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In this study of the proper t ies  of a film of fe r romagnet ic  metal in an electromagnet ic  field, a joint 
solution is found for the Maxwell equations and an equation for the change in the density of the magnetic 
moment. This lat ter  equation is writ ten in Landau -L i f sh i t z  fo rm [la] with the relaxation t e rm proposed 
by Gilbert. The conduction cur ren t  density is described by the usual local relat ion with a homogeneous and 
isotropic static conductivity or0: 

j = %E, 

where j is the conduction cur ren t  density; and E is the e lectr ic  field. 

The L a n d a u -  Lifshitz equation is 

dMs % [  dMs i 
dt  ~[Ms, n q - H a +  //an ] + ~  Ms, ~ - j ,  (I) 

where M s is the density of the saturation magnetic moment at the given temperature; H a = ~wMs + ~V2Ms 

is the exchange magnetic field for a cubic lattice; ~w is the constant of the Weiss field; ce 0 is the dimension-  
less  damping pa ramete r  s 0 << 1; ce is the exchange constant f rom the Landau -L i f sh i t z  equation [la]; Hart 
is the anisotropy field, which can be expressed in t e rms  of the corresponding anisotropy and anisotropy 
- d i s p e r s i o n  tensors/~ and flu by 

A A aMs 
t/an = ~ms + ~ ax--~- ' (2) 

and 7 is the magnetomechanieal  ratio. The f i r s t  t e rm in the expression for the exchange field has the fo rm 
given above if the strong inequality cot 0 << 1 holds, where co is the angular frequency of the exciting e lec t ro -  
magnetic field; and ~'0 is the relaxation t ime for the magnetic moment density. In the opposite ease of co~ 0 
>> 1, the te rm XwM s becomes ~,wMs0, where Ms0 is the static magnetic moment  density. 

If the magnetizat ion inhomogeneities,  expressed by the differential t e rms  of fields H a and Han, a re  
distributed continuously, and if the magnet is bounded by planar surfaces ,  as in, e.g., the case of our 
plane-paral le l  film, the magnetic moment density can be writ ten in a Four ie r  ser ies .  Assuming the vector  
Ms to be a function of the coordinates and time, we write 

Ms = Mso + ~__2 M,~ e -i(~t-~r),  
! 

/r 

where r is the radius vector  of a given point in the mater ia l ;  K is the complex wave vector ,  and the sum-  
mation is car r ied  out over all types of oscil lations.  The magnetic field H can be writ ten in a s imi lar  
manner.  
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Let  us  cons ide r  the Maxwell  d i f ferent ia l  equations.  T h e c o n d u c t i o n c u r r e n L d e n s i t y  for  a meta l  in the 
f r equency  range  co < 1012 s e c  -1 is much  higher  than the d i sp l acemen t  c u r r e n t  densi ty ,  so  by neglec t ing  the 
l a t t e r  and combin ing  the two Maxwell  equat ions,  we find a r e l a t ion  between Mg and HK: 

( ic~ 2 ~ + ic~ ~ (~I'1~) 
4,~M~ = (--1) _ 1 + 4--~%~/H, 4too~ . (3) 

To obtain the d i s p e r s i o n  equat ion f(g, co) = 0, we m u s t  speci fy  fu r the r  the s t r u c t u r e  of field I-I{r, t). In the 
dipole app rox ima t ion  the  condi t ion fo r  f e r r o m a g n e t i c - r e s o n a n c e  abso rp t ion  is ,  a c c o r d i n g  to [2] 

l-io[n(r'  t) - -Ho] = 0, 

whe re  H 0 is the s ta t i c  magne t i z ing  field;  the e x p r e s s i o n  in b r acke t s  is the sum o v e r  al l  types  of osc i l la t ions :  

[H (r, t) -- H0]= ~ H~e -i(~t-K'). 

Star t ing  f r o m  these  cons ide ra t ions ,  we choose  the field s t r u c t u r e  in the f i lm:  

H{(H,)x, (H~)y, (H0)z}, 

w h e r e  (x, y, z) a r e  a C a r t e s i a n  coord ina te  sys t em.  

We f i r s t  c o n s i d e r  the case  in which the field v e c t o r  is  pa ra l l e l  to the planes  bounding the f i lm of 
th i ckness  d and in which  the fol lowing condi t ions  hold: 

H0 ~ Ms0; ~H0 = 0; [E, Ho] = 0; Ho II Ms0. 

The equal i ty  [E, H0] = 0 e l imina tes  the o r d i n a r y  Hall effect.  As in [3a, 4a] ,  we a r e  neglec t ing  effects  a s -  
soc ia ted  with the ef fec t  of the in te rna l  magne t i c  field on the orbi ta l  mot ion  of  conduct ion  e l ec t rons ;  in o ther  
words ,  we a r e  a s s u m i n g  the condi t ion 

%~ < 0.5, 

w h e r e  coc is the g y r o f r e q u e n c y ;  and ~- is the p r inc ipa l  r e l axa t ion  t ime of the conduct ion e l ec t rons .  

The speci f ied  v e c t o r  field Ms0 and H 0 impl ies  uniaxial  an i so t ropy .  Here  we have neglec ted  the second 
t e r m  in Eq. (2) and used the s t andard  r e l a t i o n  for  the u n i a x i a l - a n i s o t r o p y  field: 

w h e r e  3 is the a n i s o t r o p y  cons tant ;  and n is a unit v e c t o r  a long the easy  axis ,  We now a s s u m e  

M~0 II n; ~2M~0~0. 

These  condit ions a r e  widely  used [3b, 4n, 5, 6]; the i r  l imi ta t ions  will  be d i s c u s s e d  in P a r t  II of this  study. 
Subst i tut ing Eq. (3) into Eq. (1), and l inea r i z ing  the la t te r ,  we find the d i s p e r s i o n  equat ion 

f (K,  o ) =  O; 

K ~  GK ~+ DK 2 + F = O~ 
w h e r e  

K = --  iK~0~, ~0 ~ (c2/4r~%~ v2' # = ~ / 4 ~ ,  

O = 1 + 2(on0/om) + 2i1 '  ~ + OCo (r (4) 

D -- (ono!~M) + (OnoiOM) 2 - -  (~ ~ - -  % (olo~) --  4it0,2 (oioM) + i {[1 + 2 (O.o/.~M)] (u/tom) % + 4~' ll + (oh0loM)]}, 

F = 2~ ~ {2 [1 + (r (o/ore) m 0 + i [(o/om) 2 - -  (1 + (o~0/oM)* + (O/om)~g]}, 

~2g0= H0 + ~M.0, o.o = i ~ g ,  o~ = ~4=m.0. 

We now r e p l a c e  the c om pl e x  wave n u m b e r  ~ by the complex  quant i ty  K: 

up=iKp,  p = l ,  2, 3, 4, 5, 6. (5) 

The wave leng th  A in the m a t e r i a l  is r e l a t ed  to K by 

= 2-/lIm KI, 

where  Im K is the i m a g i n a r y  pa r t  of the complex  quant i ty  K. It is  suff ic ient  to use  only the roo t s  with Re  Kp 
> 0 for  the ana ly s i s ,  s ince  Eq. (4) is bicubic.  N u m e r i c a l  va lues  of the r o o t s  of Eq. (4) w e r e  ca lcu la ted  on 
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a Minsk -22  c o m p u t e r  for  i r o n  and cobal t ;  the i n i t i a l  data w e r e  

= 2=- 10 ~~ sec'l ; co~r ( F e ) =  3.78.101~ sec -1 , 

r (Co) = 3.15.1011 sec "1 ; 

~ o  = 0,100,...2000 oe; "I ~ 1.761.107 see -1 �9 oe-1; 

% (Fe) = 9.0.10 ~6 sec "1 / 
% (Co) = 1.39"1017 sec  t ~ ' 

f r o m  [7a]. 

To ana Iyze  the effects  of the phys ica l  cons t an t s  and p a r a m e t e r s  on the coef f ic ien ts  in  d i s p e r s i o n  equa -  
t ion  (4), we u se  the fol lowing i n e q u a l i t i e s  and app rox ima t ions -  

(to/wM) <0.2; % ~ I 0  -2, 0 < c o  < 0.1; $0(Fe. co )~  10 -4 cm; 

0~(~Ho/%~a)~<0.11; e ~ ( 1 0  -~"~- 10-~)cmf; e 2 < 1 0  -3, 

f r o m  which it  can  be shown that the effect  of the d i m e n s i o n l e s s  m a g n e t i c - d a m p i n g  p a r a m e t e r  c~ 0 on the 
roo t s  of Eq. (4) is  s l ight ,  so we can  se t  c~ 0 = 0. Us ing  a c ompu t e r ,  we w e r e  ab le  to s tudy the so lu t ions  of 
Eq. (4) and e s t a b l i s h  the fol lowing behav io r :  1) the bas i c  c o n t r i b u t i o n  to the n u m e r i c a l  va lue  of roo ts  Kp 
(p = 1, 2, 3) comes  f r o m  the modu lus  of coef f i c ien t  G; 2) coef f ic ien t  D affects  the roo t  only o n e - f o u r t h  a s  
much ;  and 3) the effect  of coef f ic ien t  F on the roo t  is  o n e - t h i r d  that  of G. 

In c a l cu l a t i ng  the effect ive  s ta t i c  f ield e]~00 = H0 + riMs0, we used the s e r i e s  of va lues  0, 100, 200, 
�9 . . , 2000 Oe, which  span  the r a n g e  of s t a t i c  m a g n e t i c  f ie lds  used to o b s e r v e  f e r r o m a g n e t i c  r e s o n a n c e  
in  i r o n  and cobal t  f i lms  in  m i c r o w a v e  f ie lds .  The r e s u l t s  of this  ca l cu l a t i on  for  cobal t  a r e  shown as  g r a p h i -  

ca l  dependences of IRe Kpl and I lm Kpl on the effective magnetic field in Figs. I and 2, respectively. The 
relative error in the calculation of Kp (p = i, 2, 3) is no worse than 1%. The dependence of Kp on the ef- 

fective field e~0" at fields higher than shown in the figures is difficult to find because of the limitations of 

the Minsk-22 computer. However, by analyzing the dependence of Kp on the coefficients in Eq. (4), we 

can show that Re K i has a modulus much greater than those of the other Kp (p = 2, 3) and increases slowly 
up to about 5.103 Oe. Between this field and ~ = 1.5 �9 103 Oe, this dependence is nonlinear. The quantity 

I ReKiI decreases slightly, reaching a minimum; then it increases to its former value. 

From Eq. (4) we see that we have [ Kpl ~ a-I/2 for p = i, 2, 3, in a very good approximation. A 
numerical check shows that this behavior holds for a between i0 -i~ and 10 -14 cm 2 and over the entire field 

range of practical interest. Carrying out this calculation on the basis of the data of [6b], we find a ~ 10 -12 

em 2. For films a few hundred atomic layers thick the static magnetic moment density can be assumed 
equal to the value of the bulk material. 

Since the a-values calculated from the experimental data show a scatter, and since it was assumed 
for the c~-calculation that the static magnetization is uniform throughout the sample, we analyzed the 
theoretical evaluations of a in lib, 8]: a ~ 10-12-10 -I/ cm 2. We believe these values to be more reliable. 

The results calculated for Kp (p = I, 2, 3), ReKp > 0, shown in Figs. 1 and 2, were obtained with a = I0 -It 
cm 2 - the upper limit on c~. 

We turn now to an analysis of these figures. Let us evaluate the possible anomalous behavior of the 
skin effect. If the real part, the imaginary part, or both parts of Kp are very large, it may turn out that 

the conditions for the normal skin effect will not be satisfied for this type of oscillation. The limits for 
this effect are given by 

l lReKpl<< 1, (6) 

l lxrn Kp f<< 2~, (7) 

where  l is  the m e a n  f r ee  path of a conduc t ion  e l ec t ron .  A n u m e r i c a l  eva lua t ion  of I tak ing  into account  only 
the phonon s c a t t e r i n g  m e c h a n i s m  n e a r  the Debye t e m p e r a t u r e  y ie lds  

l = Eoa,/~NKB T, 

where  E 0 is  the Young ' s  modu lus ;  a is  the l a t t i ce  cons tan t ;  N is  the n u m b e r  of a t oms  per  un i t  voIume;  K B 
is  the B o l t z m a n n  cons tan t ;  T i s  the abso lu t e  t e m p e r a t u r e ,  t l e s u l t s  ca lcu la ted  f r o m  this equa t ion  for  po ly-  
e r y s t a l I i n e  f e r r o m a g n e t s  ( iron,  cobal t ,  and nickel)  at  293~ a r e  shown in  Tab le  1. 
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TABLE 1. Mean Free  Path of Conduction 
Electrons in Certain Transi t ion Metals 

Metal l (ReK)c (ImK)c 

Fe I 5'6'i0-6 cm 
Co 6,5.10 -6 cm 
NI 5,9.10 -6 cm 

1,8.10.am "1 
1,5.10~cm =1 
1,7.103 cm "1 

1,1.10~ cm" 1 

0,97.10~cm "1 
l,l.106crn -1 

The data used to calculate l were taken f rom [7b]. 
The last  two columns in this table show the cr i t ical  real  
and imaginary parts  of Kp (p = 1, 2, 3), i.e.,  the values 
corresponding to equalities in (6) and (7). When these 
inequalities become equalities, the e lectr ic  field changes 
by a factor  of e over an e lectron mean f ree  path, a c -  
cording to (6), while according to (7) the wavelength 2v 
/ l I m K p l  is equal to one e lectron mean f ree  path. In 
both these cases  the field is ve ry  nonuniform over an 

e lectron mean free path, so the local express ion j = cr0E which we used for the conduction current  density 
in the calculations becomes invalid. 

The actual mean free path of e lectrons in fe r romagnets  is slightly lower than shown in Table 1, be-  
cause we have neglected the magnetic scat ter ing mechanism. Since the range studied for  i ron and cobalt 
(293~ lies far  f rom the Curie point, however, the magnet ic -sca t te r ing  mechanism cannot reduce the 
value of l by more  than 0.2 l. Since we have 1KpI ~ ~-1/2 and ~ca lc  = ~max the calculated values of Kp 
a re  minimum values. 

Taking this c i rcumstance  into account, and comparing the resul ts  in Table 1 with the curves  for K 
(p = 1, 2, 3) in Figs. 1 and 2, we conclude that the skin effect behaves in an anomalous manner for the f i rs t  
mode (K1) , and there is evidence of an anomalous skin effect for the second (K2) and third (K 3) modes in the 
field range of pract ical  interest .  However, in a large number of experiments ,  e.g., those reported in [9] 
and in the l i te ra ture  cited there,  no anomalies were  observed in the behavior of the skin effect over a broad 
range of microwave frequencies ,  9-38 GHz, at room temperature ,  293~ The tempera ture  dependence 
found there for  the line width of f e r romagne t i c - resonance  absorpt ion was explained Satisfactori ly on the 
basis of the theory of the ordinary  skin effect [4c]. We therefore  turned to a possible effect of the m i c r o -  
structm:e of a fe r romagnet ic  film, neglected above, on the nature of the skin effect; analysis  of this factor  
will be reported in the second par t  of this study. 

The authors thank S. A. Temirbulatov for ass is tance  in this study. 
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