma — f(skm(r) is the F e r m i dis t r ibut ion function 

F**, (k) = 2i V (Lm"m) x v . L m i i m 

Pm"mPmm' M Pm "m' Pm 'rr 
Wm'm" 

(2.3) 

= (mfk(r\^Lz\mk(7), 

(2.4) 

Lz is the z-projection of the orbi ta l m o m e n t u m opera tor , 
£ = ( 2 / r c 2 ) 8 V e f f / 8 r , and V e f f is the effective poten t ia l 
act ing on the conduct ion electrons. 

Pm'm = (m'k(r\-i—\mk(T), 
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It is evident from E q n (2.2) tha t if the skm(T spectrum 
depends weakly on a in a layer of thickness co near £ F , the 
first and second te rms in the curly b racke ts practically 
cancel out . On the other hand , in the case of H M F s when 
co ^ Aa (Aa is the gap for the spin project ion cr), the 
cor responding term in E q n (2.2) vanishes, so tha t large 
values of axy and of the Ker r ro ta t ion can be expected. It is 
in fact found tha t the intensities of the peaks in the 
frequency dependence of 0 K for the N i M n S b ^ S n n system 
decrease rapidly when x is increased, i.e. when the F e r m i 
level leaves the gap [42]. 

The half-metallic ferromagnet C o 2 M n S n , be longing to 
the C o 2 Y Z Heusler alloy series, has the highest values of 
(J2xy{co) at low frequencies [45] (Fig. 6). On the other hand , 
the appea rance of the energy gap for the spin-down states 
(not necessarily located at E¥) is evidently typical of the 
whole series. At co ^ 1.5 eV (which of the order of a typical 
separat ion between the gap and the F e r m i level) there are 
no quali tat ive differences between C o 2 M n S n and other 
member s of this Heusler alloy series. 

J I I I I I I I I 
1 2 3 4 5 

Figure 6. Experimental dependences co2 Im sxy (co) (curves labelled 7) 
and -co2RQ£xy(co) (2) obtained for T 2 M n S n [45]. T = Co (a), N i (b), 
and Cu (c). 

It follows from E q n (2.3) tha t the angle 0 K is p r o p o r ­
t ional to the s p i n - o r b i t coupling, i.e. it is larger for heavier 
elements. W e can therefore expect tha t H M F s conta in ing 
p la t inum have larger values of 0 K . A giant value 0 K w 2.5° 
(for red light), much higher than the value for N i M n S b , has 
been repor ted for P t M n S b [11, 22] (the results of the 
calculat ion are presented in Fig. 7). However , it should 
be po in ted out tha t , according to Ref. [21], the main 

-Im(jxy(ca)/\014 s"1 

2 4 6 Hco/eV 

Figure 7. Results of calculation of the quantity —Im axy (co) (frequency is 
in electron volts), which governs the Kerr rotation in PtMnSb [19]. 

difference between the electron b a n d s t ructures of the 
H M F s P t M n S b and N i M n S b , responsible for the smaller 
value of 0 K in the latter case, is related no t so much to the 
values of the s p i n - o r b i t ma t r ix elements, as to the shift of 
some of the energy levels because of 'scalar ' relativistic 
effects (velocity dependence of the mass and the D a r w i n 
correct ion) . Therefore, in this respect the simplest a s s u m p ­
t ion of a direct connect ion between the s p i n - o r b i t coupl ing 
and the Ker r ro ta t ion is not qui te adequa te . 

Record values of 0 K might be expected for the 
ferromagnet ic phase of the c o m p o u n d U N i S n [19], bu t 
experiments have shown tha t it is an an t i fe r romag-
net [46, 47] (it is discussed in Section 9). Nevertheless , it 
is interest ing to consider the isost ructural fer romagnets 
conta in ing actinides (for example, U C o S n and P d U S n ) . 
A first-principles calculation of the magne to -op t i c p r o p e r ­
ties of C r 0 2 [43] gives very m o d e r a t e values of 0 K (0.15° for 
visible light), which is due to the smallness of the relativistic 
effects (light a toms) and, consequently, of the Fxy mat r ix 
elements in Eqn (2.2). A compar i son of the magne to-op t ic 
proper t ies with calculat ions of the b a n d s t ructure of F e - C o 
alloys can be found in Ref. [48]. 

It is wor th considering the quest ion of exper imental 
confi rmat ion of the calculated electron b a n d s t ructure of 
H M F s . The mos t direct check of the electron spectrum can 
p robab ly be provided by investigations of the de H a a s -
van Alphen effect and a compar i son of the experimental ly 
determined F e r m i surface with tha t found by calculat ion. 
Unfor tuna te ly , the relevant da ta are no t yet available. The 
results of exper imental investigations of the optical p r o p e r ­
ties of N i M n S b and P t M n S b [49], as well as of C r 0 2 [50], 
together with the angle-resolved da ta on the photoemiss ion 
from P t M n S b [51] are, according to the au tho r s of these 
papers , in good agreement with the results of an analysis of 
the b a n d calculat ions [ 9 - 1 1 , 16] (in some cases it is 
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necessary to m a k e correct ions for the s p i n - o r b i t coupling, 
which is ignored in the calculat ions). 

A paradoxica l result follows from the exper imental da ta 
on the photoemiss ion from C r 0 2 [52]: there are no electron 
states with bo th spin project ions near £ F , whereas accord­
ing to all the proper t ies of this c o m p o u n d it is undoub ted ly 
a meta l (a l though with a high electric resistivity). The 
results repor ted in Ref. [52] can be explained by, for 
example, surface effects. A n al ternat ive (and m o r e inter­
esting) explana- t ion involves al lowance for the final-state 
effects. The c o m p o u n d C r 0 2 is k n o w n to be a system with 
s t rong electron correla t ions [53], which is confirmed by, for 
example, the observat ion of the ' H u b b a r d ' absorp t ion 
peaks in the optical spectrum [54]. Therefore, the field of 
a hole, which is formed as a result of the photoemiss ion and 
interacts strongly with the remain ing electrons, m a y be 
sufficient for the format ion of a localised state. This 
p rob lem needs further investigation. 

3. Transport properties and the problem of spin 
polarisation 

In convent ional metall ic fer romagnets the cont r ibu t ion of 
the magnet ic scattering to the low- tempera ture t r anspor t 
proper t ies is governed pr imar i ly by one -magnon scattering 
processes. These processes domina te in the t empera tu re 
range 

T* <$T <TC 

' El 
(3.1) 

where / is the s - d exchange pa ramete r . At lower 
t empera tu res the contr ibut ion of one-magnon processes is 
exponential ly small because electron t ransi t ions across the 
ferromagnetic gap A are impossible in the range of the 
the rmal m a g n o n m o m e n t a . However , since | / | <̂  E¥ is 
usually t rue, the condi t ion (3.1) covers practically the whole 
spin-wave t empera tu re range. 

Let us consider the cont r ibut ion m a d e to the resistivity, 
which appears in the second order in / . This can be done 
with the use of the M o r i formula [55]. The reciprocal of the 
t r anspor t re laxat ion t ime is 

X- = r ° d f ( [ v ( 0 , Hmt], [Hmt, v]) (v, v ) " 1 , (3.2) 

where H-mi is the t ransverse pa r t of the s - d Hami l t on i an 
describing spin-flip processes, 

dk 
vka cka cka 

ka 

is the velocity opera to r of the conduct ion electrons, and 

(A,B) 
nl/T 

cU(A Qxp(-M)B exp(J i f ) ) 

Calcula t ions yield 

T k, a 

Snkc 

•ka k,k' 

arb i t ra ry sk(T spectra. The t empera tu re dependence of the 
resistivity in the range defined by E q n (3.1) is 

(3.4) 

It therefore follows tha t the cont r ibut ion described by 
E q n (3.4) vanishes in the case of H M F s . Similarly, there is 
no cont r ibut ion of one -magnon processes to the a n o m a l o u s 
Hal l effect RS(T) oc (aT3 + bT4) in these mater ia ls [2, 56]. 

It follows tha t the magnet ic scattering in H M F s should 
be domina ted by t w o - m a g n o n processes. As a rule, these 
processes give rise to higher power exponents in the 
t empera tu re dependence, because the resistivity is p r o p o r ­
t ional to T1/2 [2]. Moreover , the relevant cont r ibu t ions are 
small in te rms of formal pa rame te r s of the mode l (for 
example, in te rms of the quasiclassical pa ramete r 1/25 ). W e 
can therefore expect significant singularities in the t em­
pera tu re dependences of the t r anspor t proper t ies of H M F s . 

Exper imenta l invest igations of the dielectric resistivity 
p(T) and the spon taneous Hal l coefficient RS(T) of the 
Heusler alloys T M n S b (T = Ni , Co , Pt , Cu, A u ) and 
P t M n S n are repor ted in Refs [57, 58]. The cont r ibu t ion of 
one -magnon processes (which is of the order of T2) to the 

0 200 400 600 800 T/K 

(3.3) 800 T/K 

[nka =f(ska) a n d Nq = NB(coq) are the F e r m i and Bose 
dis t r ibut ion functions, and coq is the m a g n o n frequency], 
which generalises the s tandard result [2] to the case of 

Figure 8. Temperature dependences of the electric resistivity (a) and of 
the spontaneous Hall coefficient (b) of the Heusler alloys TMnSb 
[T = Cu (7), Au (2), Co (3), N i (4), Pt (5)] and PtMnSb (6) [58]. 
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resistivity of H M F s (T = Ni , Co , Pt) was indeed no t 
detected, whereas in the case of ' convent iona l ' fe r romag­
nets the dependences p(T) are much steeper (Fig. 8). 

On the other hand , in Refs [57, 58] the observat ion tha t 
the spin polar isa t ion of carriers 

n^T)-n[{T) 
P(T) (3.5) 

nt(T)+ni(T) ' 

determined from RS(T) at modera te ly low tempera tures , is 
p r o p o r t i o n a l to the magnet i sa t ion is considered a p rob lem. 
At first sight, this result seems to be strange, because the 
value of should be independent of t empera tu re right 
down to Tc in view of the presence of the energy gap . 

In relat ion to this observat ion it is interesting to 
consider the results of direct measurements of P(T). The 
me thod of spin-polarised photoemiss ion from N i M n S b jus t 
gave values of abou t 5 0 % , instead of the expected 100% 
polar isa t ion [59]. W e shall show later tha t this conflict can 
be resolved if a l lowance is m a d e for the correlat ion effects. 

4. Magnetic properties 

Table 1 gives the main magnet ic proper t ies of some H M F s 
and, for compar i son , the proper t ies of two ' convent iona l ' 
fer romagnets P d 2 M n S n and P t M n S n belonging to the 
T 2 M n Z [ 6 0 - 6 2 ] and T M n Z [63] Heusler alloy series. All 
these systems have high values of the sa tura t ion m a g n e ­
t isat ion and of the Cur ie t empera tu re . The s t rong 
magnet i sm of the Heusler alloys is mainly due to the 
local m o m e n t s of well-separated manganese a toms . F o r 
example, the to ta l magnet ic m o m e n t of C o 2 M n Z , ( 4 - 5 ) / i B 

per formula unit , consists of the m o m e n t 3/i B per M n a tom 
and less t han l / i B per Co a tom [15]. The relative proximi ty 
of the pa ramagne t i c and ferromagnet ic Cur ie t empera tu res 
is evidence of the localised na tu re of the magnet ic 
m omen t s . The values of the effective m o m e n t s above 
T c , deduced from the Cur ie constant , decrease quite 
rapidly when t empera tu re is increased [ 6 1 - 6 3 ] . The 
experimental ly determined W o h l f a r t h - R h o d e s rat io pc/ps 

is considerably less than uni ty. W e recall tha t in the 
Heisenberg mode l we have pc/ps = 1 and for weak 
i t inerant fer romagnets the cor responding rat io is 
Pc/Ps ^ 1 P]. In the case of ' convent iona l ' s t rong i t inerant 
fer romagnets (for example, F e and Ni ) this ra t io is 
somewhat greater t han unity. It therefore follows tha t 

Table 1. Values of the magnetic moment ps in the ground state, deduced 
from the saturation magnetisation (fi0 — psfiB), the ferromagnetic and 
paramagnetic Curie temperatures Tc and 6, and the paramag­
netic moment pc deduced from the Curie constant [C — /4ff/3 = 
Pc(Pc + 2 ) / 4 / 3 ] , for the Heusler alloys. The range of values of the last 
two quantities corresponds to a change with increase in temperature. 

Ps ^ c / K 0/K Pc 

C o 2 M n S i 5.10 1034 1044 2.03 
C o 2 M n G e 4.66 905 890 2.61 
C o 2 M n S n 5.37 826 870 3.35 
C o 2 M n G a 4.09 695 770 3.28 
CoMnSb 4.2 478 490 -520 3.61 -3 .11 
NiMnSb 4.2 728 780 -910 3.31 -2 .06 
PtMnSb 3.96 572 610 -670 3.96 -3 .56 
P d 2 M n S n 4.22 189 201 4.05 
PtMnSn 3.5 330 350 4.2 

the inequali ty pc <ps is a striking p rope r ty of H M F s , 
which could be used in their pre l iminary identification. 

Theoret ical ly the t empera tu re dependence of the m a g ­
netic m o m e n t is governed by the compet i t ion between two 
opposi te t rends . The ' t empera ture - induced ' m o m e n t s [3] are 
most impor t an t in the case of weak i t inerant magnets , when 
there are no localised m o m e n t s in the g round state. In 
fer romagnets with well-defined local m o m e n t s ano ther 
factor comes into play: the m o m e n t s decrease as a result 
of misor ienta t ion [64, 65]. These calculat ions demons t ra t e 
tha t the reduct ion in the m o m e n t s is a consequence of a 
change in the electron s t ructure as a results of ro ta t ion of 
the magnet ic momen t s . One would expect such changes to 
be par t icular ly large in the case of H M F s and they should 
be of qual i tat ive n a t u r e (smearing out of the hybridised gap 
because of spin disorder) . The many-elec t ron mechanism of 
the suppression of magnet ic m o m e n t s is discussed in the 
next section. The reduct ion in the m o m e n t with an increase 
in t empera tu re m a y also be related to other factors. F o r 
example, the difference between pc = 3.4 and ps = 4.2 for 
the N i 2 M n G a Heusler alloy [66] is a t t r ib - u ted to the 
splitting of the nickel states (owing to the J a h n - T e l l e r 
b a n d effect related to the t ransi t ion from the h igh-
t empera tu re cubic phase to the t e t ragona l phase) . 

The magnet ic proper t ies of C r 0 2 have been investigated 
less t han those of the Heusler alloys. Nevertheless , the 
sa tura t ion value of the magnet ic m o m e n t is very close to the 
a tomic value jii0 = 2JHb (ps = 2) in the case of the C r 4 + ion. 
This is confirmed by the b a n d s t ructure calculat ions [16] 
and is impor t an t for i t inerant magne ts . 

As po in ted out in the In t roduc t ion , an impor t an t feature 
of H M F s is the weak damping of spin waves t h r o u g h o u t the 
Bril louin zone because of the absence of the Stoner 
con t inuum. Exper imenta l da ta are n o w available on the 
scatter-ing of neu t rons in the Heusler alloys P d 2 M n S n , 
N i 2 M n S n [67], and C u 2 M n A l [68]. Spin waves are well-
defined over the whole Brillouin zone and — according to 
Ref. [3] — this is the criterion of validity of the mode l of 
localised momen t s . Accord ing to the b a n d theory, the weak 
m a g n o n damping can be explained by the fact tha t the 
par t ia l densities of the spin-up d-states of the M n a t o m s are 
low since the cor responding subband is a lmost filled [14]. 
The d a m p i n g m a y be expected to be even weaker if the 
F e r m i level of one of the spin project ions falls within a 
hybridised gap . Thus , exper imental investigation of the 
damping of spin waves and a compar i son with the results 
for the var ious Heusler alloys belonging to the T 2 M n Z and 
T M n Z series would be of great interest for the val idat ion of 
the theory. 

Ano the r physical p rope r ty in which the distinctive 
features of H M F s are apparen t is the ra te of longi tudinal 
nuclear magnet ic re laxat ion \/Tx(T). The Kor r i nga con­
t r ibut ion of the conduct ion electrons is the dominan t 
cont r ibut ion for ' convent iona l ' metall ic fer romagnets and 
is described by the M o r i y a formula [3, 69, 70]: 

±- = nyWTFN^N^) 
1 1 

(4.1) 

(yn is the gyromagnet ic ra t io , A is the hyperfine interact ion 
constant , and F is the exchange enhancement factor). Since 
the cont r ibut ion represented by E q n (4.1) vanishes in 
H M F s (which essentially follows also from the absence 
of the decay of m a g n o n s into Stoner excitations), 
significant anomal ies in the t empera tu re dependence 



666 V Yu Irkhin, M I Katsnel 'son 

\/Ti(T) can be expected. (The theoret ical dependence, 
which is T5I\ is discussed below.) On the other hand , the 
t ransverse nuclear re laxat ion ra te includes a cont r ibut ion of 
the longi tudinal susceptibility and, therefore, of the 
t rans i t ions inside the spin subbands (see Ref. [70]): 

1 

T~2 
^ + ^ylAf2TFf[N2(E¥)+Nl(E¥)] (4.2) 

i.e. the linear Kor r inga cont r ibu t ion is also present in 
H M F s . F o r simplicity, let us ignore the dependences of the 
mat r ix elements of the hyperfine interact ion on the spin 
and let us also neglect the exchange enhancement . W e then 
find tha t 

l / r 2 _ [ i V T ( £ F ) + i V i ( £ F ) ] 2 

l/T, 47VT(£F)7Vi(£F) 
> 1 (4.3) 

Major deviat ions from the linear Kor r i nga law have 
been found experimental ly for \/Tx of the half-metallic 
ferromagnet N i M n S b [7]. At modera te ly low tempera tu res 
in the range T > 250 K (Tc = 750 K ) the dependence is 
found to be 

1 

Ti(T) 
= aT + bT3A 

Nuclear magnet ic re laxat ion at the M n ( I ) pos i t ions has 
been studied in the ferrimagnet M n 4 N with Tc = 720 K, 
discussed above (a n a r r o w N M R line has been repor ted 
only for this c o m p o u n d ) [72]. At low tempera tu res 
T < 77 K the dependence \/Tx(T) is linear, bu t at higher 
t empera tu res it is approximate ly quadra t ic . 

The mechanisms of nuclear magnet ic re laxat ion in 
magnet i te F e 3 0 4 [73], which exhibits the Verwey t ransi t ion 
with a s t rong reduct ion in the conduct ivi ty at T = 130 K, is 
obviously quite complex. The 'metal l ic ' behaviour of the 
re laxat ion rates (increase with t empera ture ) occurs above 
200 K. The rat io (\/T2)/(\/Tl) is approximate ly 2. 

These anomal ies of \jTx have been repor ted before 
the discovery of H M F s and have not been a t t r ibuted to 
the characterist ics of the electron b a n d s t ructure (which 
accounts for the a t t empt m a d e in Ref. [71] to separate the 
linear term). Therefore, a del iberate investigation of 
nuclear magnet ic re laxat ion in c o m p o u n d s for which the 
H M F state is predicted, which would m a k e it possible to 
check the results of the b a n d calculat ions, is highly 
desirable. It follows from E q n s (4 .1 ) - (4 .3 ) tha t a signifi­
cant difference between the Kor r i nga cont r ibu t ions to \jT\ 
and l / r 2 should also be observed in ' convent iona l ' 
i t inerant magnet ic mater ia ls if near the F e r m i level there 
are density-of-state peaks leading to a large difference 
between N^(E¥) and N^(E¥) for the ferromagnet ic phase . 
F o r example, the value of l / r 2 for iron and nickel is several 
t imes greater t han \/Tx [70]. Al lowance for the exchange 
enhancement p roduces a larger increase in the t ransverse 
susceptibility, i.e. it predicts a t rend opposi te to tha t 
observed experimentally. 

5. Theoretical investigation of the energy 
spectrum within the framework of the s - d 
exchange and the Hubbard models: 
nonquasiparticle states 
As pointed out above, a realistic microscopic mode l of an 
H M F should allow for the hybridisat ion of the s(p)- and 
d-states. The Hami l ton ian can then be wri t ten in the form 

H = ^ fkCkacka + E d ^ 2 d * d i a 

ka ia 

ka 

The electron and m a g n o n spectra in the spin-wave 
t empera tu re range have been investigated on the basis of 
the generalised Ande r son mode l of Eqn (5.1) [74]. H o w ­
ever, in a detailed discussion of the correlat ion effects it is 
convenient to use the simpler s - d exchange mode l and the 
H u b b a r d mode l with a nondegenera te conduct ion b a n d 
and spin splitting independent of the wave vector. In 
par t icular , these models can be derived from Eqn (5.1) by a 
canonical t r ans format ion in the limiting cases when 
Vk = const, Ed —> —oo and tk = const, respectively. 

Calcula t ion of the one-electron Green functions in the 
spin-wave t empera tu re range, carried out within the frame­
work of the s - d exchange mode l [2] and in the ' pa rque t ' 
approx ima t ion in combina t ion with the d iagram technique 
[75], and by the equat ion-of -mot ion me thod [ 3 6 - 3 8 ] gives 

Gka(E) = [E-tka-Xka(E)]-1 , 

2I2{Sz)Rka{E) 
ha = tk-Gl{Sz), IkG{E) 

\+oIRka{E) ' 

(5.2) 

(5.3) 

Nq + nk+q[ 
E ~ fk+ql + 

• nk-q\ 
(5.4) 

h-q\ — < 

These expressions are exact at T = 0 in the limit of zero 
carrier density, in which the p rob lem can be reduced to the 
solution of the Schrodinger equat ion for one electron 
interact ing with localised spins [36, 76]. The half-metallic 
state is described as a ' s a tu ra ted ' ferromagnet ic state with a 
large spin splitting \A\ = 2\I\(SZ) > £ F , i.e. nk^ = 0 (or 

= 0 in the s - d exchange mode l with / < 0). In the s - d 
mode l this s i tuat ion cor responds in par t icular to degenerate 
ferromagnet ic semiconductors [37]. Similar results are 
obta ined in the H u b b a r d m o d e [40, 77] if / is replaced 
with the in t ra -a tomic C o u l o m b interact ion pa ramete r U. It 
should be stressed tha t the Green function of E q n (5.2), 
like the Green function in the H u b b a r d - I a p p r o x i m a ­
t ion [78], gives the correct a tomic limit. On the other hand , 
at low values of U it correctly reproduces the H a r t r e e -
F o c k approx imat ion . 

Let us n o w consider the mo t ion of carriers in the 
H u b b a r d mode l with an almost half-filled conduct ion 
b a n d in the limit of s t rong correlat ions, when — according 
to the N a g a o k a theorem [79] — the g round state for simple 
lattices is k n o w n to be a sa tura ted ferromagnet . The 
H u b b a r d Hami l ton i an for U —> oo and n < 1, when the 
doubly occupied states ( 'pairs ' ) are forbidden, has the 
following form in the representa t ion by many-elect ron X 
opera to r s xf = |ia)(ij8|: 

H = - T , = E£*x-*x*° > <5-5) 
h h a k,a 

where |icr) are singly occupied states with the spin 
project ion a at a site /; |i0) are empty sites (holes), and 
sk — ~h- Let us consider the Green functions 
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Gka{E) «Xf |X-*»E (5.6) 

F o r <t = | at T = 0 the carriers travel freely and the 
t empera tu re correct ions to the spectrum are p ropo r t i ona l 
to T5/2. A m o r e interest ing si tuat ion is tha t of a = j , in 
which case the calculat ion gives [40, 41] 

Gki{E) = {E-sk+ , (5.7) 

G^(E) = , (5.8) 

and nife = (X°_iXk

+0) = f(ek). The result given by E q n (5.7) 
is identical with E q n (5.2) in the limit U —> oo if we change 
from electrons to holes. 

E q n (5.8) defined the Green function of the lowest order 
in c = 1 — n, so tha t the electron states are described 
formally by a b ranch cut and is of n o n b a n d (free of 
poles) na tu re . This applies also to the complete Green 
function (5.7), because at low values of c it does no t have 
poles be low E¥ on the real axis. The cor responding one -
part icle dis t r ibut ion function depends weakly on k: 
(xlkXk°) w c. The states which have this p rope r ty do 
no t carry an electric current , which follows from a general 
analysis of the effect of an electric field on the m a n y -
electron system [80] (see also an explicit est imate of the 
mobil i ty in Ref. [41]). These nonquas ipar t ic le states m a k e 
no cont r ibut ion to the density of states at E¥ when T = 0. 
However , we shall show later tha t they do cont r ibu te to the 
linear te rm in the electronic specific heat . Similar proper t ies 
[apart from the condi t ion $N(E¥) = 0] have been pos tu ­
lated by Ande r son for spinons, which are neu t ra l F e r m i 
excitat ions in the resonat ing valence b o n d (RVB) state tha t 
does no t have a long-range magnet ic order (in the zero-gap 
var iant of the R V B theory) . Accord ing to Ref. [81], spinons 
m a y be described by a Green function with zero residue. In 
fact, we have demons t ra ted earlier the existence of such 
states in a na r row-gap H u b b a r d ferromagnet . 

As c increases, the Green function of E q n (5.7) acquires 
a real pole of the spin-polaron type below £ F , so tha t the 
sa tura ted ferromagnet ism is destroyed [77]. The p rob lem of 
evolut ion of the magnet ic state is fairly complex. In 
par t icular , an analysis of higher orders in the gas a p p r o x ­
imat ion and the d iagram technique have been used [82] to 
predict an ant i fer romagnet ic instability. The in terpola t ion 
descript ion, discussed in Section 7, predicts a t rans i t ion to 
an unsa tu ra t ed ferromagnet ic state and the na tu re of the 
spin-down states changes: they are n o w described roughly 
by the H u b b a r d - I approx ima t ion [78] 

Gka{E) = (no + na)[E - (n0 + na)ek]-1, na = (X™) , (5.9) 

i.e. they form qua sip article-type b a n d s of reduced width . 
The t empera tu re dependence of the magnet i sa t ion 

<sz) 

and the neglect, for simplicity, of the ' pa rque t ' denomi ­
na to r s in Eqn (5.3) (more r igorous calculat ions are 
repor ted in Refs [36, 37]) yield the correct ion to the 
electron spectrum: 

ka tk 
t k + q - t k + o A 9 \TCJ 

+9 (5.10) 

On the other hand , the residues of the one-electron Green 
function 

a -i-i 
Zka — (5.11) 

exhibit the stronger dependence T3^2 (exactly the same as 
in the case of the magnet i sa t ion) , which occurs in the 
par t ia l spin densities of states and in the occupat ion 
number s . Expans ion of the Dyson equat ion (5.2) gives 

Na(E) = - - Im V G k ( £ ) = pa(E) - V 5 ' ( £ - tka) 
7i ~' ^-r' 

71 *—r*^ 

ImZ t < r (E) 
r { E - t k a ) 2 

(5.12) 

where 

is the density of states in the H a r t r e e - F o c k - S l a t e r 
approx imat ion . The third term in Eqn (5.12), which arises 
from the b ranch cut of the self-energy, describes an 
incoherent contr ibut ion of nonquas ipar t ic le states bNa(E) 
owing to the e l e c t r o n - m a g n o n scattering. W e can easily see 
tha t this cont r ibut ion differs from zero in the range of 
energies cor responding to the spin subband with the 
opposi te spin projection —o. It follows tha t the density 
of states under discussion differs greatly from the Stoner 
density. If only the m a g n o n cont r ibut ions are retained, 
then — to within te rms of the order of T 3 / 2 in the leading 
order in 1 / 2 5 — t h e electron occupat ion number s [37] are 
given by 

(ckacka) 2S nka + 
s - { s z ) 

2S 
(5.13) 

W e can see tha t in spite of the spin splitting, the electron 
occupat ion n u m b e r s have a s t rong t empera tu re dependence 
T 3 / 2 , in contras t to the exponent ia l dependence predicted 
by the Stoner theory. Formal ly , cont r ibu t ions of the order 
of T3/2 appear bo th because of the t empera tu re dependence 
of the residues of the Green functions and because of the 
appear -ance of nonquas ipar t ic le states in the ' foreign' 
subband . 

W e can n o w solve the p rob lem of the spin polar isa t ion 
in an H M F pos tu la ted above. The s t rong t empera tu re 
dependence of the residue of the Green function of the 
lower spin subband and the increase (with t empera ture ) of 
the ' tai l ' of the nonquas ipar t ic le states in the upper spin 
subband (Fig. 9) gives rise to the dependence P(T) oc (Sz) 
in E q n (3.5). In the usua l H u b b a r d mode l this result is 
trivial because the electrons responsible for the magnet ic 
m o m e n t s imultaneously form the b a n d s t ructure near the 
F e r m i level. However , it applies also to the s - d ( f ) mode l 
when the carriers and the magnet ic m o m e n t s be long to 
different energy bands , which is t rue — for example — of 
ferromagnet ic semiconductors [37, 83, 84] for which such a 
dependence P(T) has been observed in field emission 
experiments [85]. 

The resistivity and the Hal l effect da ta discussed 
above [57, 58] demons t ra t e tha t the spin polar isa t ion in 
the Heusler alloys does indeed behave as the relative 
magnet i sa t ion . It has therefore been concluded on the 
basis of these da ta tha t the Heusler alloy should be 
described by the s t rong coupl ing mode l (when carriers 
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Figure 9. Density of states in the s - d model for an empty conduction 
band (/ > 0). At T — 0 (continuous curve) the spin-polaron tail of the 
spin-down states extends to the bot tom of the band. The dashed curve 
corresponds to finite temperatures. 

are coupled strongly to the local moments ) . It follows from 
our analysis tha t this hypothesis is no t essential. 

The p rob lem of possible depolar isa t ion of the conduc ­
t ion electrons in half-metallic fer romagnets at T = 0 is 
m o r e difficult. Let us consider the behaviour of the spin 
polar isa t ion 

| N T ( £ ) - ^ ( £ ) | 
P(E) 

| N T ( £ ) + ^ ( £ ) | 
(5.14) 

on the basis of the s - d model . If the m a g n o n frequencies 
in the denomina to r of E q n (5.4) are ignored, the presence 
of the F e r m i functions means tha t the par t ia l density of 
states with the ' incorrect ' spin project ion o = —sgn / 
should appear abrup t ly above (/ > 0) or be low (/ < 0) 
the F e r m i level (Figs 10 and 11). Al lowance for the m a g n o n 
frequencies coq = Dq2 smears out this singularity in an 
interval governed by the m a x i m u m m a g n o n frequency. If 
\E — E¥ | is small compared with to = Z ) ( 6 T C 2 / v 0 ) 2 ^ 3 (v0 is the 
unit-cell volume), then [37, 77] 

N*(E) 
E-E, 3/2 

9[a(E-E¥)], a = s g n / , (5.15) 

where 6^ is the Heavis ide step function. A w a y from E¥ 

the quant i ty given by Eqn (5.15) becomes a constant , 
p r o p o r t i o n a l to I2 in the weak s - d exchange case (an 
est imate for ferromagnet ic semiconductors gives 
1 — P w 4% [84]). In the s t rong coupl ing limit, when 
1/1 —> oo, we obta in 

N-*(E) 1 
2S 6[ol(E-E¥)]9 \E-E¥\$>co. (5.16) N*(E) 

It therefore follows tha t the spin polar isa t ion P(E) changes 
strongly near the F e r m i level. In the case of the 
ant i ferromagnet ic s - d exchange there are occupied n o n ­
quasipart ic le states near £ F , so tha t the depolar isa t ion m a y 
be detected from the photoemiss ion measurements . If 
/ > 0, nonquas ipar t ic le states are empty and can be 
observed in the inverse photoemiss ion experiments . 

In the 'wide-band ' H u b b a r d mode l at T = 0 the 
nonquas ipar t ic les lie, as in the s - d mode l with / > 0, 

E / 

N | ( £ ) / 
\ N T0E) 

/ ^ - - - 2 I S 

\ EF 

A - -

Figure 10. Density of states in a half-metallic ferromagnet with / > 0. 
The nonquasiparticle states with a — [ are absent below the Fermi level. 

N T ( £ ) 

Figure 11. Density of states in a half-metallic ferromagnet with / < 0. 
The non-quasiparticle states with a — | appear below the F ermi level. 

above the F e r m i level, so tha t there is no depolar isa t ion of 
the occupied states. However , the si tuat ion changes in the 
n a r r o w - b a n d limit (U —> oo). F o r clarity, let us consider a 
b a n d with the popu la t ion n > 1 and the concent ra t ion of 
'pa i r s ' c = n2 = n — I ^ I. The charge carriers are then 
zero-spin pa i rs and the spin-up and spin-down electrons 
m a y be 'ext racted ' in the emission experiments with equal 
probabi l i ty . On the other hand , it follows from the Paul i 
principle tha t the pair states above the F e r m i level can be 
filled only by spin-down electrons. These conclusions are 
suppor ted by direct calculat ions of one-part icle Green 
functions [41] [compare with Eqn (5.8) for the case when 
0 < 1 — n <̂  1]. The result is 

k, q 

_(Ni(E), E¥-E>co, 
~ \ 0 , E>E¥, 

(5.17) 

which agrees with E q n (5.15) for a = — and S = \. W e 
can see tha t be low E¥ there is no spin polar isa t ion , with the 
exception of a n a r r o w layer of width co, so tha t exper iments 
carried out with a modera te ly high energy resolut ion 
should yield small values of P. The real values of the mode l 
pa rame te r s are obviously in termedia te between the b r o a d ­
b a n d and n a r r o w - b a n d cases, so tha t significant deviat ions 
of P(T = 0) from 100% are, m o r e generally speaking, no t 
surprising. Inclusion of surface effects does not qual i ta ­
tively alter the role of the nonquas ipar t ic le cont r ibu t ion to 
P(E) [124]. 

Calcula t ion of the c o m m u t a t o r m a g n o n Green function 
gives [40, 86] 
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CO 
h+g — h — 

— Lk+q ~tk+A-CO 

(nk^-nk+qi)-IIq\co) (5.18) 

where the contr ibut ion of the two-magnon processes to 
the polar isat ion opera tor is 

x [B(k T ,k +q-pJ\, cop-co) 

+ B(k+p I, k+q i, cop-co) 

-B(k+p l,kUa)p) 

-B(k+q i,k+q-pU(Op)] , (5.19) 

The damping of spin waves owing to one -magnon 
processes is governed by the imaginary pa r t of the second 
term in square b racke ts in Eqn (5.18): 

Til Am ^ (- | ^ i ) 5(co - t k + q i + tk]) 

• 2nI2ScoN-l(E¥)Ni(E¥)6(co - co_) , (5.20) 

where co is the threshold frequency governed by the 
condi t ion of entry to the Stoner con t inuum. The damping 
of m a g n o n s at T = 0 gives rise to a logar i thmic 
cont r ibut ion to the m a g n o n dis t r ibut ion function and, 
consequently, to the g round-s ta te magnet i sa t ion 

8<SZ> 
a J 

0 yW(a>) dco 

-2 rSW T (£ F )Wj (£ : F ) ln 

( » - » , ) 2 + [ ? i 1 ) w | 

w 
(5.21) 

where W is of the order of the b a n d width . It is shown in 
detail in Refs [ 8 7 - 9 0 ] tha t this suppression of the m o m e n t 
is similar to the K o n d o compensa t ion in the case of a single 
impur i ty and tha t the spin dynamics results in the cutoff of 
the logar i thmic divergences at some characterist ic m a g n o n 
energy co ra ther t han at some t empera tu re . This m o m e n t -
suppression mechanism opera tes no t only in K o n d o 
systems, bu t also in any magnet ic mater ia ls with local 
momen t s , including those described by the H u b b a r d model . 

E q n (5.20) for an H M F vanishes and the m a g n o n 
damping is governed by the imaginary par t of 
E q n (5.19). In tegra t ion yields [86, 91] 

y i 2 ) K ) 
4 2 / 7 2 

q v0(k FT + * n ) 
z\2 

x < 
35 ' 

coa 

T < coa 

T>coa 

(5.22) 

The d a m p i n g of Eqn (5.22) is very weak, as shown bo th by 
the numer ica l values and by the formal pa ramete r s . It can 
be shown [39] tha t such damping does no t alter the 
magnet i sa t ion at T = 0 bu t simply renormal ises the T3^2 

Bloch term. 
It follows tha t , in contras t to ' convent iona l ' i t inerant 

ferromagnets , the ' K o n d o ' compensa t ion of the m o m e n t in 
an H M F does no t occur in the ordered phase (more exactly, 
the logar i thms are cut off at the width of the energy gap). 
One can expect the si tuat ion to apply also above Tc if there 

is a sufficiently s t rong shor t - range magnet ic order and the 
electron s t ructure changes only slightly at Tc. But , at 
sufficiently high t empera tu res T the ' local ' densities of 
states Na(E) should become comparab le and this should 
result in a fairly major reduct ion in the magnet ic m o m e n t of 
the type described by E q n (5.21). This mechanism m a y 
cont r ibu te to a reduct ion in the effective m o m e n t with 
tempera- ture , observed al ready for the Heusler alloys (see 
Section 4). 

The real pa r t of Eqn (5.18) determines not only the 
spin-wave cont r ibu t ions of the order of T5/2, bu t also the 
nonana ly t ic many-elec t ron correct ion to the spin-wave 
stiffness constant [39, 40]. F o r the quadra t i c dispersion 
law tk = k2/2m, we have 

T 1ZV0 

2 j l 

\2m(Sz) 

-2NJ(E¥)Ni(E¥) In 

co ± = D(k¥^ — £ F j ) 2 . 

T-^N]{Ef)+N\{Ef)\\n 

max(co_, r ) l 

(5.23) 

This correct ion p redomina tes over the correct ion due to the 
t empera tu re dependences of the F e r m i functions, of the 
order of T 2 , and is par t icular ly large for H M F s . 

W e n o w consider the longi tudinal nuclear re laxat ion 
ra te [3] 

1 " 1 lm^((Sq

+\S:q))w (5.24) 
q 

A2T 
2ncon 

(con <^ T is the N M R frequency). F o r H M F s we have to 
consider the cont r ibu t ion of the two-magnon processes 
(5.18). In the H u b b a r d mode l (/ -> U), we obta in [40, 92] 

1 
KCOn 

n{2\q, con) 

1 2 v ^ v0 C ( 2 j ( ^ T + ^ n ) ^ . (5.25) 

The t empera tu re dependence T 1 can be unde r s tood 
quali tat ively on the basis of the Mor iya formula (4.1) if 
N±(E¥) in this formula is replaced with the the rma l value of 
the density of nonquas ipar t ic le states, which is of the order 
of T3/2/D3/2E¥. On the other hand , the coefficient in 
E q n (5.25) is significantly influenced not only by the values 
of the density of states, bu t also by the exchange 
enhancement factor F, which in this case is governed by 
the cont r ibut ion of the collective m a g n o n m o d e (this 
should be compared with the case of weak i t inerant 
magnet ic mater ia ls , discussed in Ref. [3], when the p a r a -
m a g n o n enhance-ment also leads to F 1). It follows tha t 
the longi tudinal nuclear re laxat ion ra te in an H M F should 
be regarded, together with the spin polar isa t ion of the 
emitted electrons, as one of the proper t ies tha t are 
governed essentially by nonquas ipar t ic le states. 

6. Nonquasiparticle contributions to electronic 
specific heat and transport properties 
In the phenomenolog ica l theory of a ferromagnet ic F e r m i 
liquid [93] and in the s t andard F e r m i liquid theory [94] it is 
assumed tha t many-elec t ron effects simply renormal ise the 
density of states N(E¥) and the F e r m i liquid pa ramete r s . 
Let us consider the cont r ibut ion of spin f luctuat ions to the 
specific heat of a ferromagnet . It follows from E q n s (5.11) 
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and (5.3) tha t renormal i sa t ion of the effective mass and, 
consequently, of the specific heat in the H u b b a r d mode l is 
described by [40] 

ma ZkF<T a>+ - a>_ co_ 
(6.1) 

[the no ta t ion is the same as in E q n (5.23)]. In par t icular , 
for a weak i t inerant magnet , we have 

l n ^ ± « - 2 1 n a , 0 < a = UN(E¥) - 1 < 1 , (6.2) 
co 

and Eqn (6.1) describes the p a r a m a g n o n enhancement . 
There is no such enhancement in the case of an H M F . It is 
found tha t the electronic specific heat of conduct ing 
ferromagnets includes cont r ibu t ions of a completely 
different type, which are of nonquas ipar t ic le origin [40]. 

It follows from the s - d mode l tha t 

C(T) 
dT 

_8_ 
67 

| dE Ef(E)N(E) 

-N(E¥)T + \ &EEj(E) 
M(E, T) 

67 (6.3) 

The first te rm in E q n (6.3) is the s tandard result for the 
electronic specific heat ; the second term is due to the 
t empera tu re dependence of the density of states. Subst i ­
tu t ing E q n (5.3) into the last te rm of Eqn (5.12), we find 
tha t 

kq Vk+q,-o - ho) U 1 

(6.4) 

(We recall tha t in the H u b b a r d mode l / -> U > 0.) At low 
tempera tu res we have 

f{h+q[ ~ COq) = 1 , f(tk+tf +COq) = 0 . (6.5) 

It follows tha t the nonquas ipar t ic le states with o = j do not 
contr ibute to the linear term in the specific heat , because 
these states are empty at T = 0. F o r a = j , we obta in 

5 C t = 
2nz 1 

~t (h^ - EF) 

(6.6) 

N o t e tha t the cont r ibut ion described by Eqn (6.6) implies 
tha t the F e r m i liquid description is insufficient only in the 
case of dynamic quasipart icles defined in te rms of the 
Green-funct ion poles. On the other hand , the en t ropy of 
fermions interact ing at low tempera tu res T can be 
r igorously described in te rms of the dis t r ibut ion functions 
of L a n d a u quasipart icles with a spectrum defined as the 
var ia t ional derivative of the to ta l energy. The a n o m a l o u s 
term in the specific heat is governed by the difference 
between the spectrum of statistical and dynamic quas i ­
part icles. F o r the pa ramagne t i c phase this te rm occurs in 
the third order in U [95]. 

The nonquas ipar t ic le cont r ibu t ions can be separated 
most readily for a sa tura ted ferromagnet . In the s - d mode l 
with / < 0, when N^(E¥) = 0, E q n (6.6) gives the sole 
cont r ibut ion of the spin-up states to the specific heat . In 
the s - d mode l with 7 > 0 and in the H u b b a r d mode l 
[N±(E¥) = 0] the nonquas ipar t ic le cont r ibu t ions are 
absent . It is m o r e difficult to consider the unsa tu ra t ed 
case because the density of states with the spin project ion 

cor responding to the upper spin subband contains , be low 
E¥, con t r ibu t ions bo th from poles and b ranch cuts. 

The si tuat ion in a H u b b a r d ferromagnet changes in the 
case of an almost half-filled b a n d with s t rong correla t ions 
(U —> oo). In this case it is necessary to adop t the hole 
representa t ion (or the 'pa i r ' representa t ion for n > 1) and 
the H u b b a r d mode l has proper t ies similar to those of the s -
d mode l with / < 0. Nonquas ipa r t i c l e 'ho le ' states, 
described by the creat ion opera to r s X 0 - , are occupied 
and if the ferromagnet ism is sa tura ted, they are the only 
states with o = j tha t cont r ibu te to the linear specific heat , 
since the cor responding one-part icle Green function has no 
poles inside the F e r m i surface of holes. 

Let us first consider the nonquas ipar t ic le cont r ibut ion 
to C on the basis of pe r tu rba t ion theory in te rms of l/z 
when the H u b b a r d - I Green functions of Eqn (5.9) are used 
as the zeroth approx imat ion . If the correct ions to the Green 
functions are found and (H) is differentiated with respect to 
7 , then for U —> oo and n < 1, we obta in [40] 

5C 
7i 2 4E¥(SZ)N^(E¥)T 1 

1 3 ( n o + n_) (n0 + n+f ^ [sk(n0 + n_) - E¥]2 ' 
(6.7) 

which resembles, in respect of its s t ructure, the result given 
by Eqn (6.6). F o r finite values of U the s t ructure of the 
spectrum becomes m o r e complex in the presence of the 
H u b b a r d subbands and then the nonquas ipar t ic le con­
t r ibut ions to the Green functions appear even for the p a r a ­
magnet ic phase . The H u b b a r d splitting (which, like the 
spin splitting, is due to the interact ion with the local 
magnet ic momen t s , is in conflict with the s t andard F e r m i 
liquid theory [6, 7]) m a y thus lead to the appearance of 
unusua l cont r ibu t ions to the specific heat . 

W e have seen earlier tha t the one-part icle Green 
function for the sa tura ted ferromagnet ic state can be 
calculated m o r e r igorously when the concent ra t ion of 
holes c is low. The cont r ibut ion to the specific heat is 
then obta ined by expanding E q n (5.7) in G^°\ A n est imate 
yields [40] 

8 q ( r ) oc Tc~1/3 in i , 8 q ( r ) > 5C T ( r ) oc Tc1/3 . (6.8) 

The increment in the specific heat described by Eqn (6.8) is 
somewhat less t han for the pa ramagne t i c state when the 
Gutzwiller me thod yields an increment of the order of l/c 
[96]. Nevertheless , in the limit of small values of c the 
cont r ibut ion of low-mobil i ty nonquas ipar t ic le states to the 
specific heat p redomina tes . H e r e once again, we m a y recall 
the analogy with the Ande r son spinons [81], which do no t 
carry an electric charge, bu t are responsible (in the zero-
gap var iant of the R V B theory) for the linear specific heat . 

This mechanism of the increase in the specific heat 
should be the dominan t one in H M F s , and in the case of 
' convent iona l ' s t rong fer romagnets should exist alongside 
the ' p a r a m a g n o n ' mechanism. It is wor th ment ion ing the 
da ta on M n 4 N : the exper imental value of the electronic 
specific heat of this c o m p o u n d is several t imes greater t han 
the theoret ical value deduced from the b a n d s t ructure 
calculat ions [31]. This is t rue also of the Heusler alloys 
X 2 M n S n and X 2 M n I [97] and the au tho r s of this paper 
directly a t t r ibu te the observed specific heat increment to 
spin f luctuat ions. 

W e shall n o w consider the nonquas ipar t ic le con t r ibu­
t ions to the t r anspor t proper t ies within pe r tu rba t ion theory. 
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It is shown in Section 3 tha t the cont r ibut ion of the s - d 
scattering to the electric resistivity, associated with the 
nonquas ipar t ic le states, is missing in the second order in 
/ . This cont r ibut ion does however appear in the presence of 
impur i ty scattering [98]. Let us expand the electron Green 
function to second order in the impur i ty poten t ia l V: 

{{Cka\ct'a))E = §kk'Gka{E) 

+ VGka{E)Gk,a{E) + V (6.9) 

(the Gs are the exact Green functions for an ideal crystal). 
The t r anspor t re laxat ion t ime, deduced wi thout the vertex 
correct ions, is then found from the imaginary pa r t of the T 
matr ix : 

T~\E) = 2nV2Na(E) . (6.10) 

Al lowance for the energy dependence of the n o n q u a s i p a r ­
ticle cont r ibut ion to the density of states near E¥ [Eqn 
(5.15)] yields the correct ions to the electric conduct ivi ty 

8(7 ( dE 
dE 

&N(E) oc -T 3/2 (6.11) 

Since the correct ion (5.15) conta ins a cont r ibut ion which is 
odd in te rms of E — £ F , there are also cont r ibu t ions to the 
thermoelectr ic power of the order of T3^2. 

A detailed analysis of the nonquas ipar t ic le cont r ibu t ions 
to the t r anspor t proper t ies is an interesting and difficult 
task. As in the case of N M R considered in the preceding 
section, the cont r ibut ion of the two-magnon processes to 
the resistivity of the order of T7^2 can be a t t r ibuted to the 
scattering into nonquas ipar t ic le states. 

7. Ferromagnetism of systems with strong 
correlations 
One of the fundamenta l p rob lems in the theory of s t rong 
magnet i sm of i t inerant electrons is the descript ion of the 
format ion of local magnet ic m o m e n t s and the explanat ion 
of the C u r i e - W e i s s law. A l though the spin-fluctuation 
theories [3] and the b a n d s t ructure calculat ions [64] have 
resulted in some progress , the local m o m e n t s in such 
theories are still in t roduced largely in an ad hoc manne r 
because the intial t rans la t ion- invar iant system is replaced 
by a disordered system with r a n d o m magnet ic fields. 

The most difficult case to t reat by the spin-fluctuation 
app roach or by the s t andard b a n d calculat ions is tha t of 
i t inerant magnet ic mater ia ls with s t rong e l e c t r o n - e l e c t r o n 
correla t ions (when the in t ra -a tomic interact ion pa rame te r is 
no t small compared with the width of the conduct ion b a n d ) . 
In this case the correla t ions m a y induce a radical modif ica­
t ion of the electron spectrum: the H u b b a r d subbands m a y 
form [78]. 

Accord ing to M o t t [53], the H u b b a r d splitting occurs in 
some ant i fer romagnet ic oxides and sulfides, and in some 
metallic fer romagnets such as C r 0 2 , and in the ^Q\-xCoxS2 

system of solid solut ions with the pyri te s t ructure. Such 
solid solut ions represent an ideal mode l system for a 
theoret ical investigation of ferromagnet ism in the state 
with the H u b b a r d subbands . Its electron s t ructure is fairly 
simple: the electrons responsible for the metall ic conduct ion 
and for the magnet i sm be long to the same double-degen­
erate e g b a n d , which is ra ther n a r r o w (its width is of the 

order of 1 eV) [99]. Recent b a n d calculat ion of C o S 2 [127] 
predicts a n e a r - H M F state for this c o m p o u n d . 

The exper imental da ta on the magnet ic proper t ies of 
F e ! _ x C o x S 2 are repor ted in Ref. [100]. The mos t striking 
observat ion is the appearance of ferromagnet ism at a very 
low electron concent ra t ion n = x < 0.05. This fe r romag­
netism is unsa tu ra t ed right up to n & 0A5 and in a wide 
range 0.15 < n < 0.95 the magnet ic m o m e n t cor responds to 
one Bohr magne ton per electron. However , in contras t to 
weak i t inerant fer romagnets such as the N i - R h alloys there 
is no evidence of the exchange enhancement of the Paul i 
susceptibility in the pa ramagne t i c range of t empera tu res 
and the C u r i e - W e i s s law is satisfied at all electron 
concent ra t ions . Moreover , the Curie cons tant is p r o p o r ­
t ional to n. This behaviour cannot be explained by the t-
matr ix approx ima t ion of K a n a m o r i [101], which is a 
modified var iant of the Stoner theory: the g round ferro­
magnet ic state at low values of n is ob ta ined in this 
app roach if there is a sharp density-of-states peak near 
the b o t t o m of the b a n d , bu t according to the b a n d 
calculat ions there is no such peak [99]. Moreover , the 
K a n a m o r i theory cannot explain the C u r i e - W e i s s law. 

In this section we shall consider, following Ref. [4], the 
p rob lem of format ion of the sa tura ted (half-metallic) and 
unsa tu ra t ed ferromagnet ic states in a n a r r o w energy band . 

The local m o m e n t s in systems with the H u b b a r d 
subbands can na tura l ly be described, in te rms of the 
n a r r o w - b a n d H u b b a r d mode l of E q n (5.5), as singly 
occupied sites where holes p lay the role of charge 
carriers. A calculat ion of the spin Green function 
(dynamic magnet ic susceptibility) on the basis of this 
mode l and in the presence of an external field h gives 

<{Zk-q -*k){nt -nk_q)~ 
GJco) = 2(S*)+Y co — h — E~£ + E\ 

{tk-q - £k)(Zk-qnk-q - Sunt) 

-k-q J 

CO 
,(7.1) 

where — according to E q n (5.8) — we have 

4 = (n0 + na)f[ El + g 

1 + c 
2 

h 
(7.2) 

The magnet i sa t ion equat ion is obta ined in a similar to 
the Tyabl ikov app roach for the Heisenberg mode l [102]: 

(sz) 
l - c 1 1 f°° 

+ - I dcoNQ(co)YlmG

q(co) . (7.3) 
7 1

 J-OO a E q n (7.3) can be simplified if (Sz) <̂  1, i.e. for the 
pa ramagne t i c phase when (Sz) = yh, and also when the 
electron concent ra t ion is low n = 1 — c at any t empera ­
ture . Expans ion of the n u m e r a t o r and denomina to r in 
E q n (7.1) makes it possible to separate explicitly the 
dependence on (Sz) and h: 

GJco) 
coAq(co) + (Sz)Bq(co) + hCq(co) 

co - {Sz)Dq(co) - hPq(co) 
(7.4) 

The quan t i ty A, which governs the value of the effective 
magnet ic m o m e n t , is 
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f(Ek-q)-f{Ek) 
co + Ek - Ek 

1 + 
Ek-qf{Ek-q) -Ekf(Ek) 

to + Ek_ 

1 + c 
(7.5) 

If the condi t ion (Sz) ^ 0 is obeyed, E q n (7.1) has a real 
pole, which governs the spin-wave frequency coq . 

If c <̂  1 (almost half-filled band) , then at T = 0 we have 
(Sz) = ( 1 — c ) / 2 , i.e. the g round state is a sa tura ted 
ferromagnet in accordance with the N a g a o k a t h e o ­
rem [79]. At low tempera tu res the Bloch law applies: 

(Sz) = ^ - E w b H ) . (7-6) 

(7.7) 

E q n (7.7) differs from the exact result for the spin-wave 
spectrum [39, 79] by correct ions which are small in te rms 
of the reciprocal coord ina t ion n u m b e r 1/z. 

If the electron concent ra t ion is low, n <̂  1, the spin-wave 
frequency is 

" f^k-q) -f(Sk) p Wk) 
Sk-q 1 1 Sk 

Sk-q — sk 
. (7.8) 

The s t ructure of this expression resembles the cor respond­
ing result of the R K K Y indirect exchange theory, bu t in 
contras t to this theory, Eqn (7.8) includes the spectrum sk 

in place of the interact ion pa ramete r s ; this subst i tut ion is 
typical of the n a r r o w - b a n d limit. The solution of this 
equat ion for the magnet i sa t ion at T = 0 when n <̂  1 gives 

n 1 f° 
S ° = 9 ~ " I d c o l m ^ Aq(co) 

Z nJ-oo a 
rjn 
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k,q 

(Sk-q — Sk) @(Sk-q — Sk) 
(7.9) 

" £k + £ir 

and the posit ive quant i ty rj < 1 is formally small in te rms of 
1/z. In the 'Debye m o d e l ' with sk = a + bk2 (k < kD) we 
find tha t rj = \ . In view of the smallness of rj, the 
ferromagnet ism is strongly unsa tu ra t ed at low values of n. 

If (Sz) = xh(T >TC) is subst i tuted in E q n (7.4), the 
following equat ion is obta ined for the pa ramagne t i c 
susceptibility x: 

1 - c 
• + 

i r 
TCJo 

d c o c o t h — I m ^ A ^ ( c o ) 
q 

X i ? g ( 0 ) + C g ( 0 ) 

XDq(0)+Pq(0)+ " (0) (7.10) 

T h e Cur ie t empera tu re is determined by the condi t ion 
^(Tc) = 0. If n < 1, its value 

5o 
2 

5o 
2 2n2 

(7.11) 

is small compared with typical electron energies, so tha t at 
T ~ Tc the carriers are strongly degenerate . If 
Tc <^T <^ £ F , then 

X 4 V 
(7.12) 

The Curie cons tant C is half the sa tura t ion magnet i sa t ion 
S0 (as in the case of localised spins, we have S = \). The 
pa ramagne t i c Curie t empera tu re 

e = c^£Dq(o) (7.13) 

considered in the lowest order in the electron concent ra t ion 
is identical with Tc. If n is no t too small, the dependence of 
D on q becomes impor t an t and a large posit ive difference 
6 — Tc appears . Therefore, in agreement with the exper­
imenta l da ta on F e ! _ n C o n S 2 the C u r i e - W e i s s law has the 
Curie cons tant p ropo r t i ona l to n. It should be poin ted out 
tha t degeneracy of the conduct ion b a n d of the e g type does 
no t play a major role in the range of high values of U and 
low values of n, bu t is impor t an t when n = 1 - c w l (for 
example, this is t rue of the ferromagnet ic meta l C o S 2 , 
which — strictly speaking — cannot be described by the 
theory under considerat ion) . 

If c ^ 1, we have the local m o m e n t at each site and a 
small number of carriers (holes). It is then found tha t the 
condi t ions for s t rong degeneracy of carriers at T w Tc is no 
longer satisfied. A calculation of the Curie t empera tu re on 
the assumpt ion tha t carriers are nondegenera te gives 

Tc = Km\c1/2 • (7.14) 

The susceptibility at T Tc also obeys the C u r i e - W e i s s 
law. 

The est imate (7.14) is valid if carriers are of their usua l 
b a n d na tu re . The possibility of their self-trapping, d e m o n ­
strated in Ref. [103], m a y alter the results. 

It follows tha t within the f ramework of the adop ted 
approx ima t ion the ferromagnet ism is stable right down to 
arbi trar i ly low electron concent ra t ions . The concent ra t ion 
of holes at which the sa tura ted ferromagnet ism is destroyed 
is formally small in te rms of 1/z [39]. Numer i ca l est imates 
of this hole concent ra t ion obta ined by a direct var ia t ional 
me thod for square and simple cubic lattices are given in 
Ref. [104]. 

It is obvious tha t the fairly rough in terpola t ion adop ted 
here overest imates the t rend to ferromagnet ism at low 
values of n because of the neglect of f luctuat ions of the 
hole occupat ion n u m b e r s and because there is a critical 
concent ra t ion nc at which ferromagnet ism disappears . The 
approaches based on an expansion s tar t ing from a half-
filled b a n d m a y give fairly high values of this concent ra t ion 
(see, for example, Ref. [82]). However , the results given here 
provide a satisfactory description of the magnet ic proper t ies 
of the ^Q\-xCoxS2 system. 

It is interest ing to compare the results repor ted here for 
n a r r o w - b a n d H u b b a r d systems with the pic ture of ferro­
magnet i sm used for the K o n d o lattices in Refs [88, 89, 92]. 
A specific mean-field approx ima t ion is used there for the 
s t rong-coupl ing regime (at t empera tu res low compared with 
the K o n d o t empera tu re T K ) , which makes it possible to 
reduce the s - f exchange mode l to an effective hybr idisa t ion 
model . The hybr idisa t ion pa ramete r Va is governed by an 
a n o m a l o u s average of the p roduc t of the opera to r s of the 
conduct ion electrons and of the Abr ikosov pseudofermions 
describing the subsystems [105]. A n investigation of the self-
consistency equa t ions shows tha t for a constant ' ba re ' 
density of states there is always a solution cor responding 



Half-metallic ferromagnets 673 

to a K o n d o H M F state with a lower energy than a 
nonmagne t i c state. In this state, as in the H u b b a r d mode l 
with s t rong correla t ions [or in the equivalent s - d ( f ) mode l 
with / —> —oo], each conduct ion electron compensa tes one 
localised spin, so tha t (Sz) = (1 — n)/2. Therefore, the 
similarity to a na r row-gap H u b b a r d ferromagnet is gov­
erned by an increase in the small ' ba re ' s - f exchange 
pa ramete r in the s t rong coupl ing range . A n increase in the 
interspin Heisenberg exchange pa ramete r is accompanied 
by a first-order t rans i t ion to the convent ional magnet ic 
state with the fully suppressed K o n d o effect 
(Va = 0, (Sz) = I ) . 

8. Microscopic model of transition-metal 
magnetism: analogies with half-metallic 
ferromagnets 
Theoret ical investigations of H M F s are interest ing no t only 
in the case of specific appl icat ions to c o m p o u n d s of the 
Heusler alloy type, bu t are also relevant to the general 
p rob lem of magnet i sm of metals . W e shall n o w consider 
the appl icat ion of some of the ideas and concepts from the 
physics of H M F s to ' s t rong ' i t inerant magnet ic mater ia ls , 
par t icular ly F e and N i [6, 106]. 

In contras t to strongly correlated magnet ic mater ia ls 
such as ^Q\-xCoxS2 and C r 0 2 , for which the H u b b a r d 
splitting is large, there are no reasons to doub t tha t the 
Stoner ferromagnet ism criterion is quali tat ively valid in the 
case of i t inerant magnet ic mater ia ls with a fairly wide d-
b a n d (of the order of 5 eV). This criterion is IN(E¥) > 1, 
where / is the effective in tera tomic exchange pa rame te r 
(possibly subject to the many-elec t ron renormal isa t ion) . 
Band calculat ions from first principles [8] show tha t the 
Stoner pa ramete r varies smooth ly over the periodic table of 
elements and the var ia t ion is no t too s trong, whereas the 
values of N(E¥) m a y differ by tens of t imes for the metals at 
adjacent pos i t ions in this table owing to the s t rong 
dependence N(E) and different posi t ions of E¥. In the 
final analysis the necessary condi t ion for the Stoner 
criterion is tha t in a nonmagne t i c state the F e r m i level 
should coincide with a peak of N(E) (Fig. 12). Such peaks 
appear because of merging of the Van H o v e singularities 
a long a certain line in the k space [7, 107]. F o r example, in 
the case of bcc i ron such merging occurs a long the P-N line 
and only the e g electrons par t ic ipa te in the format ion of the 
peak [6], exactly as in the G o o d e n o u g h mode l [108]. A n 
analysis for N i is repor ted in Ref. [109]. It follows tha t only 
a small g roup of the d-electron states forming the N(E) 
peak is responsible for ferromagnet ism. 

It has been p roposed tha t electrons belonging to this 
group are regarded as s trongly localised and can be 
described by the H u b b a r d model ; the correla t ions of these 
electrons are necessarily s t rong because the width of the 
peak is small: r ~ OA eV. The remain ing s-, p - , and d-
electrons form wide b a n d s and are weakly hybridised with 
the 'magnet ic ' electrons at the peak . In the ferromagnet ic 
phase the splitting between the spin-up and spin-down 
peaks is A~\-2oV $>T; in contras t to the Heusler 
alloys, the profiles of b o t h peaks are similar and the lower 
peak is completely filled. Therefore, the behaviour of 
'magnet ic ' electrons is similar to those in a sa tura ted 
ferromagnet , i.e. it is close to the H M F state in the usua l 
H u b b a r d mode l with large values of U (we recall tha t , 
according to Section 4, in this s i tuat ion the descript ions 

Figure 12. Density of states ( e V - 1 , continuous curve 1, ordinate on the 
right) and integral density of states (points 2, ordinate on the left) of the 
nonmagnetic bcc iron [8]. The energy E (eV) is measured from EF. 

based on the H u b b a r d splitting and on the large spin 
splitting are essentially equivalent) . This mode l makes it 
possible to account readily for the low values (compared 
with the F e r m i energy) of the Curie t empera tu re , which — 
as demons t ra ted by the results in the preceding sections — 
should be of the order of r. 

Strong (even compared with the Heusler alloys) n o n ­
quasipart ic le effects can be expected in this case. These 
effects m a y be impor t an t for the explanat ion of the 
exper imental da ta on the spin polar isa t ion deduced from 
the photoemiss ion [110] and thermionic emission [111] 
experiments , which are in s t rong conflict with the results 
of the b a n d calculat ions of F e and N i . The linear te rm in the 
specific heat obta ined for N i (see Ref. [6]) is larger for the 
ferromagnet ic phase t han for the pa ramagne t i c phase [in 
conflict with the Stoner theory in which the spin splitting 
reduces N(E¥)], which m a y be related to the n o n q u a s i ­
part icle cont r ibut ions . These cont r ibu t ions to the impur i ty 
resistivity, discussed above, are impor t an t in connect ion 
with the p rob lem of the electric resistivity of ferromagnet ic 
t ransi t ion metals at very high t empera tu res (when con t r ibu­
t ions p ropo r t i ona l to T3^2 and T, which cannot be 
explained by relativistic processes, are observed [2]). 

W e can see tha t compar i son of the t rans i t ion metals of 
the iron group with H M F s is at least as useful as the 
ext rapola t ion from the direction of weak i t inerant magnet ic 
mater ia ls [3]. Spin-fluctuation theories m a k e it possible only 
to develop a semiphenomenologica l theory of the t empera ­
ture dependences of the magnet ic and t h e r m o d y n a m i c 
proper t ies , whereas the app roach under discussion p r o ­
vides means for investigating nontr iv ia l p rob lems related to 
the characterist ics of the g round state. 
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9. Half-metallic antiferromagnets 
W e have seen tha t H M F s have proper t ies very different 
from the proper t ies of ' convent iona l ' conduct ing ferro­
magnets . The quest ion na tura l ly arises as to whether these 
proper t ies also apply to ant i fer romagnets . 

The ant i fer romagnet ic order ing splits the electron 
spectrum into Slater subbands [1]. In the simplest H u b b a r d 
mode l (or in the s - d model ) the electron spectrum is 

E ^ 2 ) = 6 k ^ E k , Ek = {x2

k + U2S2f2 , 

* (9.1) 

h = (*k+(Q/2) + **-(G/2))/2 , 

?k = (**+G2/2) - * * - ( G / 2 ) ) / 2 , 

where Q is the wave vector of the ant i fer romagnet ic 
s t ructure and the quant i ty A = 2US represents a direct 
b a n d gap . A n increase in the e l e c t r o n - e l e c t r o n interact ion 
can split the whole energy b a n d into two, giving rise to a 
Slater gap . In par t icular , when the n u m b e r of electrons 
becomes equal to the number of sites (n = 1), a m e t a l -
insulator t ransi t ion takes place. If the occupancy of the 
conduct ion b a n d cannot be represented by an integer, the 
F e r m i level crosses only one Slater subband and a system 
of this k ind can be called a half-metallic ant i fer romagnet 
( H M A F ) . The case of large values of A is ha rd ly likely in 
intermetall ic systems of the Heusler alloy type. Therefore, a 
m o r e realistic s i tuat ion is tha t in which the gap in the 
electron spectrum exists in the pa ramagne t i c state and is of 
the hybridised origin, and the ant i ferromagnet ic order ing 
shifts the F e r m i level to one of the hybridised subbands , so 
tha t one of the Slater subbands is either completely empty 
or completely filled. 

The H M A F state was predicted by the b a n d calculat ions 
for C r M n S b with the C\b s t ructure [11] (see also the 
calculat ions repor ted in Ref. [128]). Exper imenta l results 
show tha t this c o m p o u n d (as well as the L i ^ M n ^ S e , F e R h , 
C r 2 _ x M n x S b , and C o 2 _ x M n x S b systems [112]) undergo a 
t rans i t ion from the ant i ferromagnet ic to the ferromagnet ic 
phase when t empera tu re is increased. This instabili ty can be 
explained as follows [11]. In the A M n S b system the m o m e n t 
of the A sites is ant iparal lel to the m o m e n t of M n , which 
results in a reduct ion in the b a n d energy because of the 
format ion of the gap, bu t the exchange energy increases 
because of the ferromagnet ic superexchange. Passing from 
A = N i to A = Cr reduces the to ta l magnet ic momen t , 
since the m o m e n t of the A sites increases. The ba lance of 
these cont r ibu t ions in C r M n S b m a y induce a semiconduc­
t o r - m e t a l t rans i t ion in one of the spin subbands , which is 
accompanied by a change in the na tu re of the magnet ic 
order ing. 

It is of interest to compare this s i tuat ion with the 
behaviour of the c o m p o u n d U N i S n [46, 47, 113] which 
has the C\b s t ructure and in which an ant i fer romagnet ic 
m e t a l - p a r a m a g n e t i c semiconductor t ransi t ion takes place 
when t empera tu re is increased to T = 47 K (this is a 
t rans i t ion sequence opposi te to the usua l m e t a l - i n s u l a t o r 
t rans i t ion in the t rans i t ion-meta l chalcogenides [53]). This 
effect m a y also be related to 'half-metall ic ' features in the 
b a n d s t ructure found for a hypothet ica l ferromagnet ic 
phase [18] and explained by a shift of the F e r m i energy 

on appearance of ant i fer romagnet ism. A n al ternat ive 
possibili ty for the many-elec t ron ( K o n d o ) origin of the 
gap in U N i S n and its suppression by the ant i fer romagnet ic 
order ing is discussed in Ref. [88]. 

The p rob lem of the na tu re of the energy gap a m o u n t i n g 
to Eg ~ 10 K in U N i S n has not yet been finally solved. The 
isost ructural c o m p o u n d s ZrNiSn , TiNiSn, and HfNiSn 
have a large energy gap (Eg ~ 10 K ) of the b a n d type 
and it is evidently associated with a 'vacancy ' sublatt ice in 
their crystal s t ructure [114] (this should be compared with 
the discussion of the electron spectrum of the Huesler alloys 
of the T M n S b type, which is given in Section 2). A n y 
investigation of the T M S n (T = Ti, Zr , Hf; M = Fe , Co , 
N i ) c o m p o u n d s [115] has yielded very low values of the 
electronic specific heat , apar t from the case when M = Co . 
Fe r romagne t i sm of T iCoSn with Tc = 143 K has been 
repor ted and, by analogy with N i M n S b , a hypothesis has 
been pu t forward tha t the H M F state appears in this 
c o m p o u n d . 

The c o m p o u n d Y b N i S n has a K o n d o metall ic lattice in 
which ferromagnet ic order ing with Tc = 5 K and /jl0 = 4/jlb 

appears at low tempera tures , and the absence of the gap is 
a t t r ibuted to the weakness of the d - f hybr idisa t ion in 
y t te rb ium c o m p o u n d s [116]. In the nonmagne t i c K o n d o 
insulator lattice of CeNiSn the gap is very small 
(Eg ~ 3 K ) [114]. (It is interest ing to no te tha t static spin 
correla t ions with local m o m e n t s of the order of \0~3fiQ are 
observed at u l t ra low tempera tu res in CeNiSn [117]; meas ­
u rement s of the longi tudinal nuclear re laxat ion ra te [118] 
give l/Tl oc T 2 , which m a y indicate a nonzero density of 
nonquas ipar t ic le states in the gap.) The evolut ion of the 
electronic proper t ies of the C e ^ L a ^ N i S n [114] and 
U ^ T h ^ N i S n [113] systems with increase in x is qua l i ta ­
tively similar. The t empera tu re dependences of the magnet ic 
susceptibility [113] and of the nuclear re laxat ion ra te [119] 
in U N i S n indicate tha t localised m o m e n t s or at least s t rong 
spin f luctuat ions exist in this c o m p o u n d . All these results 
tend to suppor t the K o n d o origin of the gap in U N i S n . 

In contras t to ferromagnets , the processes of decay of 
m a g n o n s with small m o m e n t a in Stoner excitat ions are no t 
forbidden in ant i fer romagnets and one -magnon processes 
are effective right down to the lowest t empera tu res because 
spin-flip t rans i t ions occur within the Slater subbands . This 
has the effect tha t b o t h in ' convent iona l ' i t inerant and in 
half-metallic ant i fer romagnets the damping of m a g n o n s is 
linear in q and the spin-wave cont r ibu t ion to the electric 
resistivity is p ropo r t i ona l to T5, as in the case of the 
scattering by p h o n o n s . (At t empera tu res T which are no t 
too low, the cont r ibut ion of the in te rband t rans i t ions is a 
quadra t i c function of T.) The dist inguishing features of 
H M A F s m a y be deduced only from those physical p r o p e r ­
ties in which the cont r ibut ion of the in te rband t rans i t ions 
occurs and which have a threshold in te rms of q for any 
conduct ing ant i fer romagnet (or ferromagnet) , bu t are 
absent (at least up to energies of the order of the gap) 
in the half-metallic case. If A is small, the in te rband 
cont r ibut ion to the integral t h e r m o d y n a m i c characterist ics 
(for example, the the rma l expansion, elastic modul i , 
magne toexchange effect) is generally m o r e singular t han 
the cont r ibut ion of the i n t r aband t rans i t ions so tha t the 
cor responding anomal ies of H M A F s should be 
weaker [120]. 

Let us consider the dynamic susceptibility of a con­
duct ing ant i fer romagnet . In the local coord ina te system we 
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have 

V2 *+(G/2)T 

(9.2) 
•* - ( f i / 2 ) i J 

If we adop t the simplest approx ima t ion of free quas ipa r ­
ticles with the spectrum of E q n (9.1) (more complex 
approx imat ions , al lowing for the spin-wave con t r ibu­
t ions, are no t of great interest because they do no t 
apply specifically to H M A F s ; the nonquas ipar t ic le effects 
in conduct ing ant i fer romagnets are discussed in Ref. [121]), 
we find tha t 
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W e can see tha t the cont r ibu t ion of the in t r aband t rans i ­
t ions to the t ransverse susceptibility d isappears (i.e. it 
vanishes in the case of H M A F s ) only for A —> oo. If A is 
small, the longi tudinal susceptibility of H M A F s is low for 
q —> 0 and large for q ~ Q. The difference from the case of 
fer romagnets is due to the fact tha t the gap appears in the 
electron spectrum of an ant i fer romagnet [Eqn (9.1)] in a 
m o r e complex manner . 

10. Conclusions 
In this review we have tried to demons t ra t e tha t the s tudy 
of H M F s , which started only ten years ago, has a l ready 
enriched our ideas of the magnet i sm of metals and alloys, 
and much m o r e can be expected from future specific 
investigations. 

The theoretically mos t interest ing is the feasibility of 
detecting the pu re non-quas ipar t ic le (spin-polaron) effects in 
H M F s . There are no t m a n y cases in the physics of the solid 
state when the s t andard F e r m i liquid descript ion is k n o w n 
to be insufficient. The only example of such a s i tuat ion is 
p robab ly the case of one-dimensional systems which are 
described by the Lut t inger liquid mode l [122]. The case of 
two-dimens iona l (and, even m o r e so, three-dimensional) 
systems with s t rong H u b b a r d correla t ions is still the subject 
of lively discussions [123], which are par t icular ly topical in 

connect ion with the p rob lem of h igh- tempera ture super­
conduc tors . In this s i tuat ion an impor t an t poin t is tha t 
H M F s represent a simple and convincing example of the 
failure of the universal validity of the theory of the F e r m i 
liquid in the case of three-dimensional systems. F r o m the 
poin t of view of the exper imental invest igations the da ta on 
the spin polar isa t ion of charge carriers are par t icular ly 
interesting; such invest igations should definitely be con­
t inued. Ano the r sensitive ins t rument for the s tudy of n o n ­
quasipart ic le effects is nuclear magnet ic re laxat ion. 

As poin ted out above, nonquas ipar t ic le cont r ibu t ions 
can also be observed in ' convent iona l ' s t rong i t inerant 
magnet ic mater ia ls . In this sense the H M F s , characterised 
by s t rong in t ra -a tomic correla t ions (for example, those 
involving the M n ions in the Heusler alloys), by well-
defined local m o m e n t s , and sometimes also by a s t rong 
H u b b a r d splitting (true, for example, of C r 0 2 ) , complement 
well the weak i t inerant magnet ic mater ia ls such as Z r Z n 2 , 
which have served as the p ro to type of ferromagnet ic metals 
right up to the early eighties [3]. 

As far as pract ical appl icat ions of H M F s are concerned, 
we have al ready ment ioned their possible use in m a g n e t o -
opt ic da ta retrieval and also in the development of new 
magnet ic mater ia ls with a high sa tura t ion magnet i sa t ion 
and high Curie poin ts . W e shall ment ion here one other 
a t t ract ive possibility. The interest in magnet ic mult i layers, 
associated with the giant magnetores is tance effect [125], has 
grown greatly in recent years. This effect becomes stronger 
as the rat io of the par t ia l static conduct ivi ty with different 
spin project ions deviates further from uni ty. By the very 
definition of H M F s this rat io has a record value for these 
ferromagnets . Therefore, these mater ia ls m a y be promis ing 
for the fabricat ion of mult i layers. At present , a t t empts have 
been m a d e to form mult i layers from the P t M n S b / C u M n S b 
system [126]. 
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