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The dynamic conductivity tensor 3(w) of ferromagnetic 3d metals is considered analytically and 
calculated numerically. Such a procedure reveals those features of the uaB (w ) curves which are 
related directly to such characteristics of the electron spectrum as the width of the d band or the 
magnitudes of the spin-orbit and exchange splittings. The behavior of a, (w ) in the infrared 
frequency range is determined by three principal mechanisms of interband transitions, which are 
of universal nature. All these mechanisms give rise to singularities at energies +~LV of the order of 
the spin-orbit splitting. In the visible and ultraviolet parts of the spectrum the off-diagonal 
components of the conductivity tensor are proportional to the difference between the diagonal 
components with opposite spins, which makes magnetooptic effects more sensitive to the spin 
structure. The interval between singularities of opposite signs at the edge of the visible spectrum 
carries information on the exchange splitting and the point of reversal of the sign-on the width of 
the valence subband with the up spin. The results obtained are practically independent of the 
crystal structure. 

INTRODUCTION 

Optical measurements represent one of the main 
sources of information on the electron structure of metals. In 
the case of ferromagnets, studies of their optical properties 
provide an even richer material because observations of the 
magnetooptic Faraday, Kerr, and Cotton-Mouton effects 
used to determine the off-diagonal components of the con- 
ductivity tensor a, ( a ) .  The weakest point is the interpre- 

tron structure of ferromagnetic 3d metals and describing the 
behavior of (w) in the infrared, visible, and ultraviolet 
parts of the spectrum. A combined analysis of the off-diag- 
onal and diagonal components of aaB (a) will make it possi- 
ble to check the models against the results of magnetooptic 
and conventional optical measurements, and to establish the 
relationships between the main features of the off-diagonal 
and diagonal components of the conductivity. 

tation of the frequency dependences a id  establishment of a 
relationship between the positions of the main features of the 1. FREQUENCY DEPENDENCE OF THE CONDUCTIVITY 

dependences a,, (w) and the parameters of the electron TENSOR 
- ,- 

structure of a metal. Attempts to analyze the expression for It is known7 that the magnetooptic effects are due to the 

the conductivity using the spin-orbit splitting as a param- difference between the complex refractive indices of light 
eter was made back in the fifties.' Introduction ofa number with left- and right-handed polarizations (ii, and ii,). ~ h u s ,  

of simplifying assumptions enabled Argyresl to obtain a re- the angle of rotation of the plane of polarization in the Fara- 
lationship between the off-diagonal and diagonal compo- day effect is 
nents of uaB (w).  Experimental  investigation^^-^ demon- 
strated however that this relationship is obeyed well only in a 
certain range of frequencies, whereas elsewhere it is com- 
pletely invalid. Subsequent interpretations of the experimen- 
tal results have been based either on a purely phenomenolog- 
ical approach5 or on speculative assumptions about the 
relationship of some particular feature of a, (w ) to a specif- 
ic group of interband transitions involving "additional" 
 mechanism^.^ Finally, calculations of magnetooptic proper- 
ties from "first principles" reported in Ref. 6 provided on the 
whole a satisfactory description of the experimental results. 
It follows that the existing difficulties are not of fundamental 
nature and are simply due to failure to establish the complex 
relationship between the electron structure and optical 
properties of ferromagnets. 

We shall attempt to explain the main features of the 

O ~ B  (w) curves and to establish their relationship to such 
characteristics of the electron structure as the width of the d 
band or the magnitudes of the spin-orbit and exchange split- 
t ing~. We shall therefore use the "first principles" approach 
in a relativistic calculation of all the components of the con- 
ductivity tensor of iron, cobalt, and nickel. The results will 
be employed to construct simple models based on the elec- 

where d is the thickness of the plate and c is the velocity of 
light. In the case of a cubic ferromagnetic metal with a mag- 
netic moment directed along the z axis the left-handed ( - ) 
and the right-handed ( + ) components of the conductivity 
are given by 

We can see from Eqs. ( 1 ) and (2 )  that the magnetoop- 
tic effects are determined by the off-diagonal components of 
uap (w), i.e., by the anisotropy of the motion of electrons in 
the coordinate space. Such an anisotropy appears in the pres- 
ence of an external magnetic field because electrons follow 
paths around the lines of force of the magnetic field. The 
presence of a spontaneous spin moment in an nonrelativistic 
ferromagnet has no effect on the motion of an electron in the 
coordinate space. The motion of electrons becomes aniso- 
tropic only if the Hamiltonian includes the spin-orbit inter- 
action linking the spatial and spin degrees of freedom. In 
other words, if a metal is not subjected to an external mag- 
netic field, the magnetooptic effects can appear if both ferro- 
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magnetism and the spin-orbit interaction are present. 
We shall describe the motion of an electron confining 

ourselves to relativistic corrections - v2/c2, i.e., we shall as- 
sume that the wave function satisfies the Schrodinger equa- 
tion: 

In the random-phase approximation without allowance 
for the local field effects, we find that the real and imaginary 
parts of the conductivity tensor are 

+ Re [ j,'" (k) jBA" (k) ]x 
6 (AU-EAA, (k) ) 

2120 
(4 )  

Ex,, (k) 
X-----+ Im[jaU* (k) j,l"(k) In 

6 (ha-E,,.r(k) ) 
fio 2fi 0 

where E,,, (k )  -= E,, - E,, .; /k/2 ) is a one-electron state in 
a band A, described by Eq. (3) ;  f,, are occupation numbers. 
The first terms in Eqs. (4 )  and (5)  are governed by intra- 
band excitations of electrons and the other terms by inter- 
band excitations. Since Im u,,, (w) and Re u,,, (w) are 
linked by the Kramers-Kronig dispersion relationships, it is 
sufficient to calculate one of these two quantities, for exam- 
ple Re u,, (w) or Im u,, ( w )  ( a  +B), which makes it possi- 
ble to find the other quite readily by integration with respect 
to 0. 

It is known that Re u, ( w )  satisfies the sum rule: 

do Re car ( a )  =nNe2Sas/2m. 
0 

Describing Re a,,, (w) by means of Eq. (4), we obtain 

*z 6 (EkA-E,) Re[jaW (k) jtk(k) ] 
,A 

i ne2 z f k A ( I - f k A , )  zNe2 
Re [ jaA" (k) jeA" (k) ] = - 

2 
Sap. (6 )  

2 kAZA' (k) 

The symmetry imposes major limitations on the nature 
of the tensor uug (w) of cubic crystals. For example, when 
the spin moment orientations are MI1 [001 ] and M(I [ 1 101, 
we find that 

(7) 
where the components Im ( a # P )  antisymmetric rela- 
tive to a SP are 

and the symmetric components Re a,,, (a #P)  are given by 

As in the presence of an external magnetic field, the 
symmetric components u,,, are even functions of M, where- 
as the antisymmetric components are odd functions. More 
vigorously, the symmetric and antisymmetric components 
are proportional respectively to the even and odd powers of 
the parameter 

where 2z is the average value of the spin-orbit splitting and 
AEA,, is the average value of E,, , for bands with the same 
spin direction. Assuming that 25-0.2 eV, AEAn. =: W,/ 
5~ 1 eV ( W, is the width of the d band), and (n ,  - n,  ) /  

n,  - 1/3, we find that y - 1/15. For example, if the direction 
of the moment is MI1 [ 1101, the characteristic quantities a,,, 
a,,, and a,, should be in the ratio of unity, y and y2, in 
satisfactory agreement with the experimental  result^.^-^,^ 

The Faraday effect is determined solely by the antisym- 
metric components of a,, . The absorption of light is gov- 
erned by the expression9 

If MI1 [OOl], the absorption of light is described by Re u,, 
and Im a,, , whereas for MI( [ 1 lo], it is described by Re a,, , 
Re u,, , and Im a,, . For an arbitrary direction of M the ten- 
sor u,,, includes both even and odd (in respect of M )  off- 
diagonal components. The absorption of light is then deter- 
mined by the real parts of the symmetric components of 
acre (even in M )  and by the imaginary parts of the antisym- 
metric components (odd in M )  . 

2. ANALYSIS OF u,,, (w) USING PERTURBATION THEORY 

In this section we shall study the frequency dependence 
of a,, (w ) when M J J  [001] and we shall do this applying per- 
turbation theory to the spin-orbit interaction (SOI). In con- 
trast to earlier  investigation^,^"^ we shall allow for the char- 
acteristic features of the electron structure of ferromagnetic 
3d metals, which makes it possible to formulate quite realis- 
tic models describing the behavior of c,, (w) in the visible 
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and ultraviolet parts of the spectrum and also when 60- 25. 
In the lowest order of perturbation theory the relativis- 

tic wave functions IM ) are linear combinations of the non- 
relativistic wave functions I kma) : 

where a is the spin projection and 

is the SO1 operator. Equation ( 1 1 ) is invalid in the vicinity 
of degeneracy points, where 

However, if fiw-25, regions in the vicinity of these points 
represent a negligible fraction of the phase space and their 
contribution can be ignored. Substituting Eq. ( 11 ) into Eq. 
( 5 ) ,  and confining ourselves to the terms 

we obtain 

I 2' Limz 
F:,,,,, (k) = 21 [I. PI'mPrmpm + - pkmrp;rm ] 

Ern', Em, G 

(13) 
Here, 

The SO1 components proportional to c?, and i?,, which re- 
sult in spin flip, are missing from Eq. (1 1) because their 
contribution to Im uxy is of the order of y3. 

Before analyzing the frequency dependence of Eq. 
(12), we shall list briefly the main features of the electron 
structure of ferromagnetic 3d metals Fe, Co, and Ni. In all 
these metals the Fermi level is near the top edge of the d band 
with the up spin or in the upper half of the d band with the 
down spin. The total width of the d band with one spin direc- 
tion, which includes five subbands, ranges from 6.2 eV for Fe 
to 5.2 eV for Ni, whereas the exchange splitting ranges from 
2 eV for Fe to 0.5 eV for Ni. The s and p bands are located 
respectively below and above the d band (more accurately, 
these are the hybridized sp bands with large fractions of thes 
or p states). The exchange splitting for these bands is 4-5 
times less than for the d band, and the density of the electron 
states is several times less. The investigated frequency range 
can be split conveniently into three intervals: a )  
254fiw< wd, b) fiw> Wd,c) fiw-25. 

a )  At frequencies 254fiw < Wd the states m and m' and 
the majority of the I states in Eqs. ( 12) and ( 13) belong to 
the d band. In this case the spin direction has very little effect 
on the difference between the energies Em,,,, Em,,, and 

Em.,, or on the magnitude of the matrix elements L',,, and 
L',., (the average deviation does not exceed 5%) .  We can 
therefore quite accurately assume that 
FZ,,  = F?,, rF;Td. This simplifies greatly Eq. ( 12), 
which now becomes 

We can easily see that exactly the same factor 
S(fiw - Ed,. Ifde, ( 1 -fd, occurs in the familiar nonrela- 
tivistic expressions of the diagonal components of the con- 
ductivity Re a:, (w) and Re a:, ( 0 ) .  Therefore, if 
254fiw < Wd , the quantity Im a,, (w is proportional to the 
difference Re a;, (w) - Re a:, (w) . This can be demon- 
strated by inspection of the frequency dependences of 
w Im uxy ( w 1, Re a:, ( w 1, and Re a:, (w ) found numerical- 
ly (see Figs. 7 and 8 below). 

b)  At frequencies fiw k Wd (of the order of the width of 
the valence band) the occupied states A ' are dominated by 
the lower 1 t and 11 bands, which ares-type bands. Since the 
unoccupied states A are dominated by the states near the top 
of the d band, Eq. ( 12) can be written in the form 

We can see that if 

The Im a,, (a) curve changes its sign with peaks of opposite 
signs at energies 

The separation between these peaks is approximately equal 
to the average splitting 2A5 of the d band and the point of 
reversal of the sign corresponds to the energy Wd + A:c (we 
have ignored here a weak exchange splitting of the s band). 

c) In the infrared frequency range characterized by 
fiw-25 (which is of the order of the spin-orbit splitting 
energy) an analysis of the behavior of Im a,, ( w )  is more 
difficult. We can distinguish three main contributions to 
Im a,, (w): 

I )  from regions where the nonrelativistic sheets of the 
Fermi surface m' and ma (i.e., the sheets with the same di- 
rection of the spin) approach to a distance Ak 5 25 /v,; 

11) from the vicinities of the lines of intersection of the 
m't and m 1 or m'l and m t sheets, which exist for the major- 
ity of metals with a spin moment ,u E n ,  - n ,  2 1; 

111) from regions between almost parallel sheets of the 
Fermi surface m t and mi ,  corresponding to a weak ex- 
change splitting 2A,, - 25. These situations are shown sche- 
matically in Fig. 1. 

Case I differs from Eq. ( 12) only because we now have 
Em,,, 5 25 and, therefore, hybridization of the bands ma 
and m'o due to the SO1 must be allowed for exactly and not 
in the first order with respect to 5. Simple estimates indicate 
that in the case of hybridized bands A ' and A we have 

Irn{(~~'~p,~h>(h~p,~h'))-I, 

590 Sov. Phys. JETP 68 (3), March 1989 Yu. A. Uspenskil and S. V. Khalilov 590 



FIG. 1 .  Distributions of energy bands in the vicinity of the Fermi level, 
showing the transitions b_etween these bands making the greatest contribu- 
tion to u,,, ( w )  at h - 2 l .  

and the total contribution to Im a,, (w) is governed by the 
volume of the k space, where 

In contrast to case I, associated with an accidental ap- 
proach of the mu and m'u bands near the Fermi level, cases 
I1 and I11 occur in almost all the metals characterized by a 
spin moment p 2 1 or p << 1 respectively. Since the matrix 
moment of the momentum is diagonal in spin, the contribu- 
tions to Re u,, (w) appear in these two cases as a result of 
hybridization of the bands with opposite directions of the 
spin. A more detailed discussion based on the k-p form of 
perturbation theory yields the following result for case 11: 

11 ne2 Re a, (o) - --- 
where 

and L is the line of intersection of the nonrelativistic sheets 
rn T and rn'l. A distinguishing feature of curve 15 is a sharp 
maximum at h -22 (iff, is independent of k, a square-root 
singularity is observed) and a steep fall proportional to l/w2 
at higher energies. 

In case I11 an approximate analytic expression for 
Re a,, ( w )  is 

Integration in Eq. ( 16) is carried out along those parts S of 
the Fermi surface where the bands m .t and ml  separated on 
the energy scale by 2A,, ( k )  are almost parallel to one an- 
other. In the limit of a weak exchange splitting (2A,, - 2 l )  
the ratios {, /zand u (k)/u(k) in Eq. ( 16) are ofthe order 
of A,, /AE ( AE is the separation to the nearest m T and m l 

bands). Therefore, we can realize case 111 if interband hybri- 
dization of the bands m t and m l occurs with other bands, 
giving rise to dispersion of the exchange splitting 2A, (k).  
In the opposite case we have v; zaA,, (k)/%kX = 0 and 
the effect described as case 111 disappears. 

In the dependence on the relative magnitudes of the 
exchange and spin-orbit splittings the dominant contribu- 
tion to a,/, (o) at photon energies h - 2 l  comes either from 
case I1 or case I11 (in addition to case I ) .  If A,, )c, the total 
length of the lines of intersection of the Fermi surface sheets 
characterized by the different spins is large, so that 

(in this case there are no type I11 transitions), i.e., at fre- 
quencies h - 22 we can expect predominance of type I1 
transitions. As pointed out already, this is typical of iron and 
cobalt. If A,, - E  at the Fermi level, then, in view of the 
topological similarity between the Fermi surface sheets with 
different spins separated by the exchange splitting 2A,,, 
we have 

(SF is the Fermi surface area), i.e., 

(there are practically no type I1 transitions). Moreover, in 
the presence of the "third" zone separated from rn t and rn 4 
by AE-A,, (which is true of nickel), the quantities occur- 
ring in the integral (16) are comparable with the corre- 
sponding quantities occurring in Eq. ( 15). Therefore, if 
A,, -l and AE-A,,, the main role is played by type I11 
transitions. Naturally, in addition to the effects described by 
Eqs. ( 15) and ( 16), there are considerable contributions of 
the "conventional" type I transitions, but they do not exhibit 
such strong anomalies of the frequency dependence at ener- 
gies h - 22. 

These factors determine the behavior of the off-diag- 
onal component Im a,, (w) in cases I1 and 111. By way of 
example, we shall give the expression for the contribution 
made to Im a,, (w) in case 11: 

where 

The notation in Eq. ( 17) is the same as in Eq. ( 15). The 
antisymmetry of Im u,, (w) relative to the transposition 
x * y  is obvious. In the determination of Eq. ( 17) we allowed 
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FIG. 2. Model of the valence band which explains quantitatively the behav- 
ior of Im uxy (o) in the visible and ultraviolet parts of the spectrum. 

not only for hybridization due to the SO1 of the m t and m ' ~  
bands, but also for mixing of the remaining iu  bands with the 
m T and m'l bands (this is again due to the SOI) . Clearly, the 
effect described by Eq. (17) is of the order of the fraction 
2 /AEAA, of the corresponding contribution to the diagonal 
component of Re d,', (w ) in Eq. ( 15). Naturally, the pro- 
portions of the various contributions of these types to the 
diagonal components of Re axx (w) are valid also for the 
corresponding contributions to the off-diagonal components 
of the conductivity tensor. 

We shall conclude this section by considering the prob- 
lem of interpretation of the sign of Im uxy (w). 

The behavior of the frequency dependence of the sign of 
Im uxy (0 requires a separate discussion because of the al- 
ternating-sign nature of the ratio 

We shall simplify the analysis by adopting the following 
model of the valence band (Fig. 2):  the first subbands are of 
the sp type and the l ?  and 11 bands practically coincide 
because of the smallness of the exchange splitting of the sp 
subband; there are then five d subbands with the up spin and 
the average interval Wd /4, as well as five d bands with the 
down spin, which are displaced from the latter by the ex- 
change splitting energy Atc of the d bands. The Fermi level 
of the investigated metals lies in the upper half of the valence 
band. It is clear from Eq. (12) that the sign of Im uxy ( a )  
can be represented by the following simplified expression 

L;:. Ll,,, 
s ign[~rno . , (o )~-s ignCYl ' [ -+- ]  S ( w ) ,  

omm' h Ern'* E r n h  o 

where 

S ( o )  --Re oat ( o )  -Re a,) (a ) ,  

i.e., the sign ofS(w) depends on the projection of the spin u 
for which the contribution to the conductivity is maximal at 
the selected frequency. Equation ( 18) is simplified by drop- 
ping the dependences of the momentum operator on the ma- 
trix elements (which represents the approximation of con- 
stant matrix elements), which is more or less justified at 
frequencies outside the infrared range. The position of the 
occupied state m' relative to the unoccupied state m deter- 
mines the frequency w at which the sign of Im uxy (@)is in- 
vestigated. Clearly, among the bands which are mixed with 
A, the main role in determination of the sign of Im a, is 
played primarily by the term in Eq. (18) for the bands clos- 
est to m', whereas in the second term the bands closest to m 
predominate. Moreover, we have to allow for the fact that 
the matrix elements L:,. and L;, of the SO1 are diagonal in 
terms of the orbital quantum numbers I ,  I '. i.e., (Lz ) .. -8,. . 

Therefore, the sign of Im a,, ( a )  is governed, on the one 
hand, by the type (based on the spin projection) of transi- 
tion, i.e., by the sign o f S ( a ) ,  and on the other by the nature 
and degree of interband hybridization (in terms of the orbi- 
tal quantun numbers) governing the selection rules for L;,. 
Both these factors are practically independent of the crystal 
symmetry. This is confirmed by the complex behavior of 
sign[Im a,, (w)]  at all the investigated frequencies lying 
outside the infrared range and, in particular, by the reversal 
of the sign of 

at photon energies h - Wd observed for all the investigated 
metals. The fact that this applies to all metals is not acciden- 
tal. In view of the practically complete filling of the valence 
subband with the up spin and the difference between the 
widths between the valence bands with the up spin W,,,, and 
the down spin W,,,, ( W,,,, - W,,,, z 2 A t c ) ,  the sign of 
S(w) behaves as follows: 

1 ) h < Wd ,S(w ) < 0 (spin down transitions predomi- 
nate) ; 

2) Wd < h < ; ( W  ,,,, + W,,,,), S ( w ) > O  (spin up 
transitions predominate); 

3)  l(Wt,,, + W , , , , ) < ~ < W , , , , ,  S ( w ) < O  (spin 
down predominate). 
Now we can use Eq. (18) to follow the frequency depen- 
dence of the sign of Im ax, ( 0 ) .  If h < Wd , then Eq. ( 18) is 
dominated by the m and m' bands only of the d type 
( m  = 5 , , ,  ,6, ,m' = 2,,,-4,,, ,5, ), and the terms with A = 1 
(for a band of the sp type) can be dropped because 
LSd <Ld.d. If Wd < h  < W,,,, then in Eq. ( 18) we can as- 
sume that m' = 1 ,,, ,m = 6, ,  , and then, since the bands 
A = 2,,, andA = 5 , , ,  are the nearest to m and m', the domi- 
nant term is the second one in Eq. ( 18) and it contains L;, 
(because L ',, 4 L ;, ) . Consequently summing of the terms 
WE,., and l/E,, in Eq. ( 18 and inclusion of the contribu- 
tions of the various types of [with different signs of S(w)  ] 
yields the following frequency dependence of 
sign[ - Im uxy (w)]  (Fig. 3 ) :  

1 ) + W d < h < 3 W d , s i g n [ - I m u x y ( a ) ] > O ;  
2) ;Wd < h <  Wd, sign[ - Im ox, ( a ) ]  -0; 
3)  W,<h<; (W, , , ,  + W,,,,), sign[ - - I m a x y ( a ) l  

> 0; 
4)  J(W,,,, + W,,,,) <fiw<W,,,,, sign[ - Imuxy(w) l  

< 0. 
However, it should be pointed out that in the infrared 

range when h - 2 5  the details of the energy band structure 
have a strong influence on the sign of Im ox,: the predomi- 
nant nature (in respect of the spin) of the transition in the 
case of mechanism I, the projection of the spin of the nearest 
"third" band in mechanisms 11, 111, etc. For this reason we 

sign [- Irn G~~ (cu)] 

FIG. 3. Qualitative behavior of the sign of Im a,, (o) in the visible and 
ultraviolet parts of the spectrum. 
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can hardly expect any universality of the behavior of the sign 
of Im ox, (a) in this part of the spectrum. 

3. ANALYSIS OF THE RESULTS OF NUMERICAL 
CALCULATIONS. COMPARISON WITH EXPERIMENTAL DATA 

The above analysis is sufficient to give some ideas on the 
main features of the frequency dependence of a,, (w). A cal- 
culation of uxy (w) from first principles makes it possible to 
make these ideas more specific and to review both general and 
individual (for each metal) features of a,, (w), to relate them 
to details of the band structure, and to compare the theoreti- 
cal results with the experimental data. We shall report such 
calculations for Fe (bcc), Co (fcc), and Ni (fcc) with the 
magnetization directed so that MI1 [OOl]. Our calculations 
were carried out using Eqs. (4) and (5) with the wave func- 
tions and electron spectrum calculated by the LMTO meth- 
od'' within the framework of the theory of the functional of 
the local electron and spin densities.'* In the main part of the 
optical spectrum the calculations were carried out at 525 K 
points in 1/16th part of the Brillouin zone, whereas in the 
infrared range we used a smaller mesh corresponding to about 
5000 points in 1/16th part of the Brillouin zone. In other 
respects these calculations did not differ from those reported 
in our earlier papers. " 

We shall begin an analysis of the main features of the 
frequency dependence of the conductivity tensor aaS (a) 
from the infrared part of the spectrum. As pointed out in Sec. 
2, the dependence on the spin momentp may be dominated by 

FIG. 4. Parts of the Fermi surface of Fe (a)  and of Ni ( b ) .  The dashed 
curves represent the sheets with the up spin and the continuous curves 
represent the sheets with the down spin. The figure shows also the lines of 
intersection (Fe) and reasons for approach of the Fermi sheets with oppo- 
site spins (Ni, sheets e,,  and e,, ), the vicinities of which make the maxi- 
mum contribution to umI, (w)  at photon energies f i - 2 4 .  

different interband transition mechanisms. In the case of Fe 
and Co, where 2AXc ) 2E (large spin moment) the main con- 
tribution to uap ( a )  comes from the vicinity of intersection 
between bands with opposite directions of the spin (mecha- 
nism 11). We can easily from Fig. 4a that in the case of Fe such 
parts of the k space consist of regions in the vicinity of lines of 
intersection of electron spheres with an electron surface cen- 
tered at the point r and lines of intersection of hole pockets 
with an octahedron centered on H. Interband transitions in 
these parts of the Brillouin zone give rise to peaks of 
Im a,, (w) at energies h- 25, which is 0.15 eV for iron and 
0.17 eV for cobalt (Re f. 5). For comparison, Fig. 6 shows the 
Re ox, (w) curves found allowing for and ignoring the SOI. 
The dominant role of the SO1 in the formation of anomalies is 
quite obvious. 

In the case of Ni, when 2A,, - 25 and the spin moment is 
relatively small (p = 0.55 p,) these lines of intersection of 
the Fermi surfaces with different spin directions are com- 
pletely absent (Fig. 4b). As pointed out in Sec. 2, in this situa- 
tion the transitions between the exchange-split 
bands (6t,61 in Ni) with characteristic energies 
h-2(A;, + 16 1 2 ) ' 1 2  (mechanism 111) become important. 

Consequently, transitions in the part of the k space i ~ m i t -  
ed by the surfaces e,, and e,, lead to the formation of a pcak 
on the Re a,, (w) and Im a,, (w) curves at h z 0 . 2 6  eV, 
which is quite clear from Figs. 5 and 6. However, the experi- 
mental anomaly occurs at hzz0.30 eV (Re f. 3 ) ,  which 
shows that 2AXc ~ 0 . 2 4  eV at the Fermi level on condition that 
216 1 = 0.18 eV. It should be noted that in nonrelativistic cal- 
culations we find that the Re a,, (w) curve has an anomaly at 
h z O .  1 eV, which is due to transitions in the part of the k 

FIG. 5. Frequency dependence of - (4r/w)Im a,, (w) in the infrared 
range. The points are the experimental values taken from Ref. 3. 
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~e err (a) 

space bounded by e,, and e,, (mainly along the r U) direc- 
tion. 

A negative peak at fiw = 0.75 eV (Fig. 5 )  in the case of 
Ni is due to transitions mainly in the vicinity of the directions 
r K  and r W. A peak at this frequency occurs also on the 
Re a,, ( w )  curve and it is due to spin down transitions, as 
demonstrated in Fig. 7. It would seem to us therefore that 
attribution of the exchange splitting to this singularity, made 
in Re f. 6, is unjustified. The experimental curve representing 
Im a,, has a weak positive anomaly at this frequency. 

In addition to the anomalous contributions to aaD ( a )  
and h - 2 g ,  there are also the "normal" contributions 
(mechanism I ) ,  corresponding to transitions between bands 
with parallel spins and exhibiting monotonic variation (non- 
relativistic calculations, see Fig. 6). In the case of iron such 
transitions occur only in the vicinity of the point H, whereas 
in nickel they occur mainly along the T U  direction. 

In the infrared range there is a considerable variation in 
the behavior of aaD and in the interband transition mecha- 
nisms, whereas in the visible range the presence of two humps 
of Im ax,, (a) and reversal of the sign of Im axy (w) at the 
boundary of the visible spectrum are typical of all metals (Fig. 
8). As pointed out in the preceding section, the behavior of 

FIG. 6. Frequency dependenceof (4~r/o)Re ox, ( o )  in 
the infrared range. The continuous curves allow for the 
spin-orbit interaction, the chain curves ignore this in- 
teraction, and the dashed curves give the experimental 
results obtained for Fe (Re f. 8 )  and for Ni (Re f. 23). 

Im ax,, (w) in the energy range 1 eV 5 fiw < 4 eV is approxi- 
mately proportional to the difference Re (oL(w)  
- a; ( W  ),whereas Im a,, (o) has anomalies at approxi- 

mately the same frequencies as does Re UL (w) (Fig. 7), due 
to a practically complete filling of the valence band with the 
up spin. The occurrence of a negative peak in the ultraviolet 
part of the spectrum is also typical of the investigated metals 
and it is not accidental. It was reported in Re f. 14 that the 
Re a,, (w) curve has two peaks in the near ultraviolet and 
thesearedue to 1 t (sp type) -6t (pd type) and 11 -61 transi- 
tions, i.e., the transitions between the outer valence bands, 
resulting from the difference between the exchange splitting 
of the sp and d bands. These peaks are separated by the aver- 
age exchange splitting 2A:=. This circumstance also creates a 
characteristic loop with reversal of the sign in the case of the 

. . A o ,  eV 

- 3  

I 

FIG. 7. Diagonal components of the conductivity with the up spin 
Re a:, (01  (dashed curves) and with the down spin Re mi, (a) (contin- FIG. 8. Frequency dependence of Im [mu, (w)] in the visible and ultra- 
uous curves). violet regions. 
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TABLE I. Width W, of the d band and the exchange splitting 2At, of the d bands of Fe, Co, and 
Ni. 

band talc, magneto- magneto- photo- 
optic calc. optic exp. emission I 

Note. Here, 2A:, denotes the average exchange splitting of the sp bands (A:, &AL).  

Im uxy (w) curve, as pointed out in Sec. 2. A positive peak of 
this loop corresponds to spin up transitions and a negative 
peak to the spin down transitions. The separation between the 
point of reversal of the sign and the negative peak is equal to 
half the exchange splitting Aft. 

In the case of Fe and Co the behavior of Im ox, (w) is in 
agreement with the experimental results (Fig. 8) .  In the case 
of Ni the form of the Im oxy (w) curve is very similar to that 
found experimentally, but the energy scale is extended by al- 
most 40%. It follows from our earlier treatment of the main 
features of Im ax, (w) that the most likely reason for this dis- 
agreement is the width of the d band which is too large. In 
fact, as demonstrated by the values in Table I, the width of the 
d band calculated using the theory of the functional of the 
local electron and spin densities agrees very well with the val- 
ue W, deduced from the calculated curve Im ox, (w).  On the 
other hand, the width of the d band found from the experi- 
mental Im ox, (w) curve2 agrees well with the results of pho- 
toemission investigations1' and both experimental values are 
very different from those found theoretically. In the case of 
the exchange splitting the situation is even more contradic- 
tory. The theoretical value of 2A,, for Ni is almost twice as 
large as the value deduced from photo- 
emission inves t iga t i~ns , '~~ '~  but it is in reasonable agreement 
with the experimental value found from Im a,, (w) (Re f. 2 )  
although because of the smoothed-out nature of the experi- 
mental curve precision was not high. In the case of the other 
two metals, Fe and Co, we find that both W, and 2A,, agree 
satisfactorily with the experimental data (Table I ) .  The dis- 
agreement in the case of the electron structure of Ni has been 
discussed widely in the literature in connection with photo- 
emission experiments.22 On the whole, this discrepancy is due 
to inadequate nature of the approximation of the local spin 
density in the case of Ni and the need to include corrections to 
the one-electron energies for this metal. 

CONCLUSIONS 

The investigation reported above demonstrates that suit- 
ably interpreted magnetooptic effects can give quite extensive 
information on the electron and particularly spin structure of 
ferromagnetic metals. It follows from an analy- 

features of the magnetooptic and ordinary optical curves are 
closely related, but the former appear more strongly and they 
are more closely related to the spin structure, so that they 
should become the preferred instruments for investigation of 
this structure. 

Among the more concrete results obtained in the present 
study is the conclusion that the investigated three mecha- 
nisms of interband transitions in the infrared part of the spec- 
trum are quite universal. All these mechanisms give rise to 
such an anomaly at  the frequency -26 so that the 
spin4rbit  splitting can be deduced from magnetooptic 
curves. The same mechanisms should occur also in ferromag- 
netic compounds and in other ferromagnetic metals. The only 
difference is that the dependence on the spin moment and on 
the actual energy band structure is dominated by one or an- 
other mechanism. I t  seems to us that proportionality between 
the quantities Im ox,, (w) and Re(aiX (w) - a:, (w) ) found 
in a wide range of frequencies is also quite universal. The 
anomalies at .liw - W, , accompanied by a change of the sign of 
Im ux, ( a ) ,  may not be so universal because they are very 
closely connected with the specific electron structure of the 3d 
metals. We can assume however that in the case of ferromag- 
netic compounds and other ferromagnetic materials there are 
some analogous anomalies. We hope that the present work 
will help in interpretation of these effects. 

The authors are grateful to G. S .  Krinchik, E. A. Gan- 
'shina and V. V. Losyakov for valuable comments in the 
course of our investigation. 
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