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An analysis is given of the exact solutions of the magnetization equation of motion. The de
pendence of the magnetization components on the amplitude of the fixed magnetizing field and 
the amplitude of the radio-frequency field is found. A comparison is made with experimental 
results. 

l. Ferromagnetic resonance is usually observed 
in a weak periodic radio-frequency field ( ampli
tude h0 ). Under these conditions, because of the 
width of the resonance absorption line the direction 
of the magnetization vector M departs so slightly 
from the direction of the magnetizing field H0 = 
Hz » h0 that its projection in this direction may 
be assumed constant. Even close to resonance 
the effect is extremely insensitive to the form of 
the damping terms in the equation of motion and 
can be satisfactorily described by the Bloch equa-
tion 

M = 1 MxH + (y_0H- M)/'r, (1) 

or the Landau-Lifshitz equation, which can be writ
ten in the form 1 

m = I mx H + (X. m X m • (X.< 0, (2) 

where m = M/Ms; H = H0 +h. 
The situation is rather different in strong radio

frequency fields; in these fields the change in Mz 
cannot be neglected. In this case the variation of 
M becomes very sensitive to the actual form of 
the damping terms in the equation of motion. 

Damon2 has investigated experimentally effects 
connected with the change in the z component of 
the magnetization of a ferromagnet as a function 
of the field H0 and the amplitude of the radio-fre
quency field. Bloembergen and Wang3 repeated 
the Damon experiments on ferromagnetic and para
magnetic specimens at various temperatures. It 
was found in these experiments that at high ampli
tudes of the radio-frequency field the total magneti
zation in both paramagnetic and ferromagnetic ma
terial does not remain constant. In comparing the 
experimental results with theory, the authors 
started with the Bloch equation. It is found that 
this equation cannot explain a number of the effects 

which are observed. 
Some of the results observed by Bloembergen 

and Wang have been explained by Suhl1 on the basis 
of a number of assumptions concerning the redis
tribution of energy between spin waves. 

Below we give an analysis of the exact solutions 
of Eqs. (1) and (2) for a circularly polarized radio
frequency field of arbitrary amplitude and of the 
role of paramagnetic effects in ferromagnets in a 
strong radio-frequency field. 

2. In what follows it will be assumed that the 
sample is homogeneous and isotropic; the sample 
will also be assumed to be a sphere with radius 
less than the skin depth at the frequencies in ques
tion. It will also be assumed that the magnetizing 
field and the radio-frequency field are uniform. 

In a coordinate system which rotates about the 
direction of H0 at the frequency of the radio-fre
quency field w (for the steady-state motion) 
Eq. (1) assumes the form 

1: M0 x~w +x0H-M0 =0, (3) 

where .6.w = w + yH solving Eq. (3) !or M0z, we 
find 

J cuh~ } 
Moz = Xo jHo + 1"2 

1 + '"'2 (6.cu2 + y2h~) • ( 4) 

where .6.w = .6.wz. When .6.w = 0 

Moz = xoH o ( 1 + 121:2h~t1 • 

Further, using the relation 

(5) 

Mox + iMoy = (/- iy_") (hx + ihy) (6) 

and the solution of Eq. (3) for Mox and M0y. we 
obtain 

(7) 
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FIG. 1. The quantity 
1-Mz/M0 as a function 
of a2 for the cases Mo = 
Ms (1) and M0 = xoHo 
(2) with tlw = 0. 

In a similar way, starting from Eq. (2), in the 
rotating coordinate system the steady-state motion 
is described by 

rm,.x .:'J.ro 1 +()((mo. ro) mu = ()((!), (8) 

whence the quantity moz is found from the follow
ing: 

where 

In the weak-field case a« 1 and moz ~ 1, as 
is usually assumed in the theory of ferromagnetic 
resonance. In fields such that a ::: 1 when .6.w = 0 

(10) 

When a :;::: 1, the vector m 0 is perpendicular 
to H0 and we have total radio-frequency saturation 
( Moz = 0). Computing Mx + iMy from Eq. (8) and 
using Eq. (6), we find in this case 

(11) 

where moz is determined from Eq. (9). 
3. Bloembergen and Wang have investigated the 

quantity TJ = 1 - Moz /M0 as a function of the am
plitude of the radio-frequency field ho for .6.w = 0, 
where M0 is the magnitude of the magnetization 
vector in the absence of the radio-frequency field 
( XoHo or Ms). In the relatively weak fields which 
obtain in experiments, TJ depends linearly on hij, 
as follows from Eqs. (5) and (10). The slope of the 
line can be used to determine T or a. 

The dependence of TJ on h5 for .6.w = 0 which 
follows from Eq. (1) and Eq. (2) is shown in Fig. 1. 
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FIG. 2. The quantity 
MzM. (curves 1 and 2) 
and x" (curve 3) as func
tions of a2 for tlw = 0; 
curve 1 is for Mo = M8 

curve 2 is for M0 = XoH0 • 

FIG. 3. The depend
ence of (Mz/M 8 ) 2 on ~ 
for the following val
ues: 1) a= 0.2; 2)a = 
0.4; 3) a = 0.6; 4) a = 
0.8; 5) a = 1.0; 6) a = 
2.0. 

Using the Landau-Lifshitz equations we find TJ = 1 
when a:;::: 1. 

If the length of the vector M remains constant, 
the ratio Moz /M0 obeys Eq. (10) for .6.w = 0 and 
vanishes when h0 equals the half-width of the reso
nance absorption line .6.H = I a I H0• On the other 
hand, if we start from Eq. (1), in accordance with 
Eq. (5) Moz /M0 falls off gradually as h0 in-. 
creases, finally approaching zero. The quantity 
M0z/M0 is shown in Fig. 2 where, with a~< 1, 
it is assumed that ..f2 ayTH0 = 1. 

Experiments3 on nickel-zinc and manganese
zinc ferrites at temperatures below the Curie point 
at h0 ::: 40 oersteds have shown the reduction in 
M0z/M0 with increasing h0• Unfortunately, an ex
periment does not allow us to choose between 
curve 1 and curve 2 of Fig. 2 since a is less 
than 0 .1. In this case saturation is to be expected 
at h0 ~ 100 oresteds. Total saturation can occur 
in relatively weak radio-frequency fields only in 
ferrites with narrow absorption lines.4 In paramag
netic materials and ferrites above the Curie point, 
the dependence of Moz /M0 is shown by curve 2 
of Fig. 2. 

In the experiments performed by Damon,2 car
ried out on single-crystal nickel ferrites at room 
temperature, the dependence of Moz /M0 on field 
strength H0 was measured at various amplitudes 
of the radio-frequency field. The relations ob
tained are in good agreement with the theory if 
one starts from Eq. (2). The theoretical depend
ence of ( Moz /Ms )2 on ~ is shown in Fig. 3 for 
various values of a. When a :;::: 1 and .6.w = 0, 
Moz /Ms vanishes. It would seem that in the 
Damon experiments a was not greater than 0.2. 

It follows from (4) and (8) that with .6.w = 0, 
X"= I Yl TMoz· i.e., the change in x" with ho is 
proportional to the change in Moz. The latter situ
ation actually obtains for paramagnetic materials 
and ferromagnetic materials above the Curie tem
perature ®. In ferromagnetic materials with T < 
®, as has been shown in references 2 and 3, the 
proportionality between X" and Moz no longer 
holds. Up to a certain threshold value of h0, X" 
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remains constant when .6.w = 0; then it falls off 
approximately as a - 2• 

In accordance with (11), in this case (curve 3, 
Fig. 2) 

x'' = TMs/rxw for a< 1 

and x" = TMsfrxwa2 for a> 1 
(12) 

the threshold field is determined by the value a= 1, 
which is larger than that observed experimentally .1 

4. Equation (2) follows directly from Eq. (1) if 
we require that the magnitude of the magnetization 
vector remain constant: M =Ms. Equation (1) can 
be obtained under the assumption that the equilib
rium magnetization obeys the Curie law.5 Hence, 
it might be supposed that magnetic resonance ef
fects in ferromagnets above the Curie point should 
obey Eq. (1); this conclusion is found to be in agree
ment with experiment. On the other hand, at tem
perature below the Curie temperature, if paramag
netic effects are neglected one would expect the 
Landau-Lifshitz equations to hold. In cases in 

which the paramagnetic effects cannot be neglected 
(for example, at temperatures close to the Curie 
temperature) one would expect that the ferromag-· 
netic resonance effect would not be satisfactorily 
describe!d by Eq. (2) or Eq. (1). In this case it 
would appear that the observed effects can be de
scribed by the joint application of Eqs. (1) and (2) 
if M = Ms + XoH. 
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