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PRECISE DETERMINATION
OF THE FERROMAGNETIC RESONANCE
POINT IN THIN FILMS*

DAGMAR FRAITOVA** ZDENEK FRAIT**, Praha

The resonance formula for the determination of the ferromagnetic resonance point in
thin isotropic films are evaluated for the case of the Bloch-Bloembergen and the

motion damping cannot be neglected.

TOYHO ONPENENEHUE TOYKH PEPPOMATHUTHOIQ PE30HAHIIA
B TOHKHX ILTEHKAX

B pa6ote npuBenens: pesouancubie $OPMYIbI 13 ONpenenenus ToYKH peppomar-
HUTHOIO DE3OHRHCA B TOHKMX M3OTPOIMHBIX MIEHKAX s cnyyas 3aTyxadHus Bnoxa-
~Brombeprena n Jlaupay-Tncbumma fIPH M2pAanNeNLHOR W NCPNCHAMKYNAPHON KOH-
urypaumsix. Tokasano, uto OpENeNeRNe PE3OHAHCHON TOYKH 3aBHCHT OT MeTona
W3MEPEHHS U YTO NPH TOYHBIX BBIYUCTCHUSX pe3ynbTaToB PMP-3KcnepuMeHTOB He L3
HpeHeGpeb BIUAHVEM, 3aTYXaHUA, BLIZBAHHOIO HAMATHHYHBAHHEM.

L INTRODUCTION

The magnetic behaviour of a ferromagnetic thin film sample is characterized by
means of several parameters, as'e.g. by the static magnetization, the spectroscopic
splitting ratio, the effective fields of various anisotropy mechanisms, the magnetiza-
tion motion damping constant, etc. [ 1]. Some of these parameters can be measured
by means of static methods (e.g. the saturation magnetization, the induced
anisotropy constants), however, the ferromagnetic resonance experimental method
(FMR) is a very useful tool for the determination of several important quantities as
the effective magnetization M, (by means of which the influence of internal stresses
can be described [2]), the spectroscopic splitting ratio y (which can be otherwise
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measured only indirectly by the gyromagnetic measurements [3]), the damping
parameters a or T and others (various effective fields caused by anisotropy [4]).
These quantities can be evaluated from the Snmmcno_do:aomﬁa Bmozw:oo

with quantities obtained from the theoretical formulas [1].

We have shown in paper [5] that for the case of the magnetic resonance in
a weakly interacting paramagnetic system (of electrons of nuclei) the exact
experimental determination of the resonance point depends on the method of

We shall evaluate the expressions for the resonance point (so called resonance
conditions) in a more exact form than it is usually presented and we shall discuss
briefly their applications.

We shal assume that the thin film plane is oriented either parallel or perpendicu-
lar to the static magnetization vector (the so-called parallel or perpendicular
orientation). The case of a magnetically saturated isotropic film with no surface
magnetization pinning is considered (only the homogeneous FMR mode is
excited), the thickness of the film is much smaller than the skin-depth value,
therefore the exchange -conductivity effects [6) need not to be considered even for
the case of metallic films [7]. The linear FMR is assumed (the radio or microwave

%uﬁgxtiz (1)

will be used either in the w_o%-w_ooaco_.mg (BB) form [8]:

M,

wnzul N‘u

or in the Landau-Lifshitz (LL) form [9]:
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In principle both of these or a similar. term should be included in the equation of
motion [10], for simplicity we shall assume that for a certain material only one of
the damping mechanisms is dominant. In the formulas M represents the total
magnetization vector measured in the relative magnetization units in teslas,
M=uM', u, ... the permeability of vacuum, M’ the magnetization in Am™" units,
Y ... the spectroscopic splitting ratio in HzT™* units, H ... the total magnetic field
inside the sample (including various effective fields representing the influence of
demagnetization, anisotropy, etc. [4]) measured in the relative field units in teslas,
H=u,H'  H' ... the field intensity in Am™" units, T ... the BB relaxation time, a
... the LL damping constant. The microwave or radiofrequency absorption for the
most common case of the linearly polarized high frequency fields (if we use the
nondegenerate cavities or wave guides [11]) is proportional to the imaginary part of
the complex high frequency permeability p =y, — ju, =u(my, hy) [9], where
My (hiy) are the amplitudes of the high frequency components of the magnetization
vector (magnetic field intensity), respectively. In order to obtain the explicit
theoretical expressions for #2 (which are compared with the data measured in the
FMR experiment) the equation of motion (1) must be solved analytically.

. RESONANCE CONDITIONS

The computations of M2 were performed by several authors (e.g. 8], [9], [12]);
their results adjusted for the case of the isotropic thin film statistically magnetized
in the film plane (the parallel configuration of the €xperiment) may be written in
the form

YM(H+M,) 2w

tNHASMISJN.TASN:ﬁ T (2a)
where
1
wo=y"H(H + M,) + T (2b)
and
= YMoow[y*(H + Mo)*(1 + a?) +w’]
o o oy CH M,) #a)
where
SwnxumﬁmL_.??vG +a?) — (3b)
for the case of BB and LL damping, respectively.
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For the perpendicular orientation (i.e the film is statically magnetized along the
film normal) we get the following expressions :

U\NNS.A:I\S_.V 2w

ENHAQ\NISNVML_’&SN\\N‘N I‘NIJ, A#mv

where
wo=vy(H - MY +1/T* . (4b)

(the BB case), and
tam YMoaw (@i + w?)
Sey—ro— T )

2 Aem18~v~+#SNQN<NAII>\?VT (52)

where
wi=y*(H - M,)(1 +a’) (5b)

(the LL case). In these formulas @ denotes the radio or microwave frequency
value, M, the static magnetization (which may in some cases include also the effects
of stresses or magnetic anisotropies, then M, is called »»the effective magnetization*
[2], [4], measured again in relative units, H is the external static magnetic field
intensity in relative units.

The formulas for the Iesonance frequency w, and for the resonance field
intensity H, shall be obtained by solving the expressions for duo/dw =0 and
du,/dH = 0. In this process the terms including the damping parameters a and T in

Ew = ﬁumam +M,) Amv

and

EWH<NIAE+>§VC +a’)+a’y’H? (7)

for the mw (the LL) type of damping, respectively (these cases were discussed by us
already in [13]). For the Same case we have at the perpandicular orientation
. =y(H - M,) (8)

and
O =y(H—M)(1+a?)'"? €

for the BB (the LL) type of damping, respectively.

The expressions for the Tesonance field values (the resonance point is ap-
proached by changing the external static magnetic field intensity, the radio or the
microwave frequency is kept constant) are :
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Y vT) H+M,/2
) 5 W 2 HIQN 172
H, = :§°\N+T§§ +AL T;i (11)
for the BB (the LL) damping, respectively, and at the parallel configuration ;
H. =2+ M, (12)
w 2
I,nﬂ:l:ise (13)

for the BB (the LL) damping, respectively, and at the perpendicular orientation.

III. DISCUSSION

From the expressions (6—13) we may first observe that the resonance points (i.e.
the pairs of quantities w, , H or w, H,) are generally different, depending on the
method applied in the experiment, even for the same type of the damping
description and for the same configuration, except in the case of the BB damping in
the perpendicular configuration (see equations (8) and (12)). In the practice of
FMR measurements, in some cases one of the quantities @ of H is being changed
periodically with a small amplitude (the so-called frequency or field modulation) in
order to increase the sensitivity of the apparatus by using the lock-in technique
[14]. Then the resonance point, which is again approached either by a slow field or
frequency change, is detected by observing the zero value of the derivative of the
radio or microwave absorption. In this case the appropriate resonance formula
must be chosen according to that quantity the chaange of which is faster (i.e. in
most cases the modulated quantity).

In some FMR measurements both parameters w and H are changed simul-
taneously, e.g. in the direct measurements of the microwave permeability by the
cavity perturbation method [15], where the frequency w of the microwave
generator must be adjusted (manually or automatically) exactly to the resonance
frequency of the microwave resonator. Here the microwave absorption is observed
as dependent on the external static field intensity, however, the frequency w also to
be changed during this process, as the resonant frequency of the microwave cavity
is detuned by the simultaneous change of the real part of the complex microwave
permeability [11], [15]. In these cases a more detailed analysis of the experimental
conditions (e.g. the quality and the filling factor of the cavity) is needed before we
can make the final statements about the exact resonance point values,

We shall now compare the expressions (6—13) with the resonance formulas,
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which are commonly used for the evaluation of the FMR experiment in thin films.
In most cases (see eg. [16]— 25]) the measurements are performed at a constant
frequency and are evaluated by simple Kittel’s formulas (no damping effects
considered, [26]) in the form v

H, = = M2+ [(Mo/2) + (/)] 2 (14)

(80 W\o Zm.! 20 % Fe, M,=1 T) 500 nm thick were performed in the parallel

induced anisotropy field (0.6 mT) and the relaxation time (5% 107"s, obtained
from the measured linewidths values) they evaluated by means of formula (14) the
g-factor for these films (g =vhus"', h ... the Planck constant divided by 2,
Us ... the Bohr magneton) as g = 2.2, This is a too high value (5 %) compared with
the real veluge g =2 1 (e.g. [27], [28]). However, if we evaluate these measure-

values g =2 003 are close to the free-ion value of Gdg= 1.992, however, as the
authors point out, on the average there exists a small shift to higher g values,

By assuming a =0.074 we obtain from 9er =2.003 the correct value g =1.992 in
agreement with the free-ion value. This value of a agrees with the linewidth
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mecasurements of the sample in [19], which yield approx. 0.1 T. The LL damping
mechanism with a=0.074 causes about one half of the observed value of
linewidth, the rest of the line broadening is most probably due to the in-

IV CONCLUSION

We have evaluated the resonance formulas for the FMR of magnetic thin films
for the case of the magnetization motion damping described by the Bloch-Bloemb-
ergen or the Landau- Lifshijtz term ; the isotropic film is statically magnetized either

taken into account,
The authors are indebted to Ing. M. Marysko, CSc. for helpful comments

regarding the problem and the manuscript.

REFERENCES

[1] Soohoo, R. F.: Magnetic Thin Films, Harper and Row, New York 1965,
[2] Frait, Z.: Phys. Stat. Sol. 2 (1962), 1417.
[3] Scott, G. G, Sturner, H. W.: Phys. Rew. 184 (1969), 490.
[4] Macdonald, J. R.: Proc. Phys. Soc. 64 (1951), 968.
[5] Frait, z.: Fraitovd, D.: Czech. J. Phys. B 27 (1977), 1292,
{2] Bhagat,$. M. in Technique of Metals Research VI, 2, Edited by E. Passaglia. J. Willey, New
York 1973,
[7] Wilts, C. H., Ramer, 0. G.: J. appl. Phys. 47 (1976), 1151.
[8] Bloembergen, N.. Phys. Rev. 78 (1950), 572.
[9] Yager, W. A.: Galt, J. K., Merritt, F. R, Wood, E. A.: Phys. Rev. 80 (1950), 744,
[10] Jakovlev, Yu. M.: Fiz. Met. Metalov. 23 (1967), 420.
[11] Artman, J. Q. Tannenwald, P. E.: J. appl. Phys. 26 (1955), 1124.
[12] Frait, z.: Py p. Thesis, Prague 1957.
[13] Frait, Z., Fraitova, D.: Proc. I. Natl. Conf. on Radiospectr., Kosice 1969.
[14] Poole, C. P. Jr - Electron Spin Resonance. Interscience Publ., New York 1967.
[15] von Aolock, W, Rowen, J. H.: Bell System Tech. I. 36 (1957), 427.
[16] Frait, Z., Nagy, I, Tarnoczi, T.: Phys. Letts. A 55 (1976), 429,
[17] Soohoo, R. F.: in Amorphous Magnetism 11. Ed. by Levy R. A. and Hasegawa R. Plenum
Press, New York 1978.

297




f18]
[19]
20
{21]
[22]
(23]
[24]
[25]
[26]
[27]
[28]

[est

Cronemeyer, D. C.: AIP Conf. Proc, 10 (1973), 85.

Jamet, J. P, Malozemoff, A. P.: Phys. Rev. B 18 (1978), 75.
Hasty, T. E.: J. appl. Phys. 34 (1963), 1079.

Hasty, T. E.: J. appl. Phys. 35 (1964), 1486. )
Kingston, R. H,, Tannenwald, P. E. - J. Appl. Phys. 29 (1959), 232.
Ngo, T. D.: J. appl. Phys. 34 (1963), 3626,

Hoper, J. H.: IEEE Trans. Mag. MAG.5 (1969), 484,

Kornyev, Yu. V.: Fiz Met. Metalov. 36 (1973), 698.

Kittel, C.: Phys. Rev. 73 (1948), 155.

Wilts, C. H,, Lai, S. K. C.: IEEE Trans. Mag. MAG-8 (1972), 280.
Frait, Z.: Phys. 86—88 B (1977), 1241.

Received February 1%, 1980.

298




