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Abstract. Within the density-functional theory, including its local spin-density approxi- 
mation, the fully relativistic calculations of electron, optical and magneto-optical spectra in 
some half-metallic ferromagnets and uranium monochalcogenide have been performed. An 
increase in the magneto-optical Kerreffeect in halfmetallicmagnets isclosely related tosuch 
factonas thespin-orbitexchangesplittingsand the plasmafrequency. At thesame time in the 
usual ferromagnets the peculiarities of band structure lead to anomalies in the conductivity 
tensnr at energies close to the spin-rbit splitting. 

1. Introduction 

The experimental finding of the huge polar magneto-optical Kerr effect (MOKE) in 
PtMnSb (van Engen et a[ 1983) has inspired renewed theoretical interest in the study of 
electron and optical properties of similar compounds. A band-structure calculation for 
NiMnSb (de Groot er ai 1983) indicated the existence of a new class of materials called 
half-metallic ferromagnets (HMFS). This theoretical study yields the interesting result 
that NiMnSb is metal for majority, or spin-up, electrons but exhibits a semiconductor- 
type gap for minority, or spin-down, electrons. CoMnSn (Kuebler 1984), FeMnSb (de 
Groot eta1 1986), CrOz (Schwarz 1986), Fe30, (Yanase and Siratori 1984) and a number 
of other compounds have been assigned to the HMFS on the basis of band calculations. 
This raises the question of why, of all the known HMFs, PtMnSb possesses the greatest 

The sharp increase in MOKE in PtMnSb compared with NiMnSb is ascribed to the 
different locations of the Fermi level EF relative to the bottom of the band gap in spin- 
down subband and the different spin-orbital interactions (SOIS) of these compounds 
(vanEngenetnll983). However,KulatovandMazin(1990)haveshownthat theposition 
of EF with respect to the gap cannot be reliably determined from the local-spin-density 
approximation (LSDA) calculations with the required accuracy. Again, in PtMnSn where 
the SOIS are almost identical with those in PtMnSb, MOKE is even less than in NiMnSb. 
Wijngaard et a1 (1989) concluded that the increase in MOKE in PtMnSb compared with 
NiMnSb i s  closely related to the different values of the scalar-relativistic effects in these 
substances. 
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2. Calculation method and energy dependence of the conductivity tensor ama(w) 

Band-structure calculations for NiMnSb, PtMnSb and PtMnSn with a cubicstructure of 
MgAgAs type with one embedded empty sphere and for US with a cubic NaCl structure 
have been performed using the linear muffin-tin orbital (LMTO) method (Andersen 
1975). Exchange and correlation are treated in the LSDA. In the self-consistent calcu- 
lations, scalar-relativistic effects (the mass-velocity and Darvin terms) and combined 
correction terms are included. The experimental lattice constants were used for all the 
above-mentioned compounds. In order to assess the dependence of the results on the 
choice of exchange-correlation energy function, we performed the calculations using 
four different approximations to the local exchange+orrelation energy: the von Barth- 
Hedin (VBH) (1972) approximation, the Gunnarsson-Lundqvist (GL) (1976) approxi- 
mation, the Janak-Moruzzi-Williams (JMW) (1975) approximation and Vosko-Wilk- 
Nussair (VWN) (1980) approximation. Incorporation of the sol was achieved through the 
KohnSham-Foldy-Wouthuysen equations (Itzykson and Zuber 1980). One electron 
spectrum resulting from these procedures was used for calculation of the conductivity 
tensor in accordance with the Kubo (1957) formula for the linear response functions. 

Matrix elements of the dipole transitions were calculated directly from the LMTO 
eigenfunctionsusingaschemederivedbyUspenskietal(1983). It isknownthat ageneral 
form of the conductivity tensor isdetermined by the magneticspace group of crystal and 
so it depends on the orientation of magnetization (Kleiner 1966, Halilov and Uspenski 
1990). For simplicity we have considered only the case of a single direction (MI1 [OOl]), 
where of the non-diagonal components of the tensor um6(w) there are only the odd 
components on M, which describe the MOKE. For cubic crystal structures this allows 
to use the Argyres (1955) expression, which is valid at sufficiently high frequencies w > 
2&h (where Zgis the mean value of the spin-orbital splitting). This expression shows 
that the dissipative part Im[uxv(o)] is proportional to the difference between dissipative 
parts of diagonal components with opposite spins, i.e. Im[ury(w)] = (~‘{Re[oA(w)] - 
Re[uA(w)]} = a{Re[oL(w)] + Re[oh(w)]} (Re u t ( w ) ]  is due to the interband tran- 
sitionswithspins(s = t , ) (HalilovandUspenski 1990).Theproportionalcoefficients 
(Y‘ - (E/AE) and (Y - ( c / A E ) ( A n / n ) ,  where A E  is the mean distance between one- 
particle levels and An/n = (n ’ - n L ) / n  is the relative magnetization. 

At photon energies hw = 2Ethe hybridization of bands with opposite spins near EF 
plays an important part in formation of the conductivity tensor oco(w). Interband 
transitions in the region of proximity to theve;$ange-;plit bands with opposite spins 
( m  f )  and (m $ )  at E F ,  if any, give at hw = 2 ,tI + A, (ZA,, IS the mean value of the 

ratio 

vanishes. 
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(Halilov and Uspenski 1988,1990). The 
found to be approximately E/AI?, i.e. 
caused by the relative magnetization 

3. Characteristics of electron spectra 

In XMnY compounds a large exchange splitting of the Mn d states leads to a situation 
in which the magnetic moment is localized mainly on the Mn site and the resulting Mn 
d bands tend to be polarized away from the Fermi energy. In some XMnY compounds 
the Fermi energy is situated inside the spin-down band gap. NiMnSb and PtMnSb are 
best suited to such systems even though, as noted above, the calculations indicate that 
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Figure 1. oossofNiMnSb (U)-, totaio0s;----,pDosofSb;(b),--,dDosofMn; _ _ _ _  , d DOS of Ni. 

the position of EF in the gap is very sensitive to the exchange-correlation potential 
approximations. The calculations employing the VBH potential give the best results for 
the values of the magnetic moments. Let us take a brief look at those features of the 
band structure which play a dominant role in the formation of the conductivity tensor 
over the interval 0 eV < hw < 4 eV, where interband transitions are most intensive and 
the MOKE maxima are observed. 

3.1. NiMnSb 
Bands characterizing NiMnSb as a metal, i.e. crossing EF, are mainly formed by 5s' 
states of Sb and (pd) 7 -hybridized states of Sb and Mn. The indirect gap in the spin- 
down subband is about 0.4 eV. The bands located just below the gap are composed 
mainly of the Sb p i  states (threefold-degenerate level FIS split by the SOI). The Mn d 
states are situated above the gap. The middle part of the valence band is composed 
mainlyofNidstates, which are almost not subjectedto theexchangesplitting(figure 1). 
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Figure 2. Doss of PtMoSb: ( a )  -, total DOS; ----. p DOS of Sb; ( b )  -, d DOS of Mn; 
, d Dosof Pt. - _ _ _  

3.2. PtMnSb 

The changes in electron spectrum when Pt is substituted for Ni are due to an increase in 
the scalar-relativistic effects (Wijngaard et a1 1989). which shift s states downwards in 
energy. The influence of SOI on the spectrum smoothes the Pt d density of states (DOS) 
through removal of the band degeneracies (figure 2). 

3.3. PtMnSn 
Substitutionof Snfor SbinPtMnSbcausesadecrease in thenumber ofvalenceelectrons 
by one electron. In this case, &is lowered, the gap in the spin-down subband disappears 
(figure 3) and the magnetic moment is decreased (table 1). 

3.4. us 
Figure 4shows the DOS functionsin uranium monochaIcogenide, where t h e ~ o m i s  even 
larger than in PtMnSb. At the Fermi level there are the spin-up states as well as the spin- 
down states. The magnetism and conductivity in US are due to the U 5f states (the S p 
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Figure3.DOssofPtMnSn: (U)-, total Dos;----,pDOsofSn;(b)--,doosofMn; 
- -__ , d DOS of Pt. 

Table 1. Calculated and observed magnetic moments 

Theory Experiment 

NiMnSb 4.00 3.85 
PtMnSb 4.003 3.97 
PtMnSn 3.51 
us 2.37 

3.42 
1.70 

states and the U f states are separated by 2.5 eV). As the spin-orbital and exchange 
splittings of the U f states are of the same order (2E = 2AC = 1.5 eV), the gap due to 
the so1 arises in both states j = 1 + 1 and j = 1 - 1. So the whole f band is divided into two 
subbands, separated by an interval of 2g. EF crosses the lower subband. 

. .  
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Figure 4. DOSS of US: (a)  -, total DOS; ----, p Dosof S; (b)  -, f DOS of U; ----, d 
DOSOf U. 

4. Magneto-optical spectra near the plasma frequency 

The optical characteristics Re(u,) and Im(u,) for NiMnSb, PtMnSb and PtMnSn are 
shown in figures 5-7. The behaviour of Im(ux,) is best understood if, in accordance with 
Halilov and Uspenski (1990). Im(uxy) is represented as a difference of the optical 
conductivities with opposite spins, i.e. Im[u,(w)] = w'{Re[o?;(w)] - Re[uA(w)]}. 
Figure 5(c )  shows Re[u,&(o)] and Re[uh(w)] for NiMnSb. The total optical con- 
ductivity Re[u,(w)] = Re[u?;(w)] + Re[uA(w)] at energies hw ii. 2e. As one would 
expect, the interband part R e [ u p ( w ) ]  of the diagonal component for all Mn com- 
pounds under consideration are very similar-the main peaks of Re[u,(w) are located 
at 3.5 eV in NiMnSb and at 3.0 eV in PtMnSb(Sn) and are due to the ( p  1 b(Sn) + d&) 
interband transitions. The principal differences in Re[u,(w)] occur at low energies 
hw < 1.0 eV by virtue of the great discrepancy between the intraband contributions; 
compare the specificelectroresistivities pNIMRSb = 11 mQ cm, pPIMnSb = 13.5 mR em and 
pPthfnSn = 90 mQ cm at T =  150 K (Otto eta1 1989), which correspond to the relaxation 
energies of intraband transitions in NiMnSb of about 0.47 eV and in PtMnSb of about 



tn.. 
N 

0. 

0.83 eV (van der Heide er al1985). The intraband plasma energies are about 5-6 eV in 
the Mn compounds under consideration (van der Heide et a1 1985). i.e. in Ni(Pt)MnSb 
the intraband contributions to the conductivity are four to five times smaller than in 
PtMnSn. 

The behaviours of Im[u,(w)], as the calculations imply, are also very similar. Our 
calculations of the Kerr angle do not confirm the observed enhancement of MOKE in 
PtMnSb. According to the experiments, 28FFSb = 0.5" at hw = 1.5 eV, 2 B E S b  = 
2.5"athw = 1 .7eVand2B2~s"  =0.3'athw = 1.5 eV.Thisraisesthequestionofwhat 
is mainly responsible for the enhancement of MOW. Argyres (1955) has shown that the 
relation between the Kerr angle andcomponents of the tensor may be written asfollows: 

e@) = Im{[n+(w) - n - ( w ) ] / ( n + n -  - I)} (1) 

where n,(w) = [ ~ , ( w )  * i ~ ~ ~ ( w ) ] ' ~ .  In general, &*#(w) is the complex dielectric per- 
meability, which may be represented as a sum of the dissipative (Re(&,) and Im(&,)) 
and dispersional (Re(&,) and Im(&,)) parts coupled by the Garners-Kronig relations. 
It is easily seen from (1) that B(w) will be increased at those energies when n+n_ = 1. 

Let us discuss this case in detail as opposed to Feil and Haas (1987) who over- 
simplified equation (1). The condition n+n- = 1, in essence, is valid at small values of 
€,(U), which corresponds to the existence of the plasma oscillations. However, account 
must be taken of the fact that the non-diagonal ex,.((.) and diagonal &-(U) components 

(4 

1 
II 
11 :& I1 P, ,1 

\I/ ( Figure 5. Optical characteristics of NiMnSb: (0) 

\r ---.& Re[uu(o)] (----. experiment (vander Heideer 
al1985)): ( b )  I~[O,~(W)]: (c) spin contributions 

/*- 
I 

, < -- , 
1 3 '  4 '  5 '  B '  ? ' a  to conductivity (-, Re[oJr(o)]; ----, 
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are formed by similar interband transitions. Roughly speaking, Im[e,(o)] = 
(~'{Re[eJ,(o)] - Re[~L(w)l}, andingeneral the smallnessofRe[e,(w)] impliessimul- 
taneously the smallness of Im[e,(w)]. Because of this, to derive max[O(w,)], where wp 
is the plasma frequency, one should take account of the listed proportions. Near the 
plasma resonance the dis ersional parts Re[~,(w,)] and Im[e,(w,)] vanish; conse- 
quently nt(wp) = v--? E 2 iy e = Re[eU(wp)], y = Im[e,(w,)]. By this means the Kerr 
angle at w = wp may be written as 

, , , .- ., , ....... .. , , . , , , , 

W 

J 

N 

0 

G(1+ e€)(- - G) 
1 + (1 - (Y2)&2 O(o - wp) = Im 

E2 + y2  - 1 
(2) 

The estimation of the values of afar NiMnSb and PtMnSb give 0.04 and0.12, respect- 
ively, i.e. in any case (Y < 1. The position of the maximum in e(&) is determined by the 
variation in E with regard to the smallnessof (Y: E - l / G ) .  Sothe theoretical limit 
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Figure 8. The Kerr angle model dependence "er- 
sus dielectric function Im[&,(o)] near the plasma 
resonance. The cases with ol = 0.04 (-) and 
ol=O.12 (----) may be wnditionally ascribed 
to NiMnSb and PtMnSb, respectively. 0 

of the Kerr angle at the plasma frequency is determined by the ratio of the non- 
diagonal to the d i a g o n e m p o n e n t s :  max[0(w - w,)] - -(~/fi provided that 
Im[EU(w - w,)] - l/dl - (Y' - 1. Figure 8 schematically shows the Im(EXJ-depen- 
dence of 0 at various (Y. Usually the occurrence of the plasma threshold is accompanied 
by strong one-electron transitions at the energies near to Am,. In the vicinity of fiwp let 
us denote max[~(w)] by E ' .  At energies near but not equal to hw,, 8' - -CY/*. 
Therefore the maximumenhancement max[0(w = wp)]/f3'of MOKE through the plasma 
resonance is estimated as fl. 

Since Im[&,(w)] - cy'{Re[&L(w) - Re[&L(w)]}, in order for the outlined effect to 
be realized, it isessential that one of the components Re[&h(w)] or R e [ ~ i ( w ) ]  should 
be small compared with others in the neighbourhood of the plasma frequency w,. So 
the compounds with 100% spin polarization could serve as a system in which the 
enhancement of MOKE was obtained at w - w,. because in this case Im[~,(w)] - 
(Y' Re[&L(w)] orIm[&,(w)] - CY' Re[&L(w)] and the additionalsmallnessofIm[~,(w)] 
associated with the difference Re[&L(w)] - Re[&L(w)] disappears. The compounds 
under consideration'could be such systems provided that the value of the optical gap 
A& in the spin-down subband is greater than fiw,, i.e. if the interband spin-down 
transitions start at energies fio > fiw,. 

The value of the optical gap A t  is calculated to be about 1.0 eV for NiMnSb and 
PtMnSb while calculations of the characteristic loss energy functions L(w)  = 
-1m &;'(CO) yield the plasma energy fio, - 1.5 eV for both compounds (see figure 9, 
where Im E=(@),  Re E,(o), the reflectivity coefficient R(w) and L(w) for PtMnSb are 
presented), i.e. A &  < hw,. This is mainly responsible for the lack of an enhancement 
of MOKE at w - wp in our calculations. We have drawn the conclusion that the cal- 
culations of the actual one-electron excitationswould require anessential improvement. 

It may be supposed that in NiMnSb and PtMnSb there is an enhancement of MOKE 
at w - up owing to the spin-down gap in band spectrum and to the small size of the 
intraband contribution to the conductivity. At the same time in F'tMnSn this effect is 
suppressed due to the relatively large value of the intraband contributions. 

In US a completely different mechanism forms optics and magneto-optics at the 
energy where the maximum MOKE occurs (fiw - 1.6 eV). There are the U f states both 
with thespin-upandspin-down nearEF. Aswasmentionedearlier, interband transitions, 
appearing due to the hybridization initiated by the SOI, with simultaneous participation 
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Figure9. Energy dependences of Im[cY(w)], Re[&,Sw)] R(w) and L(w)  for PiMnSb. 

Energy. eV 

Figure 10. OpticaicharacteristicsofUS: (a )  Re[u,Aw)]; (b )  Im[u,,(w)] (----,experiment 
(Reim 1986)). All values are in unils of IO1* s-’, 

of spin-up and spin-down electrons lead to the eahs in Re a= and Im U,, at the energy 
h w - 2 to r  more precisely at hw - 2 4 d . F ; g u r e  10showsthatRe u,andlm o,, 
have sharp peaks at the energ) hw - 1.6 eV (we do not know the experimental data for 
Re au(w) in the ferromagnetic phase of US). These peculiarities are formed by the 
U d-. f transitions. According to our calculations, the m a x u ”  Ken angle is found 
at the energy hw - 1.6eV due to the above-mentioned soi effect, thus the result 
corresponds closely to the experiment (Reim 1986). even though the calculated Kerr 
angle is several times greater than the expfrimental one. The ratio of the non-diagonal 
component to thc diagonal one is about E/AE - 1. Of course, when the ratio Im az,/ 
Re a,, is defined, we should take into account not only the mentioned contribution into 
the conductivity tensor, but also the contribution into the tensor initiated by the usual 
interband transitions between states with similar spin projections. 



Electron and magneto-optical properties of ferromagnets 6373 

5. Conclusions 

As the calculations showed, 100% spin polarization at the Fermi level and large values 
of the magnetic moment and so1 do not assure in themselves a large MOKE. The analysis 
of the electron spectra and optical properties in NiMnSb, PtMnSb and PtMnSn indicates 
that the amplitude of the non-diagonal component of the conductivity tensor Im[u,(o)] 
is determined in particular by the sol value on the Ni(Pt) atoms. At the same time, 
Im[u,(w)] is due to the difference between transitions with opposite spins or equiv- 
alently the difference between spin-up and spin-down DOSS at a given energy. The almost 
non-existence of the MOW in our calculations at those energies (1.5 eV) where the 
experimental maxima of the MOKE are observed seems to be caused by the incorrect 
value of the optical spin-down gap (1.0 eV) which is obtained in the LSD theory. In 
comparison with the above-mentioned energies (1.5 eV), it leads to almost complete 
compensation of the transitions with the opposite spins. The analysis shows that, even 
at a-comparatively small value of Im[uxy(w)] the amplitude of the MOKE can increase 
several times if the plasma resonance exists. In this respect, NiMnSb and PtMnSb, in 
which the intraband contribution at an energy of 1.5 eV is much less than in PtMnSn 
(the MOKE amplitude in PtMnSn is even weaker than in NiMnSb, although the SOI value 
is several times higher), are more suitable for plasma resonance. 

In contrast with the HMFS, in which the enhancement of the MOKE at comparatively 
small values of components of the conductivity tensor is possible, the example of a 
compound such as US, which is not a HMF, can be given. The following circumstance, 
i.e. the lack of a gap in both spin subbands and the existence of intersections and 
proximity regions of non-relativistic bands with opposite spins, is the condition for the 
realization of the interband mechanism, leading to the sharp enhancement of the MOKE 
at energies near hw = 2 V l l  (both E and AXc are related to U atoms). This sharp 
enhancement is initiated by the abnormal contributions to the conductivity tensor. 
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